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Seht die Sterne, die da lehren
wie man soll den Meister ehren.
Jeder folgt nach Newtons Plan
Ewig schweigend seiner Bahn.

-Albert Einstein
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ABSTRACT

Time domain surveys are revolutionizing our understanding of compact binary systems
containing a white dwarf and another compact object at short orbital periods. These
extreme binaries are astrophysical laboratories which can probe compact object physics,
the nature of Type la supernova progenitors, accretion physics, tidal physics, the process
of binary evolution, and they will dominate the population of objects the Laser Interfer-
ometer Space Antenna (LISA) will detect. In this thesis, I present substantial advances
in the discovery and characterization of compact binaries using the Zwicky Transient
Facility (ZTF). This work has resulted in a ten-fold increase in the discovery rate of
such binaries compared to previous work in the field, and has helped lay the groundwork
for discovering and characterizing these sources using other facilities, such as the the
Transiting Exoplanet Survey Satellite (TESS), the upcoming Vera Rubin Observatory
(VRO) and eventually LISA itself.
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Chapter 1

INTRODUCTION AND SUMMARY

1.1 Review of previous work

Our understanding of ultracompact binaries (defined here as having an orbital period
under an hour) has evolved enormously over the past five decades, and the number of
known systems has increased substantially in the past few years. Here, I give a very brief
overview of the field prior to the work presented in this thesis (I will be highlighting major
discoveries and advancements which occurred from 1972-2018, which give context to
the work presented in the remainder of this thesis). For an excellent review on the
topic, please see Postnov and Yungelson, 2014. These extreme binaries are astrophysical
laboratories which can be used to probe compact object physics, the nature of Type la
supernova progenitors, accretion physics, tidal physics, the process of binary evolution,
and they will dominate the population of objects detected by the Laser Interferometer
Space Antenna (LISA).

AM CVns

The first class of ultracompact binaries discovered are the known as AM Canum Venati-
corum stars, named after the prototype, AM CVn, an 18-minute orbital-period binary
in which a carbon-oxygen core white dwarf is actively and stably accreting helium-rich
matter from a degenerate donor. It is not surprising that these objects were discovered
before their detached counterparts, as they are mass-transferring, and at short orbital
periods (under 20 minutes) have a luminosity budget dominated by a permanently high-
state helium-rich accretion disk, which vastly outshines either degenerate component,
making them orders of magnitude brighter than detached systems at similar distances.
The prototype, AM CVn, has an apparent magnitude of ~ 14 in Gaia G, making it the
brightest ultracompact binary system known, as seen from Earth. AM CVn was first
recognized as a photometrically periodic variable in 1967 (Smak, 1967), and Faulkner

et al., 1972 was the first to correctly interpret this variability as an orbital period.



2

Since the recognition of AM CVn as an accreting double-degnerate binary by Faulkner et
al., 1972, over 53 additional such objects were identified through 2018 (of which 43 had
confirmed orbital periods under an hour), and their properties are excellently summarized
in the review by Ramsay, Green, et al., 2018. One of the most important results of these
additional discoveries, was the recognition that AM CVns appear to undergo a transition,
with short period systems (orbital periods under ~ 20 minutes) existing in a permanent
high-state, in which they often exhibit optical periodicity, but do not exhibit outbursts,
and longer period systems (orbital periods over ~ 20 minutes), which spend much of
their time with low-state accretion disks, undergo transient outbursts in which the disk
transitions into a high-state. Many of the 53 AM CVns discovered between 1972 and
2018 (over two-thirds) are longer period systems which undergo outbursts, and do not
exist in a permanent high-state. Selection bias is partially responsible for the over-
abundance of such systems, as many were discovered as a result of searches for their
outbursts (Levitan et al., 2015) or in spectroscopic campaigns (Ramsay, Green, et al.,

2018), rather than searches based on photometric periodicity.

Direct impact accretors

There are two known accreting double-degenerate binaries in which matter is thought to
directly impact on the surface of the accretor, rather than forming an accretion disk. The
systems, HM Cancri (P, =~ 5.4 min) and V407 Vulpeculae (P, = 9.5 min), were both
discovered as ROSAT X-ray sources, exhibiting strong periodicity in their X-ray emission
on their orbital periods (Israel et al., 1999). The objects were originally mis-interpreted
as intermediate polars (Haberl and Motch, 1995; Burwitz and Reinsch, 1999), and then
as double degenerate polars (Cropper et al., 1998; Reinsch et al., 2000). Finally, their
nature was correctly recognized by Marsh and Steeghs, 2002, and their mass transfer
characteristics (and possible connection to AM CVn type binaries) was further explored
in Marsh, Nelemans, et al., 2004. The conclusion of this work is that stably mass-
transferring AM CVns may originate from double white dwarfs with sufficiently large
mass ratios; however, recent work such as that presented in Shen, 2015 suggests that
double white dwarfs may not at all be a progenitor channel for AM CVns, and that
systems like HM Cnc and V407 Vul will ultimately merge (in the other two channels
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they are thought to originate from hot subwarfs and evolved CV donors; for further

discussion see Ramsay, Green, et al., 2018).

Detached double degnerates

Detached double degenerate systems have undergone a much more rapid evolution than
their AM CVn counterparts. It was not until 1995 that a double white dwarf binary
which would merge within a Hubble time was reported by Marsh, 1995, with an orbital
period of 3.47 hours (prior to that, the only two close double degenerate binaries known
had orbital periods of 1.56 and 1.18 days, as reported in Saffer et al., 1988; Bragaglia
et al., 1990). Very quickly after the result of Marsh, 1995, Marsh, Dhillon, et al., 1995
reported several new systems that were discovered after the realization that He-Core
WDs can only form via binary evolution. This success ultimately paved the way to the
Extremely Low Mass White Dwarf (ELM) survey conducted in the 2010s (Brown, Kilic,
Allende Prieto, and Kenyon, 2010; Kilic, Brown, Allende Prieto, Agiieros, et al., 2011;
Brown, Kilic, Allende Prieto, and Kenyon, 2012; Kilic, Brown, Allende Prieto, Kenyon,
et al., 2012; Brown, Kilic, Allende Prieto, Gianninas, et al., 2013; Gianninas, Kilic,
et al., 2015; Brown, Gianninas, et al., 2016; Brown, Kilic, Allende Prieto, and Kenyon,
2012), which resulted in the discovery of 98 new detached double degenerate systems.
This spectroscopic survey discovered over half of all known double degenerates, and the
majority of the known systems which will interact within a Hubble time. Of the sample
of systems reported by the ELM survey, only eight have orbital periods shorter than an
hour, meaning that the vast majority have orbital frequencies too small for LISA to detect

as gravitational wave sources.

Summary of the state of affairs circa 2018

In summary, as of 2018 the population of binary systems under an hour orbital period
was dominated by AM CVn type systems, of which 43 were identified between 1972
and 2018. A more rare class of accreting double degenerate binary, direct impact
accretors, manifested itself in the ROSAT era, with two systems identified in the late
1990s, whose nature was recognized in the early 2000s. No new direct impact accretor
has been identified in the two decades since these discoveries. Finally, seven detached

double degenerate binaries were known with orbital periods under an hour as of 2018, all
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products of the ELM survey (with one additional one reported more recently in Brown,
Kilic, Bédard, et al., 2020). Unfortunately, because of the low donor mass in the AM CVn
systems, the majority of these systems lack the chirp mass needed to produce sufficient
gravitational wave strain for a LISA detection, with only the most nearby systems (like
the prototype AM CVn) reaching the needed strain threshold. Of the 43 AM CVns, 7
detached double degenerates, and 2 direct impact accretors with orbital periods under
an hour, only 11 systems were predicted to be LISA detectable with an signal-to-noise
ratio (SNR) greater than 20, with 2 additional systems having an SNR greater than 5, as
reported in Kupfer, Korol, et al., 2018.

Then, in March 2018, the Zwicky Transient Facility began to operate, and the state of

affairs evolved rapidly.

The contents of this thesis

This thesis documents the rapid progress in identifying new sub-hour orbital period
binary systems using the Zwicky Transient Facility. As just discussed, prior to 2018,
52 such binary systems were known in total, of which the majority (43) were AM CVn
type systems. Using ZTF, I have discovered twenty new binary systems with orbital
periods under an hour in the span of 3 years, of which nine will be detectable by LISA
with an SNR greater than 5. The selection method used in my work, which is based on
searching for photometric periodicity, yielded no outbursting AM CVn systems (only
high-state systems), a remarkable departure from the demographics of the AM CVn
population reported in Ramsay, Green, et al., 2018. The detached double-degenerate
systems consist in about equal parts double helium-core white dwarfs and carbon-oxygen
core and helium core white dwarf pairs, in strong contrast to the population observed in
the ELM survey (which only encompassed a single double helium-core white dwarf in a
sample of 99 objects!). As discussed in Chapter 5, these departures from the populations
observed in previous work can easily be accounted for in selection biases associated
with photometric selections. The remainder of this thesis consists of four publications
of work conducted between 2018-2020, including three noteworthy individual systems,
and a paper documenting the full sample of objects as of mid-2020. In the conclusion,

we mention the implications of several unpublished more recent discoveries.
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ABSTRACT

We report the discovery of a detached double white dwarf binary with an orbital period
of ~ 20.6 minutes, PTF J053332.05+020911.6. The visible object in this binary, PTF
J0533+0209B, is a = 0.17 My mass white dwarf with a helium-dominated atmosphere
containing traces of hydrogen (DBA). This object exhibits ellipsoidal variations due to
tidal deformation, and is the visible component in a single-lined spectroscopic binary with

a velocity semi-amplitude of Kz = 618.7 + 6.9 km s~ .

We have detected significant
orbital decay due to the emission of gravitational radiation, and we expect that the
Laser Interferometer Space Antenna (LISA) (Amaro-Seoane et al., 2017) will detect this
system with a signal to noise of 8.4%% after four years of operation. Because this system
already has a well determined orbital period, radial velocity semi-amplitude, temperature,
atmospheric composition, surface gravity, and orbital decay rate, a LISA signal will help
fully constrain the properties of this system by providing a direct measurement of its
inclination. Thus, this binary demonstrates the synergy between electromagnetic and

gravitational radiation for constraining the physical properties of an astrophysical object.



2.1 Introduction

After expanding into red giants at the end of their lives, most stars leave behind dense
white dwarf remnants. Stars in binary systems can engulf their companions during this
process and leave behind compact binaries with orbital periods of hours to days, and
when this process occurs twice, it can produce double white dwarf binaries with orbital
periods less than an hour (Ivanova et al., 2013). According to general relativity (Einstein,
1905), these binary systems emit gravitational radiation at twice their orbital frequency.
Although few such gravitational wave sources are currently known (Kupfer, Korol, et al.,
2018), the Laser Interferometer Space Antenna (LISA) should detect tens of thousands
of systems within the galaxy (Nissanke et al., 2012, e.g.). This emission of gravitational
radiation causes the orbits of these systems to decay, and can result in orbital periods as

short as a few minutes.

The few known binary systems emitting gravitational radiation with sufficient strain for
LISA to detect have been referred to as LISA “verification" binaries, as they will serve as
tests that the detector is operating as expected; however, these binaries are rich probes of
astrophysics which provide insight into binary evolution, the population of Type Ia pro-
genitors, white dwarf physics, tidal physics, accretion physics, and are not simply sources
which will “verify" LISA’s functionality. Most of the known LISA detectable binaries
are mass transferring AM CVn systems (Kupfer, Korol, et al., 2018). These are strong
LISA gravitational wave sources due to their short orbital periods; however, constraining
their physical parameters is complicated by the accretion they undergo, which dominates
their optical luminosity and determines their period evolution, thereby preventing the
measurement of a chirp mass due to decay induced by gravitational wave emission.
Detached eclipsing double white dwarf binaries, such as ZTF J153932.16+502738.8
(Burdge, Coughlin, et al., 2019) and SDSS J065133.338+284423.37 (Brown, Kilic, Her-
mes, et al., 2011) are the best characterized LISA gravitational-wave sources known,
with precisely measured system parameters; however, currently only these two systems

have been characterized with such precision.

We report the discovery of PTF J053332.05+020911.6 (hereafter referred to as PTF
J0533+0209), a detached double white dwarf binary system with an orbital period
of 1233.97298 + 0.00017 s. In this binary, there is only one visible component in the
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optical spectrum, and thus, this system is a single-lined spectroscopic binary. The system
exhibits relativistic Doppler beaming, ellipsoidal modulation, and orbital decay due to the
emission of gravitational radiation. We will refer to the unseen massive companion in this
binary as PTF J0533+0209A, and the lower mass, tidally deformed, visible component
of this binary as PTF J0533+0209B. In this paper, we report our measurements of the
observable quantities of this system and present the physical parameters we infer from
these (Table 1). We conclude by discussing the future study of detached, non-eclipsing
systems like PTF J0533+0209 in the era of LISA.

2.2 Observations

Table 2.1: Table of observed parameters

Gaia RA 83.383588013 deg + 0.34 mas
Gaia Dec +2.153208645 deg + 0.33 mas
Gaia Parallax 0.47 £ 0.48 mas
Gaia pm RA 1.43 +0.74 mas yr~!
Gaia pm Dec 2.56 £ 0.91 mas yr~!
GALEX NUV 20.38 £ 0.28 map
Pan-STARRS g 19.00 £ 0.02map
Pan-STARRS r 19.15 £ 0.01 mup
Pan-STARRS i 19.40 + 0.01 myp
Pan-STARRS z 19.60 £ 0.03 m4p
Pan-STARRS y 19.61 = 0.06 myp

Photometric color selection

We discovered PTF J0533+0209 during a broad search for post-common envelope bina-
ries (Ivanova et al., 2013). In order to target hot young remnants of the common envelope
phase, we used the Pan-STARRS DRI1 (Chambers et al., 2016) photometric survey to
target blue objects, selecting all objects with a color satisfying the condition (g —r) < 0
(see Table 1-note that the values in the table are observed apparent magnitudes, and have
not been de-reddened).



PTF photometry

After imposing the photometric color cut, we cross-matched the resulting sample with
the archival Palomar Transient Factory (PTF) (Law et al., 2009) photometric database.
The Palomar Transient Factory (and the Intermediate Palomar Transient Factory) was
a northern-sky synoptic survey using the 48-inch Samuel Oschin Telescope at Palomar
Observatory. The survey was conducted in PTF r and g bands with a typical exposure
time of 60 s, resulting in limiting magnitudes of approximately 21 and 20, respectively.
We restricted ourselves to a search in r band because it is the most heavily sampled of
the PTF bands. Additionally, we required a minimum of 20 epochs in the lightcurves.
This cross match yielded =~ 180,000 sources. We discovered PTF J0533+0209 via a
period search. We detected the object with high significance because it falls in the most
heavily sampled field in all of PTF, located inside the constellation of Orion, which
was observed over 5000 times, primarily in the first two years of PTF. This field did
not use the typical PTF exposure time of 60 s, but instead used 30 s exposures. These
observations were taken in two brief intervals, one consisting of ~ 3000 observations in
Dec 2009-Jan 2010, and another in Dec 2010 with ~ 2000 observations (Table 5.7).

High-speed photometry

We used the high-speed photometer on 200-inch Hale telescope at Palomar Observatory,
CHIMERA (Harding et al., 2016), to obtain a well-sampled follow-up lightcurve of the
object. The instrument consists of a pair of electron-multiplying charge-coupled devices
(EM CCDs), and has a dichroic and dual channels, allowing us to obtain simultaneous
observations in g’ and i". We used 10 s exposures for all observations operating with
the conventional amplifier, and these lightcurves served as the basis for our analysis
of the ellipsoidal modulation and relativistic Doppler beaming exhibited by the visible

component in the system (Figure 2.1).

Additionally, we used the Kitt Peak Electron Multiplying CCD demonstrator (KPED)
(Coughlin, Dekany, et al., 2019), a high-speed EM CCD photometer mounted on Kitt
Peak National Observatory’s 84-inch telescope, to obtain additional observations to use
as timing epochs (in order to measure the orbital decay). We obtained observations in

g’. Unlike our CHIMERA observations, we operated KPED with electron multiplying
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gain enabled, effectively eliminating read noise. The detector acquired images at a rate
of 8 Hz, which we then stacked to 10 s coadditions in order to match the exposure time

used with CHIMERA. Table 5.7 gives a summary of these observations.

800
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Figure 2.1: Light curve model (solid blue line) overplotted with g’ phase folded
CHIMERA lightcurve, and radial velocity curve derived from LRIS spectra (dashed
red line). The CHIMERA lightcurve exhibits ellipsoidal modulation, a geometric effect
in which the brightness of the binary is modulated at twice the orbital frequency due
to the tidal deformation of one object. The CHIMERA lightcurve also exhibits rela-
tivistic Doppler beaming manifested in the maximum at the phase of highest blueshift
(Orbital Phase 0.25) being a few percent higher in relative flux than the phase of maxi-
mum redshift (Orbital Phase 0.75). A sinusoidal fit to the radial velocity curve yields a
semi-amplitude of K = 618.7 + 6.9 km s~

All photometric data were reduced using a custom pipeline.
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Table 2.2: Table of observations

Table 2.3:
Instrument  Filter Date # of Exposures Exposure Time
PTF PTF r Dec 4 2009-Jan 15 2010 3020 30s
PTF PTF r Dec 9-15 2010 1775 30s
CHIMERA ¢’ Dec 14 2017 1600 10s
CHIMERA Dec 14 2017 1600 10s
CHIMERA ¢’ Dec 15 2017 1000 10s
CHIMERA ¢ Dec 15 2017 1000 10s
CHIMERA ¢’ Sept 17 2018 700 10s
CHIMERA ¢ Sept 17 2018 700 10s
CHIMERA ¢’ Sept 18 2018 700 10s
CHIMERA ¢ Sept 18 2018 700 10s
CHIMERA ¢’ Dec 31 2018 719 10s
CHIMERA ¢ Dec 31 2018 719 10s
KPED g Sept 8 2018 716 (stacked) 10s (stacked)
KPED g Sept 9 2018 804 (stacked) 10s (stacked)
KPED g Sept 10 2018 737 (stacked) 10s (stacked)
KPED g Sept 11 2018 206 (stacked) 10s (stacked)
KPED g Sept 16 2018 707 (stacked) 10s (stacked)
KPED g Sept 17 2018 759 (stacked) 10s (stacked)
KPED g Dec 9 2018 1546 (stacked) 10s (stacked)
KPED g Dec 102018 236 (stacked) 10s (stacked)
KPED g Feb 26 2019 706 (stacked) 10s (stacked)
KPED g Mar 23 2019 668 (stacked) 10s (stacked)
KPED g Mar 29 2019 490 (stacked) 10s (stacked)
KPED g Mar 31 2019 344 (stacked) 10s (stacked)
KPED g Apr 2 2019 204 (stacked) 10s (stacked)
LRIS Blue Arm  Nov 15 2017 18 120s

LRIS Blue Arm Mar 19 2018 40 120s




12

Spectroscopy

On October 25, 2017, we observed the object on the Hale Telescope with four consecutive
5-minute exposures using the Double Spectrograph (Oke and Gunn, 1982). While these
spectra have low signal to noise (SNR), they nonetheless reveal the presence of large
Doppler shifts on the order of several hundred km s~'. We reduced this data using the
pyraf-dbsp reduction pipeline (Bellm and Sesar, 2016).

We then obtained an additional fifty-eight 2-minute exposures using the Low Resolution
Imaging Spectrometer (LRIS) (Oke, Cohen, et al., 1995) on the 10-m W. M. Keck I
Telescope on Mauna Kea, with the 400/8500 grism and a 2x2 binning on the blue arm.
Eighteen of these exposures were obtained on Nov 15, 2017 and the remaining forty
on March 19th, 2018. These exposures were sufficiently short to allow us to create a
time resolved radial velocity curve (Figure 2.1) and also assemble a co-added spectrum
for atmospheric fitting with minimal broadening of the features from the Doppler shifts
(Figure 2.2). In individual exposures, we averaged an SNR of 4-5, with a wavelength
coverage from 3400-5600 angstroms, and a resolution of approximately ﬁ = 700. In
order to ensure wavelength stability, we took a HeNe ArCdZn arc at the telescope position
of the object. For both nights, we used five consecutive dome flats and five bias frames

to perform calibrations, and reduced the data using the Ipipe pipeline (Perley, 2019).

2.3 Analysis and results

Discovery

We discovered the PTF J0533+0209 by applying the multi-harmonic analysis of vari-
ance (MHAOQOV) period finding routine to the sample of color-selected lightcurves
(Schwarzenberg-Czerny, 1996), searching periods from 7.2 minutes to 1000 days. PTF
J0533+0209 exhibits strong ellipsoidal modulation in its PTF lightcurve (Figure 2.4),
and thus exhibits significant power at half the orbital period in its power spectrum (Fig-
ure 4.2). We used MHAOV because of its superior sensitivity to sharp non-sinusoidal
periodic features such as eclipses while still remaining sensitive to sinusoidal lightcurves
such as that of PTF J0533+0209. We used the implementation of MHAQOV available
in the Vartools package (Hartman and Bakos, 2016). In the initial search for periodic

objects, we use heliocentric Julian dates as timestamps. However, all timestamps in this
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Figure 2.2: The coadded LRIS spectrum of the PTF J0533+0209B. We have labelled the
hydrogen absorption lines. All other prominent absorption features are He I lines.

publication have been corrected to mid-exposure barycentric Julian dates.

Orbital dynamics

We measured the Doppler shift of the absorption lines in each time-resolved spectrum
by fitting the centroids of the Hydrogen Balmer lines of Hg and H,, as well as the
neutral helium lines at wavelengths of 4471, 4713, and 4921 A. All of these lines belong
to PTF J0533+0209B. We derived the velocity semi-amplitude of PTF J0533+0209B,
Kp, by performing a weighted least squares fit of a sinusoid to the combined RV data,

with a fixed w corresponding to the orbital period derived from the PTF data. We
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Figure 2.3: A power spectrum of PTF J0533+0209 generated using a multiharmonic
analysis of variance routine. The spectrum clearly illustrates two strong signals, one
corresponding to half of the orbital period (due to the ellipsoidal modulation), and another
strong feature at the orbital period, due to Doppler beaming and gravity darkening. Note
that the Y axis is in units of the negative logarithm of the formal false alarm probability
reported by the algorithm, which is defined as the probability of a signal with no periodic
component at this frequency, producing a feature of this amplitude in the power spectrum
(VanderPlas, 2018). The feature seen at long periods occurs near 0.5 days, and is likely
due to the sidereal day.
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derive a velocity semi-amplitude of Kz = 618.7 + 6.9 km s~! and a systemic velocity of
y =76.0+4.3km s~!, where we have obtained the 1 sigma error bars from the covariance
matrix of the least squared fit to the time-resolved radial velocity measurements. The
mass function of PTF J0533+0209A is given by:

M3 sin® (i) _PK;
(MA + MB)2 27G’

2.1)

where M4 is the mass of PTF J0533+0209A, Mp is the mass of PTF J0533+0209B, i is

the orbital inclination, and G is the gravitational constant.

Thus, using Equation 5.2, we can constrain the relationship between the physical param-
eters of interest in the left hand side of the equation with the measured P and Kp.
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Atmospheric Fitting

We calculated a grid of DBA (helium-dominated with traces of hydrogen) white dwarf
atmosphere models to fit the spectra of PTF J0533+0209B (we found no evidence of any
spectroscopic features associated with PTF J0533+0209A). The grid spans the effective
temperature range of 11000 < 7, rr < 30000 K in steps of 1000 K, the surface gravity
range of 5.5 < logg < 9.0 in steps of 0.5 dex and the hydrogen-to-helium number
density ratio of —1.0 < log H/He < —10.0 in steps of 0.5 dex. A detailed description of

the model atmosphere code can be found in Bergeron et al., 2011.

Analogous to the well-established spectroscopic method used for DA white dwarfs,
we compared the absorption line profiles of the continuum-normalized spectrum of
PTF J0533+0209B with our newly computed models. In our fit we included a E(B-V)
reddening of 0.13 and assumed an extinction constant Ay = 3.1 (Green, Schlafly, et al.,
2019).

The best-fit model solution corresponds to T, sy = 20000 £ 800 K, log g = 6.3 +£0.1, and
logH/He = -2.7 £ 0.1 (Figure 2.5). For limb- and gravity-darkening coefficients, an
additional grid of atmosphere models was computed for log H/He = —2.56, 19250 <
T,y < 20500 K in steps of 250K and 5.4 < logg < 7.2 in steps of 0.6 dex. For each

model we calculated the specific intensity at 20 different angles.

Lightcurve Modelling

Because this binary exhibits significant ellipsoidal modulation, we can impose constraints
on the system parameters by modelling its lightcurve. We see ellipsoidal variations in
the lightcurve because PTF J0533+0209B is being tidally deformed, and over the course
of the orbit, we see different geometric cross sections of the object. Equation 5.1 gives

the fractional flux variation due to ellipsoidal modulation:

AFeiipsoi 15+u)(1+ R\}
ellipsoidal _ 015( l/t)( T) (_) qsin2 i, (22)
3-u a
where the fractional flux variation due to ellipsoidal variations, w depends on

the ratio of the radius of the tidally deformed object to the semi-major axis, R/a, the
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Figure 2.5: The normalized coadded LRIS spectrum of the object is shown in black.
In red, we have overlplotted the best-fit DBA atmospheric model. The four right-hand
panels illustrate zoomed-in plots of the atmospheric fit to the absorption lines.

tidally deformed component’s linear limb darkening coefficient u, its gravity darkening

coeflicient 7, the mass ratio of the binary g, and the inclination i (Bloemen et al., 2012).

Because this object is strongly deformed, we must also account for an additional effect
known as gravity darkening, which visibly manifests itself as an asymmetry in the two
flux minima of the ellipsoidal modulation. This is a result of the flux emitted on the
surface of the deformed object near the first Langrange point (L1) being less than that
emitted from the surface near the L2 point. Von Zeipel’s theorem (von Zeipel, 1924)
states that the flux emitted off of the surface element of a star is proportional to the local
gravitational field. Although the material at the surface of a tidally deformed star falls on
a gravitational equipotential surface ¢ = const, the gradient of the gravitational potential

along this surface is not necessarily constant or symmetric, i.e., —V¢ = g # const, and
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this is manifested by an asymmetry between the flux emitted by surface elements at L1
and L2.

We used the ellc package to model the lightcurve (Maxted, 2016). We modelled both
the g’ and i’ lightcurves, adopting a linear limb darkening model, and fixing the linear
limb darkening coefficient of the secondary u; to a value of 0.25 for the g’ lightcurve,
and to 0.18 for the i’ lightcurve. We also fixed the passband dependent gravity dark-
ening coeflicient of the secondary, 7, to 0.25 for the g’ lightcurve, and 0.19 for the i’
lightcurve. These coefficients were computed using the procedure outlined in Claret,
2017, adjusted for DBA atmospheres (Claret, Cukanovaite & Burdge 2019, in prepa-
ration). We computed and fixed the Doppler beaming factors of PTF J0533+0209B to
1.94 for g’ and 1.54 for i’ (Loeb and Gaudi, 2003) using the atmospherically derived
temperature of 7, sy = 20000 K. The free parameters in the model were the ratio of the
radii to the semi-major axis for the two components, R4 /a and Rp/a, the inclination i,
the time of minimum light 7¢, the semi-major axis a, and the mass ratio ¢ = Mg/ M.
Although we see no sign of luminosity from PTF JO533+0209A in the spectrum or the
spectral energy distribution, as an initial test, we conducted an iteration of modelling
with the surface brightness ratio, J, and albedo of PTF J0533+0209B, heatp, as free
parameters to investigate whether PTF J0533+0209B might be irradiated by its unseen
companion. We found the solution did not converge to any particular value of these
parameters for the g’ or i’ lightcurves, and that the parameters exhibited no co-variance
with any other parameters. We performed the same exercise considering the possibility
of PTF J0533+0209A being irradiated by PTF J0533+0209B, and found a similar result.
Based on this, for the final iteration of modelling, we assumed no luminosity contribution
from PTF J0533+0209A, and omitted accounting for any kind of irradiation effect. The
faint GALEX NUYV apparent magnitude (see Table 2.1) also suggests it is unlikely that

there is an unseen hot companion.

Orbital Period Decay
Because of the short orbital period and non-interacting nature of this system, we expect a
possible measurable orbital decay due to the emission of gravitational radiation (Taylor,

Fowler, etal., 1979). One can determine the orbital frequency derivative, f, by measuring
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a change in the phase of the lightcurve over time, Afjjipsoidal, as illustrated in Equation
3.1:

1.
Atellipsoidal(t - tO) = (Ef(tO)(t - t0)2 + --~)P(t0)7 (23)

where 1 is the reference epoch, ¢ — fy is the time since the reference epoch, f (1), f (o),
etc, are the orbital frequency and its derivatives at the reference epoch, and P(zy) = %

is the orbital period at the reference epoch.

In order to extract the timing epochs from PTF, KPED, and CHIMERA data, we used a
least squares fit of a sinusoid to the data and measured the phase of this sinusoid. We
then used a least squares fit of a quadratic to these time stamps as a function of epoch
(Figure 4.6) to measure the orbital decay rate, P. We report the derived ephemeris in
Table 4.3.

If purely due to general relativity, the decay should be governed by the expression given

in Equation 5.4:

5
. 9% s (GM_.\3 Lu
fow = 5 ( 3 C) fow (2.4)
%
where M, = (M‘—MZ), is the chirp mass, c is the speed of light, and fow = % is the
(M1+M3)5

gravitational wave frequency. Thus, we can use the measured decay rate to constrain
the chirp mass of the system. Such decay has been observed in several known detached
double degenerate systems, including ZTF J1539+5027 (Burdge, Coughlin, et al., 2019)
and SDSS J0651+2824 (Brown, Kilic, Hermes, et al., 2011), as well as some accreting
systems such as HM Cancri (Strohmayer, 2005).

Tidal Contribution to Orbital Decay

Equation 2.5 gives an estimate for tidal contribution to the measured orbital decay:

3 2 2
Puge 3(Mo+M R R
ride , 3(Mat Mp) [KAMA(—A) +KAM2(—B) ] (2.5)
PGW MAMB a a

where P4 is the tidal contribution to the orbital decay, expressed as a fraction of the
contribution to orbital decay from the emission of gravitational radiation, Pgy, which

is a function of the ratio of the radii to the semi-major axis of the two components, the
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Figure 2.6: The measured drift of the ellipsoidal modulation of PTF J0533+0209 over
time. The two initial points, both originating from Palomar Transient Factory data
acquired nearly a decade before the other epochs, illustrates that this signal has shifted in
phase by over 100s since these observations, consistent with the expectations of orbital
decay via gravitational radiation.

component masses, and also «, and kj, dimensionless constants reflecting the internal
structure of the white dwarf (Burdge, Coughlin, et al., 2019).

Using the masses derived from the combined analysis, as well as x, = 0.14 and «; =
0.066 based on white dwarf models, we estimate a tidal contribution of % ~(0.02. We
correct the chirp mass inferred from P by accounting for this tidal contribution, though
it does not significantly alter the solution, as it is less than a sixth of the measurement
uncertainty on P. Asthe measurement of P improves with time, the tidal contribution will
become large compared to the measurement uncertainty, and will become the dominant

source of uncertainty on the chirp mass.
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Parameter Estimation

In order to estimate the physical parameters of the system, we combined the measure-
ments of orbital kinematics and orbital period decay with the lightcurve models fit to
the CHIMERA g’ and i’ data taken on December 14-15 of 2017. The atmospheric fit
parameters only entered this modelling as a basis for deriving the limb and gravity dark-
ening coeflicients used in the lightcurve modelling. The free parameters of this analysis
were the masses M4 and Mg, the inclination i, the radius Rp, and the time of minimum
light #9. We used the multinest algorithm (Feroz et al., 2009) to sample over these free
parameters, and present the corner plots of the resulting analysis in Figure 4.5. The
inferred parameters from this analysis, as well as the atmospheric analysis and timing

analysis, are listed in Table 4.3.

Table 4: Table of physical parameters

M 0.652700°0 Mo
0.030
Mp 0.167700%0 Mo,
[ 72.8t01'i degrees
0.004
Rp 0.057+99% R
Ts 20000300 K
0.1
log(g)B 63i0 1
logH/Heg -2.7%01
0.000046
To 2458 145.096848t0+%088 3?7BJDTDB
P(To) 1233.97298*0-00017 s
P(Tp) (—3.94 +0.80) x 1072 5571

Distance Estimate

PTF J0533+0209 has a corresponding entry in the Gaia DR2 catalog (Gaia Collaboration,
2018), with a measured parallax of @ = 0.4741 and uncertainty o; = 0.4786. Since
we are in a regime where oz > @, we cannot simply infer the distance as the reciprocal
of the parallax. We adopt an exponentially decreasing space density prior (Bailer-Jones
et al., 2018), with an assumed characteristic length scale of 400 pc (Kupfer, Korol, et al.,
2018). Using this technique, we infer a distance of D = I.Si%'; kpc, and we adopt
this distance for our estimate of the LISA gravitational wave strain of the system. If

we assume a length scale of 200 pc, the solution becomes D = 1.05’:%'4

3 kpc, and for a
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Figure 2.7: Corner plots of the physical parameters inferred as a result of the analysis
combining the lightcurve modelling with radial velocity and chirp mass constraints.
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length scale of 800 pc, D = 2.3:1)'.”9' kpc. We would like to note that using our inferred
radius and temperature, we estimate a distance of D = 2.7i%§ kpc, farther than any of

these estimates.

Gravitational Wave Strain
To calculate the characteristic strain (Korol, Rossi, Groot, et al., 2017), S., we use the

expression in Equation 5.5, where c is the speed of light, and 7, is the operation time

of the LISA mission.
o _ 2AGM) B (mfPh

c C4D VfTObS’ (26)

When computing the characteristic strain, we marginalized over the posterior distribu-

tions for the masses derived from our combined analysis, and the distance estimated
using the parallax measurement and the assumption of a 400 pc length scale. The point
and uncertainties corresponding to PTF J0533+0209 in Figure 5.9 reflects the posterior
distribution of the characteristic strain of this object.

However, in order to compute the estimated SNR of the source in LISA, we must
account for instrument response, as well as the source position in the sky, and the source

inclination. Thus, to compute the SNR, we calculate the amplitude of the signal at the

detector, A = /|Fy|2|h4|? + |Fx|?|hx|2, which depends on the two gravitational wave
polarizations, /i, and hy, and LISA’s response patterns in coupling to these polarizations,
F, and F (Korol, Rossi, Groot, et al., 2017).

2.4 Discussion

LISA gravitational wave source

Based on its component masses, inclination, and distance of D = l.Si%'Z.
the parallax measurement and 400 pc length scale, we estimate that LISA will detect PTF

kpc based on

J0533+0209 with a signal to noise ratio of 8.4f§% at the end of the nominal four-year
mission lifetime (Figure 5.9). If we instead use the distance of D = 2.7fg'§ k pc inferred
from the radius, temperature, and apparent magnitude of the object, the estimated signal
to noise after four years is 4.7t%‘_3. By the launch of LISA in 2034, we estimate that
the orbital decay of PTF J0533+0209 will have caused the ellipsoidal modulation to

have drifted by > 900s in phase since the initial PTF epochs, allowing for a precise
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constraint on the chirp mass with regular monitoring over this time period. With the
chirp mass constrained, the strain measured by LISA will enable a direct probe of the
distance to the object, helping verify the estimates of radius and surface temperature in
this analysis . Perhaps the best example of LISA’s utility is that it will be able to provide
an independent measurement of the inclination angle of the system (Shah, van der Sluys,
et al., 2012). This is because the gravitational wave signal can be decomposed into
two polarization components, /2, and hy, and the strain amplitudes of these components
include factors of (1 + cos? (i)) and 2 cos (i), respectively (Thorne, 1987). Combined
with the measurements of K, and P, this will provide a constraint on both component

masses independent of the model-dependent fit of the ellipsoidal modulation.

Binary Formation Models

PTF J0533+0209 provides interesting constraints on compact binary formation physics.
In particular, the combination of the extremely low-mass white dwarf (ELM WD), high
surface temperature, and low surface hydrogen (H) abundance is difficult to understand,
since most ELM WDs are H-rich (DA) WDs due to helium (He) sedimentation. H-
deficient CO WDs, such as DB WDs, are thought to originate from AGB stars undergoing
a late He-burning shell flash during the early WD cooling phase. The shell flash induces
convection that subsumes the H-envelope, mixing H deep into the star where it is
quickly burnt (Althaus, Serenelli, et al., 2005). However, the He-core ELM WD in PTF
J0533+0209 could not have undergone such a He-burning pulse, so the H could not be
destroyed in the same way that it is for DB WDs. Nor is it likely the H has been totally
stripped due to mass transfer like in AM CVn systems, because there is no reason to
think that mass transfer has yet begun in this system. Several H-poor proto-ELM WDs
have been discovered (see e.g., Kaplan, Bhalerao, et al. 2013; Gianninas, Curd, et al.
2016), though these have higher H-abundances and low surface gravities, and can likely
be explained by weaker gravitational settling opposed by rotational mixing Istrate et al.,
2016.

To understand the formation of PTF J0533+0209, we constructed models of binary stars
using the MESA stellar evolution code (Paxton, Bildsten, et al., 2011; Paxton, Cantiello,
et al., 2013; Paxton, Marchant, et al., 2015). First, we evolve a 1.2 M, star up the red
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Figure 2.8: A plot of the characteristic gravitational wave strains of the known LISA
detectable binaries after 4 years of integration and the LISA sensitivity curve (shown as
the smooth black curve). The black diamonds are sources reported in Kupfer, Korol,
et al., 2018, whose errors have been estimated using Gaia parallaxes, with the exception
of HM Cancri, which we assigned a uniform prior in distance of 4.2-20 kpc. The red
stars indicate the two LISA gravitational wave sources discovered in the recent survey
for LISA sources using PTF/ZTF (Burdge, Coughlin, et al., 2019).
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Figure 2.9: Binary Evolution Model of PTF J0533+0209, beginning witha 0.19 My ELM
WD and a 0.66 My CO WD in a one-hour orbit. The ELM WD cools and contracts, and
at an orbital period of 20 minutes it has nearly the same surface temperature and radius
as the ELM WD in PTF J0533+0209, whose properties are denoted by colored points
with error bars. The surface hydrogen abundance decreases due to extra mixing in the
model (see text), though it remains larger than our spectroscopic measurements.
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giant branch until its core helium mass is 0.187 My. We then strip the outer layers
until the star has a mass of 0.19 M, leaving it with 107> My, of hydrogen, and place
it in a binary with a 0.66 My companion in a 1 hour orbit. This mimics a common
envelope (CE) event that births a compact binary system with masses consistent with
our measurements for PTF J0533+0209. We evolve this system using MESA’s binary
module, allowing for orbital decay via gravitational radiation, while simultaneously
evolving the structure of the ELM WD. We enforce tidal synchronization at all times, as
short-period binary WDs are expected to be nearly tidally synchronized (Fuller and Lai,
2012). Rotational mixing is included via MESA’s implementation of Eddington-Sweet
circulation with am_D_mix_factor = 1 and D_ES_factor = 1. We note that this
amount of rotational mixing is very optimistic, as it is a factor of 30 larger than expected
(Heger et al., 2000), yet we shall see below that even this excessive estimate of rotational

mixing cannot explain the observed hydrogen depletion.

Figure 2.9 shows the evolution of the system described above. As the system ages,
the WD contracts, and the model radius is R =~ 0.05 R at a 20 minute orbital period.
Because of extra mixing in our model (see below), the temperature initially increases
as H is mixed into the interior and burned, but the temperature then decreases as H
is depleted. The mass, temperature, and radius of our model at 20 minutes are all
approximately consistent with PTF J0533+0209. If the post-CE period is substantially
longer than one hour, the ELM WD cools to temperatures lower than observed. So, the
system can only be explained by the CE formation channel if the ELM WD is born at a
fairly short orbital period.

While the match with observations above is encouraging, it is difficult to explain the low
H abundance from this model, which initially has a roughly equal surface mass fraction
of H and He after the CE event. The Eddington-Sweet mixing keeps the outermost
layers of the WD well-mixed due to the tidally enforced rapid rotation of the ELM WD,
but it does not mix H into the deep interior. In the limited number of models we have
explored, rotational mixing is not enough to mix H down into the He core where it can
be burned, allowing the surface H to be depleted. In order to greatly deplete the surface
H abundance, we have added an ad-hoc mixing diffusivity of D,,;, = 2.5 X 103 cm? /s,

which causes H to mix deep enough to burn. Figure 2.9 shows that the surface mass



28

fraction of H is depleted by a factor of 50 down to ~ 102 in this model, though it is
still much larger than our measurements indicate. Without the extra mixing, the surface
mass fraction remains nearly constant. Our models do not include gravitational settling
and diffusion, which would cause the surface mass fraction of H to increase as He
gravitationally settles. The burning of H in our model keeps it warmer compared to a

model without mixing, so our model cools slower than a normal WD of the same mass.

This model is not meant to be a “fit" to the observed properties, and some other com-
bination of mass, initial orbital period, extra mixing, etc., can likely provide a better
match to the data. Our main claim is that some sort of extra mixing or other method of
removing H from the ELM WD must be at play. Since PTF J0533+0209 is in a very
short-period binary compared to other H-rich ELMs, we suspect the extra mixing may
be related to rotational or tidal effects that are much stronger in tight binaries. Also, if
PTF J0533+0209 evolved from the CE channel, the system was likely born at an orbital
period less than a couple hours in order for the ELM WD to be so hot. Based on the
findings of Fuller and Lai, 2013, we find that tidal heating is unlikely to heat up the ELM
WD to the observed temperature at an orbital period of 20 minutes. From equation 10
of Burdge, Coughlin, et al., 2019, the “tidal" temperature to which the ELM WD can be
heated is only ~7000 K, much below the observed temperature. A tidally induced nova
(Fuller and Lai, 2012) could heat up the ELM WD, but these events are not expected to
occur at such long orbital periods.

It may be possible that H-burning flashes contribute to the depletion of H near the
surface, as such flashes in a compact binary will cause the ELM to overflow its Roche
lobe and lose much of its expanding H envelope. The model described above had a small
enough initial H mass that it did not encounter such flashes, but we have attempted to
simulate flashing models with a larger initial H mass. For numerical reasons, we have
not been able to simulate the flash-induced mass loss in a compact binary, however, the
models indicate that the H at the base of the envelope would not overflow the Roche
lobe during these events and would likely be retained. Hence, we believe H flashes may
have contributed to the depletion of H, but some extra mixing (e.g., rotational mixing,
or mixing induced via tidally excited gravity waves) is likely required to further deplete

the remaining H to the observed level. One possibility is that the H-burning flashes
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induce more mixing below the convective H-burning shell than predicted by our models,
a phenomenon also thought to occur during classical novae (e.g., Alexakis et al. 2004;
Denissenkov et al. 2013). This could mix H downward where it is burnt and dilute the
H shell with dredged up He, potentially reducing the observed H-abundance to the level

observed.

We have also attempted to create a system like PTF J0533+0209 from a stable mass
transfer scenario like that described in Sun and Arras, 2018; Tauris, 2018; Li et al.,
2019. We evolve systems near the orbital period bifurcation (Podsiadlowski et al., 2003)
such that the donor is evolved (and hence H-poor) and the binary shrinks to sub-hour
orbital periods via magnetic braking and gravitational radiation. This channel typically
forms low-mass ELM WDs with masses in the range 0.15Mgy < M < 0.2 Mg that
detach at very short orbital periods, so it can certainly produce systems similar to PTF
J0533+0209. However, the donor in these models is usually lower surface temperature
and higher H abundance than observed in PTF J0533+0209. Hence, while it might be
possible to form a system like PTF J0533+0209 through stable mass transfer, we consider
the CE channel to be more likely.

Evolutionary fate

Based on its measured orbital decay rate, PTF J0533+0209 has a characteristic de-
cay timescale of 7, = %|—1§| ~ 3,700,000 years. However, in a fraction of this time,
PTF J0533+0209B will overflow its Roche lobe and initiate mass transfer onto PTF
J0533+0209A, which occurs at an orbital period of ~ 14 minutes in Figure 2.9, though
precisely when this occurs depends on the rate at which PTF J0533+0209B cools and
shrinks compared to its merger timescale. The binary will continue to evolve to shorter
orbital periods due to the emission of gravitational radiation and eventually mass trans-
fer will begin to remove mass from the degenerate helium core of PTF J0533+0209B
(Kaplan, Bildsten, et al., 2012), which will expand in response to this mass loss, conse-
quentially increasing the mass transfer rate and producing a feedback loop. Given the
mass ratio of the binary, this means that PTF J0533+0209 will likely evolve into an AM
CVn system at longer orbital periods (Marsh, Nelemans, et al., 2004), or alternatively,

could result in a merger producing an R Coronae Borealis type star (Paczynski, 1971).
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2.5 Conclusion

We have discovered PTF J0533+0209, a detached double white dwarf binary with a
20 minute orbital period using purely its ellipsoidal modulation. This more luminous
component of this system exhibits a DBA atmosphere, unlike most of its double white
dwarf counterparts, which is not easy to explain from standard binary formation and
stellar evolution models. We have detected orbital decay in this system using archival
time domain data, and estimated that the gravitational waves which the system emits
should be detectable by LISA.

Modern synoptic time domain surveys are not only becoming wider and deeper, but
crucially, increasingly well-sampled as a consequence of their large fields of view and
roboticized observing capabilities. Thus, before LISA begins to decode the gravitational-
wave signal from tens of thousands of galactic binaries in the Milky Way, these surveys
hold the key to uncovering a large population of these systems. Some of these binaries,
like ZTF J1539+5027 (Burdge, Coughlin, et al., 2019), will be extremely well calibrated
via their optical behavior because of eclipses and/or a double-lined spectroscopic nature.
However, systems like PTF J0533+0209, which exhibit a handful of very well-defined
observables like a single radial velocity amplitude, ellipsoidal modulation, orbital decay
rate, etc., will be far more numerous than their eclipsing, double-lined counterparts.
Objects like PTF J0533+0209 demonstrate the scientific promise of the LISA era of
astrophysics because LISA will transform such systems from being constrained by highly
model-dependent assumptions to over-constrained systems which will instead test the

fidelity of physical models.
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ABSTRACT

General relativity (Einstein, 1905) predicts that short orbital period binaries emit sig-
nificant gravitational radiation, and the upcoming Laser Interferometer Space An-
tenna (LISA) (Amaro-Seoane et al., 2017) is expected to detect tens of thousands
of such systems (Nissanke et al., 2012); however, few have been identified (Kupfer,
Korol, et al., 2018), and only one is eclipsing—the double white dwarf binary SDSS
J065133.338+284423.37(Brown, Kilic, Hermes, et al., 2011), which has an orbital pe-
riod of 12.75 minutes. Here, we report the discovery of an eclipsing double white dwarf
binary system with an orbital period of only 6.91 minutes, ZTF J153932.16+502738.8.
This system has an orbital period close to half that of SDSS J065133.338+284423.37,
and an orbit so compact that the entire binary could fit within the diameter of the planet
Saturn. The system exhibits a deep eclipse, and a double-lined spectroscopic nature. We
observe rapid orbital decay, consistent with that expected from general relativity. ZTF
J153932.16+502738.8 is a significant source of gravitational radiation close to the peak
of LISA’s sensitivity(Amaro-Seoane et al., 2017), and should be detected within the first

week of LISA observations.
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The Zwicky Transient Facility (ZTF) (Bellm, Kulkarni, Graham, et al., 2019; Graham,

Kulkarni, et al., 2019) is a northern-sky synoptic survey using the 48-inch Samuel
Oschin Telescope at Palomar Observatory. In June 2018, we undertook an initial search
for periodic sources among all of the 20 million ZTF lightcurves available at that
time. The analysis identified ZTF J153932.16+502738.8 (henceforth referred to as
ZTF J1539+5027), as a candidate binary system with a short orbital period. On the
same night as identifying the candidate, an observation with the Kitt Peak 84-Inch
Electron Multiplying Demonstrator (KPED) (Coughlin, Dekany, et al., 2019) confirmed
the discovery, and revealed a remarkably deep eclipse occurring precisely every 6.91
minutes. Next, we used the high-speed imaging photometer CHIMERA (Harding et al.,
2016) on the 200-inch Hale telescope at Palomar Observatory to observe the system
(Figure 1), confirming the deep primary eclipse, and revealing a shallow secondary

eclipse.

The short orbital period means that the two components must be dense objects—white
dwarfs. Because the primary eclipse is significantly deeper than the secondary eclipse,
we can infer that one white dwarf (the primary) is hotter and more luminous than its
companion (the secondary), as the detected flux is almost completely attenuated when
the cooler object occults the hotter. By modelling the lightcurve (Methods), we can
estimate the orbital inclination, i, the radius of the primary, R, and the secondary, R»,

relative to the semi-major axis of the orbit, a (Methods).

Because of ZTF J1539+5027’s extremely short orbital period, general relativity predicts
that it will undergo rapid orbital decay due to the emission of gravitational radiation
(Taylor, Fowler, et al., 1979). With CHIMERA and KPED, we can precisely measure
the time of eclipse, and use these eclipse times to measure a changing orbital period.
If a system has a constant orbital period derivative, we expect the deviation of eclipse
times, Afecjipse, (compared to those of a system with constant orbital period) to grow

quadratically in time. Equation 3.1

Meciipselt =10) = (300 = 107+ £ F )1 =10 4 )Po) G

illustrates this, where 7 is the reference epoch, P(f) is the orbital period at the reference

epoch, f(to), f(to), etc, are the orbital frequency and its time derivatives at the reference
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Figure 3.1: Lightcurve of ZTF J1539+5027 a) The binned CHIMERA g’ lightcurve
of ZTF J1539+5027, phase-folded on the 6.91 minute orbital period. At phase 0,
the lightcurve exhibits a deep primary eclipse, indicating that the hot primary star is
producing most of the observed light. Outside of eclipse, there is a quasi-sinusoidal
modulation because the primary star heavily irradiates one side of its companion. At
phases £0.5, the secondary eclipse occurs as the hot primary transits the irradiated face
of its companion. b) The phase-folded ZTF g-band lightcurve of the object. We were
able to discover the object because of its periodic behavior. ¢) A binned g’ lightcurve
obtained with KPED, phase-folded on the orbital period. Error bars are 1o intervals.

epoch, and 7 — ¢ is the time since the reference epoch.

We also used IRSA/IPAC (Masci, Laher, Rebbapragada, et al., 2017) to retrieve photome-
try from archival Palomar Transient Factory (PTF/iPTF) data (Law et al., 2009) spanning
2009, 2010, 2011, and 2016. Figure 2 shows a fit of all of the timing epochs with a second
order polynomial, which resulted in a highly significant detection of the orbital decay, cor-
responding to an orbital period derivative of P = (=2.373+0.005)x 10~''s s~! (Table 1).
The corresponding characteristic orbital decay timescale is: 7, = %% ~ 210, 000 years.
To measure the orbital velocities of the white dwarfs in the binary, we obtained phase-
resolved spectroscopy using the Low Resolution Imaging Spectrometer (LRIS) (Mc-
Carthy et al., 1998) on the 10-m W. M. Keck I Telescope on Mauna Kea. These
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Figure 3.2: Orbital decay and gravitational wave strain of ZTF J1539+5027 a) A
2nd order polynomial fit to the deviation of the measured eclipse times as a function
of time, compared to a system with constant orbital period. The consistency with a
quadratic deviation demonstrates that the orbital period decreases with time. The orbital
decay inferred is consistent with that expected from gravitational wave emission. The
initial four timing epochs come from PTF/iPTF photometry, and the remainder were
obtained with CHIMERA and KPED. b) The characteristic gravitational wave strain and
frequency for ZTF J1539+5027 (red star in the plot). See Table 1 for masses and the
distance. The black diamonds are other known LISA sources, all of which are compact
binaries (Kupfer, Korol, et al., 2018). The smooth black curve is the expected sensitivity
threshold of LISA after 4 years of integration (Amaro-Seoane et al., 2017). For HM
Cancri (right-most point) we have assumed a uniform prior in distance from 4.2-20 kpc
(Roelofs et al., 2010; Bildsten et al., 2006). Error bars on panel a) are 1o-. Errors on
panel b) are taken fromKupfer, Korol, et al., 2018 for all points except ZTF J1539 and
HM Cnc, which are 68% ClIs.
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Figure 3.3: Optical spectrum of ZTF J1539+5027 a) The LRIS spectrum of ZTF
J1539+5027 immediately after the primary eclipse. This is an ideal phase to isolate the
photosphere of the hot primary, because it minimizes flux contributed by the irradiated
face of the secondary. The smooth blue line is a fit of a white dwarf atmospheric model to
this spectrum, yielding an effective photospheric temperature of 7, s s | = 48,900+900 K
and a logarithm of surface gravity log(g); = 7.75+0.06 log(cm s~2) for the hot primary.
b) and ¢) Two phase-resolved spectra of the hydrogen n = 5 to n = 2 transition at =~ 4340 .
The smooth red line is a double Gaussian fit to the absorption and emission line used
to measure the Doppler shifts of these features b) illustrates a phase in which the
emission line associated with the cooler secondary is redshifted, while the absorption
line associated with the primary is blueshifted. ¢) exhibits the opposing phase.

observations (Figure 3) revealed broad and shallow hydrogen absorption lines charac-
teristic of a hot hydrogen-rich (DA) white dwarf associated with the bright primary, and
within these absorption lines, narrower hydrogen emission lines apparently arising from
the cooler secondary. The emission lines move out of phase with the absorption lines,
making this a double-lined spectroscopic binary. There are also weak neutral helium
absorption and emission lines that exhibit similar behavior. The Doppler shifts of the
emission lines in the spectra track the cool secondary, suggesting that the emission lines
are not associated with accretion onto the hot and compact primary, but instead arise

from the irradiated surface of the secondary.
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Using the spectroscopic observations, lightcurve modelling, and the orbital decay, we
can constrain the masses of the white dwarfs in several ways: (1): With a mass-
radius relation for the hot primary and constraints from lightcurve modelling, although
this depends on parameters of white dwarf models, and only weakly constrains the
mass of the secondary; (2): Using the spectroscopically measured radial velocity semi-
amplitudes; however, this is challenging due to the blended absorption/emission lines,
the latter depending on modelling irradiation effects and a substantial center of light
correction; (3): With the chirp mass inferred from the measured orbital decay; however,

this approach must account for potential tidal contributions.

Because each of these methods rely on different model dependent assumptions, we chose
to estimate physical parameters by combining these constraints (Figure 4). We present
the physical parameters resulting from this analysis in Table 1, alongside those of SDSS
J0651+2844 (Brown, Kilic, Hermes, et al., 2011; Hermes, Kilic, et al., 2012; Kupfer,
Korol, et al., 2018). We conclude that the hot primary is a = 0.6 M, (likely carbon-
oxygen) white dwarf, while the cool secondary is a 0.2 M, (likely helium-core) white

dwarf.

Because of their remarkably short orbital period, the white dwarfs experience significant
tidal distortion. Tidal energy dissipation may heat and spin up the white dwarfs, in
addition to increasing the orbital decay rate. Based on theoretical predictions (Fuller and
Lai, 2013), tidal torques likely cause the spin periods of the white dwarfs to synchronize
with the orbital period. We expect that tidal energy dissipation may increase the orbital
decay rate by ~ 7% relative to gravitational wave emission alone (Methods), though
we cannot currently measure this due to uncertainty in the white dwarf masses. Future
detection of the second derivative of the orbital decay rate, f , will enable a direct

measurement of the tidal contribution to the orbital decay.

When LISA (Amaro-Seoane et al., 2017) first begins to operate (circa 2034), we estimate
that it will detect ZTF J1539+5027 within a week. At the end of LISA’s 4-year mission,
we estimate the SNR will be 143f11§ (Methods). Not only does the source radiate high-
strain gravitational waves, but LISA’s sensitivity peaks at about S mHz, close to the

4.8 mHz gravitational wave frequency of this source, resulting in an exceptionally large



39

Figure 3.4: Constraints on component masses in ZTFJ1539+5027 A graphical rep-
resentation of the analysis used to derive final values for the masses of the two white
dwarfs, with an inset illustrating the two components of the binary drawn to scale based
on these parameters together with Roche potentials. The background white bins repre-
sent the spectroscopic constraint. The red line is a 50% contour level of the constraint
inferred from applying a mass-radius relation to the hot primary white dwarf (Althaus,
Camisassa, et al., 2015), and combining it with the ratio of the primary’s radius to the
semi-major axis, %, inferred from lightcurve modelling. The magenta dashed lines are
constraints imposed by the measured chirp mass; the upper dashed line assumes orbital
decay purely due to general relativity, whereas the lower dashed line includes a 10 per-
cent tidal contribution. The blue line is a 50% contour level representing a combination
of all of these constraints (Table 1).




40

SNR. This system will serve as a crucial “verification source” for LISA (Amaro-Seoane
et al., 2017), because its well-constrained inclination predicts the relative amplitude of
the signal in the two gravitational wave polarizations (Shah, Nelemans, et al., 2013), and

the precisely measured orbital decay already tightly constrains its chirp mass.

ZTF J1539+5027 poses challenges for models of binary evolution and the physics of
accretion. The spectroscopically measured temperature of the hot primary is T, rr 1 =
48,900 = 900 K. The cooling age of such a hot white dwarf is ~ 2.5 million years
(Holberg and Bergeron, 2006), significantly shorter than the > 200 million year cooling
age of the secondary (Istrate et al., 2016). Thus, some recent heating must have occurred.
Tidal heating could increase the surface temperature of the primary to nearly 50, 000 K,
though more realistic calculations (Methods) suggest temperatures closer to half this
value. A more plausible explanation is that the heating is due to recent accretion,
especially since the radius of the secondary indicates it is on the brink of Roche lobe
overflow. Such accretion could heat the primary to its observed temperature for accretion
rates of M > 107 M, yr‘1 (Methods).

However, we see no evidence for active accretion. The only other known binary systems
with orbital periods shorter than 10 minutes, V407 Vul (P ~ 9.5 minutes) (Ramsay,
Cropper, et al., 2000) and HM Cancri (P ~ 5.4 minutes) (Roelofs et al., 2010), were
discovered because of periodic X-ray emission, thought to arise from a hot spot formed
by direct impact accretion (Marsh, Nelemans, et al., 2004). Unlike the other two
sub-10-minute binaries, ZTF J1539+5027 exhibits no detectable X-ray flux. Based on
an upper limits from observations by the XRT X-ray telescope on the Neil Gehrels
Swift Observatory (Gehrels et al., 2004), the EPIC-pn instrument on the XMM Newton
Observatory (Jansen et al., 2001), and optical constraints, we have estimated an upper
limitof M < 2x1073M¢, yr~!, contributing 10% of its energy to a hot spot. Reaching this
upper limit requires fine-tuning the accretion hot spot temperature (Methods). Active
accretion could still be occurring if the accretion energy is channeled primarily into
heating the optically thick atmosphere of the accretor, and is then radiated at the 50, 000 K

observed.

It is also possible that the accretion proceeds intermittently. One way of temporarily
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halting accretion could be a recent nova eruption on the surface of the primary. We expect
that a 0.6 M, white dwarf accreting from a companion at a rate of M ~ 107" Mg yr~!
should experience (Wolf et al., 2013) recurrent novae on timescales of ~ 10 yr. How-
ever, while mass transfer may temporarily cease after each nova, calculations suggest
that it is unlikely to catch the system in this short-lived phase (Methods). We conclude
that the most likely scenarios are intermittent accretion with a mechanism allowing for
phases of little-to-no mass transfer, or active accretion in which the accretion energy is

radiated almost entirely in the ultraviolet and optical.

The orbit of ZTF J1539+5027 will continue to decay for ~ 130, 000 years until it reaches
a period of ~5 minutes at which point the degenerate core of the secondary will begin
to expand in response to mass loss, dramatically increasing the rate of mass transfer
(Kaplan, Bildsten, et al., 2012). If the mass transfer is stable, which is likely based on the
mass ratio (Marsh, Nelemans, et al., 2004) of g ~ 1/3, the binary will evolve into an AM
CVn system and the orbital period will increase. Alternatively, unstable mass transfer
would result in a merger that could produce an R Cor Bor star (Paczyniski, 1971), or, less
likely, a detonation of accreted helium on the primary could lead to a double-detonation
that disrupts the primary Shen, Kasen, et al., 2018.
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3.1 Summary of Observations

Extended Data Table 1 provides a summary of all observations used in our analysis.

3.2 Period Finding

We identified ZTF J1539+5027 by using the conditional entropy (Graham, Drake, et
al., 2013) period finding algorithm on 20 million available ZTF lightcurves containing
more than 50 epochs as of June 5, 2018, which originated exclusively from the ZTF
collaboration’s extragalactic high cadence survey (Bellm, Kulkarni, Barlow, et al., 2019).
These lightcurves correspond to approximately 10 million sources, each with a ZTF-g
and ZTF-r lightcurve.

ZTF J1539+5027 exhibited the most significant signal of all the objects whose strongest
(lowest entropy) period fell in the 67 minute range. We used a Graphics Processing
Unit (GPU) implementation of the conditional entropy algorithm included in the pycuda
based cuvarbase package (available on GitHub). The algorithm was executed on a pair
of NVIDIA GTX 1080 Ti GPUs.

3.3 Lightcurve Modelling
To model the lightcurve, we used data from three nights of CHIMERA g’ observations
(July 5-7 2018), with a total of 12,999 individual 3-s exposures.

To fit the CHIMERA data, we used the ellc package (Maxted, 2016) to model the
lightcurve and fit for the ratio of the radii to the semi-major axis, r; = Ry/a, r» = R»/a,
inclination, 7, mass ratio, g = %, surface brightness ratio, J, of the unheated face of the
secondary compared to the hot primary, and the mid-eclipse time of the primary eclipse,
to. We adopted a linear limb darkening model, with limb darkening coefficients for the
primary (ldc) and secondary (I/dc;). We treated the primary as a spherical object, but
invoked a Roche approximation for the secondary. We also included a gravity darkening

coeflicient for the secondary (gdc») and a single free heating parameter (heat,) to attempt
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to fit the sinusoidal variation due to the irradiation of the secondary, which acts as an
albedo of the secondary, but in this system must be larger than 1 to achieve a good
fit because a significant amount of incident ultraviolet light is reprocessed into optical

wavelengths.

We allowed the limb and gravity darkening coefficients to vary as free parameters in the
fit, using uniform priors for each with values of ldc; = 0.15 £ 0.15, ldcy, = 0.4 £ 0.2,
and gdc, = 0.6 £0.1, based on extrapolations of existing models (Gianninas, Strickland,
et al., 2013; Claret and Bloemen, 2011).

We performed the final fit using the period derived from the quadratic fit to the timing
epochs (Table 1). Weleftry,rp,i,J, q, to, ldcy, ldc,, gdcy, and heat; as free parameters.
Extended Data Figure 1 illustrates the corner plots from this fit, but excludes 7y, which
did not exhibit significant covariance with any other parameter. We fixed the eccentricity
to 0, because measuring this quantity depends on the shape of the secondary eclipse,
which in turn depends on the poorly understood irradiation of the secondary. We ruled
out the possibility of significant eccentricity, because we failed to detect any sign of
apsidal precession in the eclipse time measurements, and furthermore, we tried fitting
for this using the lightcurve modelling, and found a value consistent with 0. Because we
lack a good physical model for the irradiation of the secondary, we also do not account
for Doppler beaming, which we expect to alter the shape of the lightcurve at the few
percent level, peaking at phases between the eclipses, where the irradiation dominates

the behavior of the lightcurve.

3.4 Orbital Decay

To measure the orbital decay, we independently fit each night of KPED and CHIMERA
data for mid-eclipse times using the lightcurve modelling performed with ellc. We
convert all timestamps to Barycentric Julian Dates (BJD) in Barycentric Dynamical
Time (TDB) to achieve the required timing precision. Because the eclipse time is not
strongly covariant with model dependent parameters such as gravity and limb darkening,
we omitted these from the fits to reduce complexity (but still fitting for all other parameters
described in the previous section). We also extracted photometry from archival PTF/iPTF

data, and because of significant smearing due to the exposure time of 60-s (particularly
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Figure 3.5: Extended Data Figure 1: Corner plots of lightcurve modelling The corner
plots of the lightcurve fit to 12,999 g’ epochs taken with CHIMERA on July 5, 6, and 7
2018. Please note that the two limb darkening coefficients, as well as gravity darkening
of the secondary (bottom three panels), were allowed to vary to ensure that assumptions
regarding them were not strongly covariant with the other physical quantities of interest.
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for the primary eclipse), we extracted timing epochs by performing a least squares fit of
a sinusoid to this data (Extended Data Figure 2).

After obtaining the timing epochs, we measured the deviation of each eclipse time since
the start of observations relative to a model with a constant orbital period (Figure 2).
This was non-trivial, because the eclipse time had drifted by multiple orbits since the
PTF epochs. However, upon allowing for an integer number of orbits to have passed,
only one solution yielded a significant fit when using a quadratic model (corresponding
to 5 orbits since the initial epoch). A linear model failed in all cases, and a cubic model
produced a cubic coefficient consistent with 0, so for the final emphemeris, we chose to
use a least squares fit of a quadratic to the these mid-eclipse times to estimate P (this
fit is the red curve down in (Figure 3a), which resulted in an adjusted R = 0.999995.
This quadratic fit is independent of any model assumptions about decay due to tidal
contribution, general relativity, or any other mechanism; it only indicates that the orbital
period is decreasing with with an approximately constant rate as a function of time over

the course of the observations.

In addition to extracting P, we verified our measurement by fitting a quadratic to only
mid-eclipse times extracted from CHIMERA and KPED data (Extended Data Figure
3), and obtained a value of P = (—2.487 + 0.19) x 10~ 1ss™!, consistent with the P =
(=2.373 +£0.005) x 105 s7! value obtained when including PTF/iPTF data. Moreover,
these values are both consistent with the value of P = (=2.378 + 0.049) x 10~ !!ss™!
obtained by fitting only the four PTF/iPTF epochs and excluding all CHIMERA and
KPED data.

With P measured, we assessed how much contribution there was due to “secular accel-
eration" (Shklovskii, 1970) and differential Galactic acceleration (Lorimer and Kramer,
2012). For the former we used the proper motion as measured from the second data
release of Gaia (Gaia Collaboration, 2018), u = 5.1 + 2.2 mas yr~'. This caused an ap-
parent excess Pgyx of (8.3 +3.6) x1077(d/1 kpc) ms yr~! where d is the distance. This
term must be subtracted from the measured value to obtain the intrinsic P. Similarly,
differential Galactic acceleration leads to an apparent Ppgg of —3.5 x 107" ms yr~! at

a distance of 2.4 kpc, computed using the MWPotential2014 potential (Bovy, 2015).
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Figure 3.6: Extended Data Figure 2: Fits to archival Palomar Transient Factory
Data Least squares fits of single harmonic sinusoids (smooth blue lines) to archival
Palomar Transient Factory and Intermediate Palomar Transient Factory data used to
determine the orbital decay rate. This archival data was extracted by using forced
photometry on difference images. Because this is a least squares fit of a sinusoid to the
data, this timing technique uses the reflection effect in the system as its primary clock,
rather than the mid-eclipse time. All error bars are 1 sigma. To determine the time of
the epoch, we take the mean of all epochs used, and then calculate the phase of eclipse
nearest to this mean time.
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Measured Orbital Decay using only CHIMERA and KPED
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Figure 3.7: Extended Data Figure 3: Orbital decay measured with CHIMERA and
KPED A quadratic fit (smooth red curve) to timing epochs exclusively originating from
CHIMERA and KPED data (with the 68 percent confidence interval shown by the red
dashed lines). This solution yielded a P consistent with the much more precise solution
derived by including PTF/iPTF data. All error bars on the timing epochs are 1 sigma.

Both of these contributions are significantly smaller than the measured P and are there-

fore negligible compared to the uncertainties from tidal contributions (Section 9).

3.5 Spectroscopic Analysis

To perform the spectroscopic analysis, first we coadded 317 individual spectra (all taken
with a 52 s exposure) into 12 phase-bins, using the emphemeris for the mid-eclipse
time of the primary eclipse to define phase 0. We then fit stellar atmospheric models
(Levenhagen et al., 2017) and obtained measurements of the logarithm of the surface
gravity of the primary, log(g)1, and its effective photospheric temperature, T, 7,1, using
the spectrum immediately after the phase of the primary eclipse (phase 0.0833), to

minimize the flux contributed by the irradiated face of the secondary (Figure 3a).

In order to measure radial-velocity semi-amplitudes of the objects, K| and K3, we used

a double Gaussian model to fit the line associated with the hydrogen n = S ton = 2



50

transition in each phase-binned spectrum to extract the Doppler shifts of the emission

and absorption lines.

To derive overall radial velocities, we adopted an out-of-phase sine wave model for the

absorption and emission features,

. . [2n] ) . (2n)
V1 (]) = Kimeasurea Sin (E) + A, VZ(]) = Komeasurea SIN (E + 7T) + B, (3.2)

where j encodes the index of the phase-bin and A and B are the systemic velocities of
each white dwarf, K1 easureq and Komeasurea are the observed velocity semi-amplitudes,
and v{(j) and v,(j) are the Doppler shifted velocities associated with each phase-bin
(Extended Data Figure 4). We required the two systemic velocities to satisfy A > B
when sampling, because the gravitational redshift of the primary should exceed that
of the secondary because of the primary’s larger surface gravity. We used a Kernel
Density Estimator (KDE) applied to the posterior distributions for the measured velocity

semi-amplitudes Ky eqsured and Koymeasurea t0 assign the probabilities when sampling.

In order to derive masses from these spectroscopic fits, we applied corrections to the
measured velocity semi-amplitudes. First, we applied a smearing correction of 20% to
both K1 easurea and Kopeasurea, due to our phase-binned spectra each being co-additions
of spectra taken over a third of the orbital phase (though each individual spectrum was
taken over only an eighth of the orbital phase, broader coadditions were necessary to reach
sufficient SNR for measuring radial velocities). We used a prior of C = 0.68 + 0.04
for the center of light correction term, based on the mass ratio estimate (Horne and

Schneider, 1989). This modified the velocity amplitude of the secondary by:

K measure
Ky = —2 d (3.3)

1-C2(1+¢q)

where R,/a was taken from the lightcurve fitting, and the mass ratio was defined as
q = Ki/K, (thus requiring us to solve this expression to isolate K,). We applied the
center-of-light correction to the secondary, because one face of it is heavily irradiated

(meaning that the emission lines arise from a location different than the center of mass).
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Figure 3.8: [Extended Data Figure 4: Radial velocity measurements of
ZTFJ1539+5027 A plot of the measured Doppler shifts vs. orbital phase for the primary
and secondary. The primary eclipse occurs at orbital phase 0. In the top panel, we
plot measured Doppler shifts of the more massive primary, extracted from 12 phase bins
of coadded spectra. The dashed blue line illustrates the fit of a sinusoid to this data
(adjusted R? = 0.7118). The lower panel shows the Doppler shift measurements of the
secondary, and also the best-fit sinusoid to this data (adjusted R> = 0.9757). Because of
the low SNR of the spectra, these fits have large uncertainties (especially in the case of
the primary, with its shallow and broad absorption lines). This is reflected in the broad
distribution of possible masses associated with the spectroscopic constraint illustrated in
Figure 3.4. All error bars are 68% Cls.
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3.6 Mass and Radius Analysis

There are three main constraints that contribute to the overall mass and radius estimates.

6.1 Spectroscopic Constraint:
Using Kepler’s law and Classical Mechanics, we can relate the velocity semi-amplitude,

inclination, and period of a binary to the masses with a binary mass function:

M3sin’ (i) _ PK;
(M 1+ M2)2 2nG’
where G is the gravitational constant. Because we have measured both K| and K>, as

3.4)

well as P and i, we can write two such equations, and derive constraints on the two

masses (Figure 4).

6.2 White Dwarf Model Constraint:

We used a mass-radius relation from models for a carbon-oxygen white dwarf (Althaus,
Camisassa, et al., 2015), which depends on mass, metallicity, hydrogen fractional mass
in the atmosphere, and radius, together with the spectroscopic measurements of T,z 1
and log(g)1, to derive constraints on these properties. In these fits, we marginalized over
metalicity and hydrogen mass fraction. We used the measured ratio of the radius of the
primary to the semi-major axis % (from the lightcurve modelling), and combined this
with Kepler’s law, and the white dwarf model constraints (Althaus, Camisassa, et al.,
2015), to constrain the system parameters. This also weakly constrains the mass of the

secondary, which enters into Kepler’s law as contributing to the total mass of the system.

6.3 Chirp Mass Fit:

3
We used the measured f to infer the chirp mass, M, = (M‘—Mz)sl, which is be related to
(M1+M3)5

the orbital decay rate by Equation 5:

96 s GMcg 1
o) o

f= ?ﬂﬁ c3
where c is the speed of light. Because the chirp mass inferred from f assumes the decay

is caused purely by general relativity, we also computed a chirp mass assuming a 10
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percent tidal contribution to f as a lower bound on M,.

6.4 Combined Fit:

To combine all of the constraints described above, we created a KDE based on the M;
and M, estimates from the spectroscopic, white dwarf model, and chirp mass constraints.
The posterior distribution of this combined analysis yielded the values for the masses
reported in Table 1. The radii were computed using r; and r, from the lightcurve

modelling, and the semi-major axis a determined with the masses and the orbital period.

3.7 Distance Estimate

Because no reliable parallax measurement exists for ZTF J1539+5027, we instead used
its bolometric luminosity to estimate the distance. First, we measured the apparent mag-
nitude of the hot primary without contribution from the irradiated face of the secondary
by performing a least squares fit of a sinusoid to the ZTF-g lightcurve, omitting data
from the eclipse, and measuring the minimum of this sinusoid. This yields an apparent
ZTF-g band apparent magnitude of 20.38 + 0.05.

Next, we used the atmospherically determined temperature of the primary, Torr1 =
48,900 K, to infer the absolute g’ luminosity of the 0.6 M DA white dwarf (Holberg and
Bergeron, 2006). The spectroscopic temperature puts ZTF J1539+5027 approximately
between two temperatures in the models—one corresponding to T, 7,1 = 45,000 K and
the other to 7, r¢ 1 = 55,000 K. These corresponded to g’ absolute magnitudes of 8.71
and 8.35, respectively, and we adopted these values as the lower and upper bounds on
the object’s absolute luminosity, and assume a uniform distribution of possible absolute
luminosities between these values. Using this to solve for the distance of the object, we
estimated a distance of d = 2.34 + 0.14 kpc, though we emphasize that the error bars
derived using atmospherically determined quantities tend to be underestimated. We also
incorporated a uniform distribution of E(B — V) in the range of 0 to 0.04 to account for

the effects of extinction at these coordinates (Green, Hermes, et al., 2018).
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3.8 Gravitational Wave Strain

The expression for the characteristic strain (Korol, Rossi, Groot, et al., 2017) used in
Figure 2b (including the value plotted for ZTF J1539+5027) is:

2 GM, 5/3 2/3
5e= 2 )(;4 d(”f LA 7 (3.6)

where d is the distance to the object, T,;; is the integrated observation time of the LISA
mission. Though it is the conventional quantity used to construct such diagrams, the
characteristic strain does not capture any information about source inclination, detector

response, etc.

In order to compute the signal to noise (Korol, Rossi, Groot, et al., 2017) for LISA,
we directly invoked the signal amplitude at the detector A = /| Fy|2|h4|? + |Fx|?|hix |2,

where h; and hy are the two gravitational wave polarization amplitudes, and F, and
F are the LISA detector response patterns corresponding to these polarizations. The
h. polarization amplitude includes a factor of (1 + cos® (i)) and the hy polarization a
factor of 2 cos (i), meaning that systems like ZTF J1539+5027 with an inclination close
to 90 degrees exhibit a gravitational wave signal up to a factor of V8 smaller than an
equivalent face-on system with an inclination close to O degrees in situations where
F, =~ F,. In Table 1, we include an estimate for both the SNR of ZTF J1539+5027, and
SDSS J0651+2844 computed using the same technique.

3.9 Tidal Effects

Tidal Contribution to Orbital Decay

Tidal dissipation can transfer orbital energy into rotational and thermal energy within
the stars. The former effect can cause the orbit to decay slightly faster than gravitational
radiation alone, while the latter effect can increase the surface temperatures of the stars.
Studies of tidal synchronization and heating predict that tidal energy dissipation scales
more strongly with orbital period than gravitational radiation (Fuller and Lai, 2012;
Fuller and Lai, 2013). As the orbit decays and the white dwarfs draw nearer to each
other, tides begin to act on a shorter timescale than orbital decay, spinning up the stars
toward synchronous rotation. The “critical" orbital period, P, below which tidal spin-up

can occur faster than orbital decay, lies in the range P, ~ 45 — 130 minutes (Fuller and



55

Lai, 2012), depending on the white dwarf mass and age. In any case, at an orbital
period of only 6.91 minutes, we expect the stars in ZTF J1539+5027 to be spinning
synchronously with the orbit. In this regime, the rate of tidal energy transfer from the
orbit to the stellar interiors is )

Eige ~ 4n21PIf—3W : (3.7)
where I = I} + I, is the combined moment of inertia of the two stars, and Pgw is the

orbital period decay caused by gravitational waves.

Comparing Equation 3.7 with the orbital energy lost to gravitational wave emission, the

tidal contribution P;;4, to the total orbital decay rate P is given by

Piide N 12721a
Pow GM M>P?’

(3.8)

The moment of inertia of star 1is I; = kM IR% (and similarly for star 2), where «j is a
dimensionless constant determined by the internal structure of the white dwarf. Equation
3.8 can also be written as

I?zide _ 3, +M2)2[ M, (R1)2 M, (Rz)z]. (3.9)

~ K1 —| +xo———+[—
Pcw MM, M+ M\ a M+ M\ a

From the white dwarf models (Section 3.10), we find «; ~ 0.14 and x» ~ 0.11. Using
My ~0.61My, M> ~ 0.21 Mg, Ry/a ~ 0.14, Ry/a ~ 0.28, we find P;;4./Pgw ~ 0.067.
Thus, we expect the orbit to decay several percent faster than gravitational radiation
alone, provided that the stars are tidally locked. There is an additional effect of orbital
decay caused by orbital energy used to raise a tidal bulge in each star (Benacquista,
2011; Shah, Nelemans, et al., 2013), but we find it to be more than an order of magnitude

smaller than Equation 3.9.

Tidal Heating

The tidal energy dissipation within the white dwarfs is partitioned between kinetic energy
used to spin up the white dwarfs and heat that can diffuse out and increase their surface
temperatures. For an aligned, sub-synchronous and rigidly rotating white dwarf, the
ratio of tidal heating to tidal energy dissipation is Ejear/Erige = 1 — P/Pspin, Where
Pgpin is the spin period of the white dwarf (Fuller and Lai, 2012). At orbital periods
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below the critical value P, the spin period, Py,;,, decreases to approach the orbital
period. Calculations suggest that the tidal heating rate in this regime is expected to be
Ejnear ~ Eiige(P/P.) (Fuller and Lai, 2013), such that the tidal heating rate is much
smaller than the energy dissipation rate, because most of the energy is converted to

rotational energy.

To estimate an upper limit on the surface temperature of each white dwarf that can be
obtained from tidal heating alone, we assume Ejeqr ~ Ejige = 6121/ (P?*tgw), where
tcw = %% is the gravitational wave timescale. If the tidal heat is instantaneously

reradiated, this corresponds to a surface temperature
. 1/4
Thigo = Enear /
fde AnogR?
3mcM \M*
20pP ztGW ’

(3.10)

where op is the Stefan-Boltzmann constant, and M is the mass of the white dwarf. Note
that this temperature depends only weakly on the white dwarf mass and moment of
inertia, and is independent of the white dwarf radius. Using the same values as above
and the measured value tgw ~ 830,000 yr, we find an upper limit of 7;;4. ~ 44,000 K
for the primary white dwarf. However, accounting for the suppression factor P/P, ~
6.9/60, such that Ej..; ~ Ejqe(P/P.), yields a more realistic temperature Tjige ~
25,000 K. Hence, while tidal heating may be able to heat the primary to temperatures
near that observed, our best estimate suggests substantially lower temperatures. Applying
Equation 3.10 to the secondary white dwarf predicts an upper limit due to tidal heating
of Tyige = 33,000 K, but our best estimate is T35 = 19,000 K. A measured nightside
temperature near this value would be consistent with tidal heat powering the nightside
flux of the secondary. However, the value of the surface brightness ratio in g’ suggests a
secondary temperature of T, s r» < 10,000 K.

3.10 Binary Models
To understand the evolutionary state of ZTF J1539+5027, we have constructed several
binary models using the MESA stellar evolution code (Paxton, Marchant, et al., 2015).

The models contain a helium white dwarf of 0.2 or 0.25 Mg with a point mass companion
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of 0.6 or 0.55 My. The mass of the hydrogen envelope of the helium white dwarf is
then reduced to the values shown in Extended Data Figure 5. We initialize these runs
at orbital periods of 1 hour to mimic the end of a common envelope event that formed
the tight binary. The helium white dwarf is evolved simultaneously with the orbit, with
angular momentum losses due to gravitational waves and fully non-conservative mass

transfer.

Extended Data Figure 5 shows a plot of the mass loss rate from the secondary as function
of orbital period. The secondary overflows its Roche lobe and begins mass transfer at
orbital periods ranging from P ~ 6.5 — 13 minutes, and the expected mass loss rates at
P = 7 minutes are typically M ~ 3 x 10~ Mg, yr~! (ranging from O up to 1078 Mg yr~1,
depending on the white dwarf masses and hydrogen envelope mass). During the initial
phase of slow mass transfer, the secondary loses its non-degenerate hydrogen envelope
as the Roche lobe contracts inward. The mass accreting onto the primary can greatly heat
it as gravitational potential energy is converted to heat. The energy released by accretion
is Eqccrere ~ GM{M /Ry, with order unity corrections due to its non-zero kinetic and
gravitational energy when it is lost from the secondary. We do not evolve the primary
(accretor), but we may crudely estimate its temperature by assuming that the accretion
energy is uniformly radiated as a blackbody over its surface. The corresponding accretion
temperature (assuming 100% efficiency) is

T,

GM M\
ccretion = (—1) (311)

dro BR3
The bottom panel of Extended Data Figure 5 shows that once mass transfer begins, it

can easily increase the primary’s temperature to 77 > 50, 000 K.

3.11 Constraint on Accretion

Although accretion could explain the high temperature of the primary, we have not
detected any evidence of ongoing mass-transfer. We have constrained the possibility
of active accretion contributing luminosity to an accretion hot spot using both optical
and X-ray data. The upper limit we inferred is M < 2 x 1078My yr~!, and this is only
possible in a very narrow hot spot temperature range (Extended Data Figure 6). For

both the optical and X-ray constraint we have assumed that only 10% of accretion energy
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Figure 3.9: Extended Data Figure 5: Binary evolution models Binary stellar evolution
models for systems similar to ZTF J1539+5027. Top: Mass transfer rate as a function
of orbital period. Systems begin at large orbital period and move towards smaller period
due to gravitational radiation, and in some cases they move back out due to stable mass
transfer. Except for high-mass donors with thin hydrogen envelopes, mass transfer is
expected to begin at orbital periods longer than 7 minutes. Bottom: Corresponding
accretion temperature from Equation 3.11.
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is being converted to the luminosity of the hot spot. This is based on a model where
we assume 90% of the accretion energy is being deposited into heating the optically
thick photosphere of the white dwarf, while only 10% is contributing to luminosity
immediatly re-radiated in the form of a hot spot. We estimated the upper limit by
computing the X-ray flux using NASA’s WebPIMMS mission count rate simulator, using
a 3-sigma upper limit on the background count rate determined from the X-ray images.
We assumed a hydrogen column density (Kalberla et al., 2005) of nH = 1.5x 102 cm 2.
We used the distance of d = 2.4 kpc to convert the upper limit on the unabsorbed X-ray
flux to an X-ray luminosity. For the optical constraint, we computed an upper limit
on the optical luminosity of the hot spot as 10% the luminosity of the photosphere of
the hot primary, based on an absence of emission lines in our coadded spectra, which
have an SNR of approximately 10. We calculated the upper limit on M at various
temperatures by integrating a Planck function at the corresponding temperature over
the instrument passbands, and then computed the maximum bolometric luminosity,
Laceretion, an emitting region at this temperature could have and still be consistent with
the non-detections in these passbands. We then determined the corresponding upper limit
on M by equating L,ccretion = 0.1GM M /R,. We obtained the XMM EPIC-pn data
from the public XMM-Newton science archive (observation ID: 0800971501 PI: Pratt,
Gabriel). The SWIFT observation was obtained with our own program (observation ID:
00010787001, 00010787002 PI: Kulkarni).

3.12 Novae

The high temperature of the primary may plausibly be explained if the white dwarf is
cooling after having recently undergone a nova outburst, caused by accretion of hydrogen
from the secondary or a tidally induced nova (Fuller and Lai, 2012). The nova likely
ejects an amount of mass comparable to the hydrogen shell mass which must be accreted,
which for a 0.6M white dwarf is My ~ 107 M (Wolf et al., 2013). Following the
nova, the orbit widens slightly, and the system is brought out of contact such that mass
transfer from the secondary ceases. The change in semi-major axis following the loss
of the nova shell is Aa/a ~ My /(M) + M>). The length of time the binary is detached
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Figure 3.10: Extended Data Figure 6: X-ray and optical constraints on accretion
in ZTFJ1539+5027 The constraints on mass transfer resulting from the non-detection
of any signatures of accretion in both the optical and X-ray bands. The upper limits
are expressed in terms of the mass accretion rate contributing to the accretion luminos-
ity of a hypothetical hot spot. The solid red curve illustrates the constraint imposed
by the XMM EPIC-pn X-ray non-detection, which rules out significant mass transfer
contributing to a hot spot with temperatures greater than ~ 150,000 K, while the green
dotted line illustrates a weaker upper limit imposed by the non-detection in a SWIFT
XRT observation. We constructed the dashed blue curve, which represents the optical
constraint, by requiring that any accretion luminosity originating from a hot spot should
contribute < 10% to the luminosity in the band ranging from 320 to 540 nm, as we know
from the optical spectrum (Figure 3.3) that this light is dominated by the ~ 50,000 K
photosphere of the hot primary, and also see no signature of a hot spot in the CHIMERA
lightcurve (Figure 3.1). We chose the threshold of < 10%, because given the SNR of the
spectra, we expect we should be able to detect optically thin emission with an amplitude
at the 10% level. Other white dwarfs with such a hot spot (such as HM Cancri) exhibit
such emission, particularly in lines associated with ionized helium.
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before gravitational wave emission brings the system back into contact is

My

_— 12
M1+M2 (3 )

a
Ldetach = tGW7 ~tew
Using My = 107* M, we estimate 7gprqcn ~ 100 yr. This can be compared to the time

spent accreting mass between subsequent novae.

M
Laccrete = VH . (3.13)

As the non-degenerate hydrogen envelope of the low-mass secondary is stripped off (see
discussion in (Kaplan, Bildsten, et al., 2012)), the approximate mass transfer rate is
expected to be M < 1073M yr~! (Extended Data Figure 5). The time between novae
outbursts is thus #yeerere = 107 years. Then the ratio of time spent in a detached state
relative to an accreting state is ?erach/taccrete < 1072, Hence, while it is possible that
the system is in a detached state following a nova caused by mass transfer, the chances
of catching the system in this state are small. To help rule out the possibility, we used
the WASP instrument on the Hale telescope to obtain a deep H-a image of the field and
found no evidence for a remnant nova shell; however, this analysis was limited by the

lack of an off-band image.

3.13 Population Implications

From (Brown, Kilic, Kenyon, et al., 2016), the merger rate of He+CO WDs in the
Milky Way is roughly 0.003 yr~!. This number is reached from both observational and
population synthesis arguments. The number of systems with decay time equal or less
than the ~210 kyr decay time of ZTF J1539+5027 is thus ~630. Out to the distance
of 2.3 kpc, given a local surface density of 68 Mg pc? from (Bovy and Rix, 2013),
the stellar mass is ~ 10° M, roughly 2% of the total disk mass of ~5 x 10° My. We
thus expect to find ~13 binaries with a similar distance and merging timescale as ZTF
J1539+5027. The fraction of eclipsing systems is roughly R/a ~ 0.25 for our measured
parameters, hence we may expect ~3 eclipsing systems like ZTF J1539+5027. ZTF
can detect such systems in most of the volume out to its distance, as long as they are
as bright as this system. We may be missing slightly longer period systems that are

dimmer because they have not yet started mass transfer. We comment that the estimate
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from (Brown, Kilic, Kenyon, et al., 2016) found that many double WDs must be born at
short orbital periods in order to explain the abundance of short period systems relative

to longer period systems, and ZTF J1539+5027 may support that conclusion.
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Chapter 4

AN 8.8 MINUTE ORBITAL PERIOD ECLIPSING DETACHED
DOUBLE WHITE DWARF BINARY
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ABSTRACT

We report the discovery of ZTF J2243+5242, an eclipsing double white dwarf binary
with an orbital period of just 8.8 minutes, the second known eclipsing binary with an
orbital period less than ten minutes. The system likely consists of two low-mass white
dwarfs, and will merge in approximately 400,000 years to form either an isolated hot
subdwarf or an R Coronae Borealis star. Like its 6.91 min counterpart, ZTF J1539+5027,
ZTF J2243+5242 will be among the strongest gravitational wave sources detectable by
the space-based gravitational-wave detector The Laser Space Interferometer Antenna
(LISA) because its gravitational-wave frequency falls near the peak of LISA’s sensitivity.
Based on its estimated distance of d = 24253({3 pc, LISA should detect the source
within its first few months of operation, and should achieve a signal-to-noise ratio of

63 + 7 after four years. We find component masses of M, = 0.323*096 a7 and

~0.047
Mp = 0.33570092 Mo, radii of Ry = 0.0298*0:903 R and Rp = 0.0275"0001% Ro, and
effective temperatures of T4 = 26300%(7%0 K and T = 19200*%° K. We determined all

of these properties, and the distance to this system, using only photometric measurements,
demonstrating a feasible way to estimate parameters for the large population of optically
faint (r > 21 m4p) gravitational-wave sources which the Vera Rubin Observatory (VRO)
and LISA should identify.
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4.1 Introduction

The population of known double white dwarfs (DWDs) which will merge within a Hubble
time (orbital periods < 12 hrs) has increased substantially over the last decade, in large
part due to efforts such as the extremely low mass white dwarf (ELM) survey (Brown,
Kilic, Allende Prieto, and Kenyon, 2010; Kilic, Brown, Allende Prieto, Agiieros, et al.,
2011; Brown, Kilic, Allende Prieto, and Kenyon, 2012; Kilic, Brown, Allende Prieto,
Kenyon, et al., 2012; Brown, Kilic, Allende Prieto, Gianninas, et al., 2013; Gianninas,
Kilic, et al., 2015; Brown, Gianninas, et al., 2016; Brown, Kilic, Kosakowski, Andrews,
etal., 2020) and the Supernova Type Ia Progenitor (SPY) survey (Napiwotzki, Christlieb,
et al., 2003; Napiwotzki, Karl, et al., 2020), several of which emit gravitational waves
detectable with the The Laser Space Interferometer Antenna (LISA) (Amaro-Seoane et
al., 2017). Over the past two years, through massive expansions in densely sampled time-
domain photometric measurements, the Zwicky Transient Facility (ZTF) has facilitated
a rapid growth in the population of known DWDs with orbital periods under an hour
(Burdge, Prince, et al., 2020). Two of the sources discovered by ZTF so far, the eclipsing
DWD binaries ZTF J1539+5027 (P, ~ 6.91 min) (Burdge, Coughlin, et al., 2019) and
ZTF J0538+1953 (P, ~ 14.44 min) (Burdge, Prince, et al., 2020), should be detected
by LISA with a high signal-to-noise ratio, enabling precise parameter estimation using
gravitational waves (Littenberg and Cornish, 2019). Thus, using the gravitational wave
signal from such a system combined with electromagentic constraints, we will be able
to probe novel white dwarf (WD) physics such as the efficiency of tides in these objects
(Piro, 2019).

Here, we report the discovery of ZTF J2243+5242, a DWD binary with an orbital period
of just 8.8 min, the second shortest eclipsing binary system known at the time of dis-
covery. ZTF J2243+5242 is a high signal-to-noise (SNR) LISA-detectable gravitational-
wave source which should be detected within the first month of LISA’s operation and
reach an SNR of 63 + 7 four years into the mission. Unique among the binary systems
known at P, < 10 min, this system likely consists of a pair of helium-core white dwarfs
(He WDs) or hybrid (helium/CO core) WDs with a mass ratio near unity, suggesting
that it will result in a merger (Marsh, Nelemans, et al., 2004). This binary is also

unique among known P, < 10min systems because neither object is near to filling its
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Roche lobe (our inferred parameters suggest R% ~ % for both objects, where R is the
volume-averaged WD radius, and Ry is the radius of the Roche lobe), indicating that
the system is well detached. Here, we discuss the properties of this system, its past and
future evolutionary history, and prospects for the discovery of more such sources in the
eras of LISA) and the Vera Rubin Observatory (VRO) (Ivezi¢ et al., 2019).

4.2 Observations
Before we discuss the discovery and analysis of this object (Section 4.3), we briefly

discuss the different data-sets and observations that we used.

ZTF Observations

ZTF is a northern sky synoptic survey based on observations with the 48-inch Samuel
Oschin Schmidt telescope at Palomar Observatory (Bellm, Kulkarni, Graham, et al.,
2019; Masci, Laher, Rusholme, et al., 2019; Graham, Kulkarni, et al., 2019; Dekany
et al., 2020). The camera has a 47 deg? field of view, and reaches a 5o~ limiting apparent
magnitude of approximately 20.8 in g-band, 20.6 in r-band, and 20.2 in i-band, with
standard 30 s exposures.

ZTF J2243+5242 had 218 r-band and 382 g-band good quality photometric detections
in its ZTF archival lightcurves at the time of this writing. As illustrated by Figure 4.1, the
discovery was enabled primarily by the g-band lightcurve, probably because the object is
approximately 30% brighter in g-band than it is in r-band, and because ZTF is also more
sensitive in g-band than in r-band (Masci, Laher, Rusholme, et al., 2019). Note that the
ZTF archive only contains S0 detections in science images, but in order to model the
ZTF lightcurve, after discovery, we extracted forced photometry from ZTF difference
images to obtain the best quality lightcurve possible (Yao et al., 2019). Using difference
images helped improve the photometry significantly due to nearby bright star to the
north west, as seen in the Pan-STARRS1 image cutout shown in Figure 4.2. The ZTF
lightcurves extracted using forced photometry contained 1384 r-band and 827 g-band
observations. The ZTF forced photometry lightcurves contain substantially more epochs
than the archival lightcurves, as the archival lightcurves only include 5o detections of

the source in science images. Additionally, the ZTF archival lightcurves are constructed
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by cross matching 50~ detections in individual science exposures with a seed catalog
generated by the ZTF reference image constructed from a co-add of ZTF images in each
field. In the case of ZTF J2243+5242, this seed catalog generated from the reference
image missed the source entirely in one field, meaning that all of the several hundred
epochs of photometry in that field are completely absent in the ZTF archive, even ones
where the source was clearly detected at the 5o level in individual exposures. It is
possible that in ZTF Phase II, the data archive could be enhanced to include forced
photometry, and a more robust seed catalog based on Pan-STARRSI1 or Gaia.

High-speed photometry

We obtained high speed photometric follow-up of the system using the dual-channel
high speed photometer CHIMERA (Harding et al., 2016) on the 200-inch Hale telescope
at Palomar observatory. We conducted a campaign of observations over several nights,
using g’ as the blue channel filter, and alternating between r’ and i’ on the red channel.
The phase-folded and binned lightcurves from these observations can be seen in Figure
4.3. We used a combination of 3 s and 5 s exposure times, due to variable conditions
across our nights of observing. All CHIMERA data were reduced using a publicly
available pipeline!, with a newly implemented PSF photometry mode to accommodate
reductions for this object, which has a bright neighboring star. Because we were not
read-noise limited, we operated the CCD in frame transfer mode using the conventional
(as opposed to the electron multiplying) 1 MHz amplifier. On nights of poor seeing
(> 1”), we binned the readout 2x2 in order to reduce the read-noise. For further details,

please see Table 5.7.

Spectroscopic follow-up

Using the Low-Resolution Imaging Spectrometer (LRIS) on the 10-m W. M. Keck I
Telescope on Mauna Kea (Oke, Cohen, et al., 1995), we conducted phase-resolved
spectroscopy on the object. We used an exposure time of 66 s, about one eighth of
the orbital period, in order to avoid significant Doppler smearing over the course of an
exposure. A co-added spectrum of one phase bin is illutrated in Figure 4.4. Due to

issues with the red channel, we only analyzed data from the blue channel, which covered

Thttps://github.com/mcoughlin/kp84
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Figure 4.1: Archival ZTF g-band (top) and r-band (bottom) lightcurves of the system
folded at a period of 527.934814 +0.000021 s. Because the system is 30 percent brighter
in g-band than in r-band, and ZTF also slightly more sensitive in g-band, the discovery
was enabled primarily by the g-band data.



69

PanSTARRS giy L
52°42'30! - ’»
. -
3
O 15//
N
c
©
e
! .
U 00//
Q
a)
41'45"
| ) ) ) ) | ) ) ) ) | ) ) ) ) |
22M43M465 445 425 405

Right Ascension (J2000)

Figure 4.2: A 60” x 60” Pan-STARRSI1 color giy-bands image of ZTF J2243+5242,
which is the blue object in the center of the image. We illustrate 2”5 apertures around the
source and a nearby bright star in cyan. Due to the source’s proximity to the bright star
to the north west (Gaia G ~ 14.5 my), we extracted forced difference image photometry
for the ZTF lightcurve we used when modelling the source, PSF photometry for the
CHIMERA high speed photometry, and used a 2”5 aperture for extracting Swift UVOT
photometry rather than the default 5” radius.
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Figure 4.3: The binned, phase-folded CHIMERA g’ (top), r’ (middle), and i (bottom)
lightcurves of the system, with the best fit LCURVE (Copperwheat et al., 2010) model
overplotted.

a wavelength range of approximately 3200 to 5500. We used the 600/4000 grism as
the dispersive element, and binned the readout 4x4 in order to decrease the readout time
to 30 s. We obtained a total of 312 exposures (see Table 5.7). We reduced the data
with the publically available Ipipe pipeline (Perley, 2019), and in order to construct our
phase-binned spectra, we divided the orbital phase into 12 bins, and co-added all spectra

with a mid-exposure time falling within each bin.
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Figure 4.4: An example of a spectroscopic model fit to a phase-binned spectrum of ZTF
J2243+5242. Such fits were performed on 12 phase-binned spectra, and used a composite
spectrum of two WD models with relative luminosity contributions and effective surface
temperatures fixed by lightcurve modelling. The splitting seen in the line cores is
indicative that the system is double-lined. We did not measure radial-velocities from

these spectra due to the low signal-to-noise ratio.

Swift observations

We targeted the binary system with a 5075 s observation from the Neil Gehrels Swift
Observatory on 2020 April 02 in order to obtain ultraviolet photometry for the source
using the UVOT instrument (see Table 4.2), as well as an observation with the X-ray
telescope (XRT) (Observation ID: 00013301001) (Gehrels et al., 2004). The UVOT ob-
servation used 4 exposures with lengths 448 s—1708 s, all with the UVM?2 filter (centered

at 2246 A).
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Table 4.1: Table of observations

Telescope Instrument Filter/Mode Date (UTC) # of Exposures Exposure Time (s)
Palomar 48-inch ZTF ZTF g Apr 24 2018-Sep 05 2020 827 30
Palomar 48-inch ~ ZTF ZTFr  Apr (09 2018-Sep 04 2020 1384 30
Palomar 200-inch CHIMERA g July 15 2020 1500 5
Palomar 200-inch CHIMERA g Jul 21 2020 4100 5
Palomar 200-inch CHIMERA r’ Jul 21 2020 4100 5
Palomar 200-inch CHIMERA g Jul 23 2020 5000 3
Palomar 200-inch CHIMERA i’ Jul 23 2020 2100 5
Palomar 200-inch CHIMERA g Aug 19 2020 6800 3
Palomar 200-inch CHIMERA r’ Aug 19 2020 4100 5
Palomar 200-inch CHIMERA g Oct 16 2020 2000 3

Keck I LRIS Blue Arm Jul 18 2020 165 66
Keck I LRIS Blue Arm Sept 16 2020 147 66
Swift UVOT UuvM2 Apr 02 2020 4 5075
Swift XRT PC Apr 02 2020 1 5075

4.3 Discovery and analysis

Photometric selection

Like the systems described in Burdge, Prince, etal. (2020), ZTF J2243+5242 was selected
using a broad color cut using Pan-STARRS (Chambers et al., 2016) which encompassed
all objects with g —r < 0.2 and r — i < 0.2 (see Burdge, Prince, et al. 2020 for further
details). As seen by the apparent magnitudes listed in Table 4.2, the object’s temperature
is large enough that it has a color of g — r ~ —0.21, and thus could have been targeted
with a more restrictive selection. Currently, it is feasible to systematically search a broad
selection, but in the VRO era, more restrictive selections may prove valuable in reducing
the number of candidates. It is worth noting that the only two binary systems with even
shorter orbital periods, HM Cnc (Ramsay, Hakala, et al., 2002) and ZTF J1539+5027
(Burdge, Coughlin, et al., 2019), also both exhibit exceptionally blue Pan-STARRS1
colors, of g —r ~ —0.28 and g — r = —0.39, respectively. Unlike HM Cnc and ZTF
J1539+5027, which are both substantially brighter in the ultraviolet than in the optical,
ZTF J2243+5242 is fainter in these bands, due to modest extinction resulting from its
location in the Galactic plane (b = -5.5).
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Table 4.2: Photometric apparent magnitudes and astrometry

Survey Filter/Quantity Measured Value
Swift UVOT UVM?2 20.73 £ 0.15myp
Pan-STARRS1 g 20.359 £ 0.029 m4p
Pan-STARRS1 r 20.571 £0.027 map
Pan-STARRSI1 i 20.733 £ 0.024 mp
Pan-STARRS1 Z 20.92 £ 0.12myp
Gaia G 20.635 + 0.016 my
Gaia RA 340.929043146 deg + 1.05 mas
Gaia Dec +52.701660186 deg + 0.85 mas
Gaia Parallax —1.57 £ 1.05 mas
Gaia pm RA +0.48 £ 2.29 mas yr~!
Gaia pm Dec ~5.12 £ 2.10 mas yr~!
E(g—r) 0.16 £0.02map

Reddenning estimated using distance reported in Table 4.3, with extinction maps of
Green, Schlafly, et al. (2019).

Period finding

ZTF J2243+5242 was discovered using a graphics processing unit (GPU) based imple-
mentation of the conditional entropy algorithm (Graham, Drake, et al., 2013) in the
cuvarbase package?, executed on four Nvidia 2080 Ti GPUs. Notably, because the sys-
tem exhibits two similar depth eclipses, it was detected at half its period (at ~ 4.4 min),
and until we obtained follow-up photometry, it was unclear whether the object had a

4.4 min or 8.8 min orbital period.

Swift UVOT and XRT Results

In the Swift UVOT data, we could see ZTF J2243+5242 in the images, but there was a
brigher source about 7”5 to the north west that complicated photometry. Rather than use
the default aperture of 5” radius (where the point spread functions overlap) we measured
photometry for ZTF J2243+5242 using a 2”5 radius. We first summed the individual
exposures using uvotimsum and then performed aperture photometry with a 2”5 radius
using uvotsource, with a nearby region with radius 40” used to define the background.
We find a source magnitude of 20.73 + 0.10 m4p for ZTF J2243+5242, which has been

thtps ://github.com/johnh202/cuvarbase
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corrected to 5” radius using the default point spread function present in the Swift CALDB.
We include a systematic uncertainty of 0.05 mag to account for standard Swift processing

as well as our non-standard aperture choice.

For the Swift XRT data, there was no obvious emission present at the position of ZTF
J2243+5242. There is 1 event within a circle with radius 9” (the half-power point of
the XRT) centered on ZTF J2243+5242. This was entirely consistent with background
emission, where we find a mean of 0.58 counts in similar circles randomly distributed
across the image. Therefore we can set a 3-0 upper limit of 3 counts in 5044 s, or a rate

limit of < 0.6 X 1073 count s~.

Lightcurve+SED modelling and parameter estimation

We modelled ZTF J2243+5242 by fitting the CHIMERA lightcurve with a model gener-
ated using LCURVE (Copperwheat et al., 2010), while simultaneously fitting the Pan-
STARRSI1 and Swift photometry listed in Table 4.2. Here, we describe this modelling

procedure in detail.

Our overall modelling procedure sampled over 14 free parameters: the component
masses M4 and Mp, temperatures T4 and Tp, volume averaged radii R4 and Rp, orbital
inclination 7, time of superior conjuction 7Ty, period Pp, period derivative Py, distance to
the system d, and three absorption parameters g, @, @; which describe the reprocessing
of radiation which occurs when the stars irradiate each other. We fixed the gravity
and and limb darkening coefficients using the work described in Claret, Cukanovaite,
et al. (2020b), using a 4-parameter limb-darkening law (Claret, 2000). We estimate the
Doppler beaming coefficients for the system based on Claret, Cukanovaite, et al. (2020a).
In order to reduce the model dependence of the analysis, we did not invoke white dwarf
mass-radius relations as was done in (Burdge, Prince, et al., 2020), but instead rejected
any samples in which the smaller mass component in the system was also the hotter and
smaller in radius, as these solutions would be physically inconsistent with a white dwarf

equation of state.

After constructing a likelihood function based on these free parameters, we performed
our sampling using the nested sampling package, Multinest (Feroz et al., 2009). We used
an evidence tolerance of 0.5, with 1000 live points. A final model fit to the CHIMERA
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g’, r’, and i’ data using the parameters reported in Table 4.3 is illustrated in Figure

4.3. Corner plots from this comprehensive analysis, showing the covariance between
parameters, are illustrated in Figure 4.5. Note that for ease of reading, we have omitted
some free parameters such as 7y, Pp, Py, and the absorption coeflicients. The final
parameters we derived from the analysis are reported in Table 4.3. The remainder of this
section discusses how we constructed our likelihood function and other details of our

sampling procedure.

Lightcurve fit: We simultaneously fit the CHIMERA g’, v/, and i’, as well as ZTF
r-band and g-band lightcurves from all nights, allowing each pass-band a free parameter
representing the absorption coefficient (to model the reprocessing of radiation that arises
from the stars irradiating the other, which is generally wavelength dependent). All other
free parameters were the same for the lightcurve models of the three bands. Although
the ZTF data has much lower SNR than the CHIMERA data, it was fit alongside the
CHIMERA data because it strongly constrains the orbital period and its derivative due

to its temporal baseline.

SED Fit: We also use the parameters we sample over to generate a synthetic SED by
computing a synthetic WD model atmosphere using Tremblay, Bergeron, and Gianninas
(2011), with Stark broadening from Tremblay and Bergeron (2009), and use these
synthetic spectra to compute photometry for our passbands. Because we sample over
the masses and radii of the components, for each iteration, we can compute the surface
gravity of both objects, and by using these in combination with the temperatures of both
objects (which we also sample over), and the radii and distances to the objects, we have
all the degrees of freedom needed to compute synthetic photometry for these objects.
We compute the reddening for each iteration, by querying the extinction maps of (Green,
Schlafly, et al., 2019), supplying the distance of each sample to estimate the reddening
for that particular iteration (which we then use to redden our synthetic photometry in
order to correctly fit the SED).

Ephemeris constraint: We fit for the time of superior conjunction, 7y, which is well-
constrained by the deep primary eclipse in the CHIMERA data (whose sharp ingress
and egress allow for a precise measurement of the mid-eclipse time). We also fit for
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Figure 4.5: Corner plots illustrating the covariances of quantities estimated during our
combined analysis. Note that for readability, we have omitted some parameters including
the time of superior conjunction, 7y, the orbital period, Pp, it’s derivative, Py, and the
absorption coefficients.
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the orbital period P;, and its derivative, P,. The latter two parameters are primarily
constrained by ZTF forced photometry (Yao et al., 2019), with its two year baseline. We
should be able to measure these parameters more precisely with continued monitoring
of the system using high speed photometers like CHIMERA, but at present, the baseline
of the CHIMERA observations is short enough that ZTF provides a far better constraint.
We would like to note that unlike Burdge, Coughlin, et al. (2019) and Burdge, Fuller,
etal. (2019), we measured P, for this system by fitting for the parameter in our lightcurve
model, rather than constructing a diagram like the one shown in Figure 4.6 and fitting
a quadratic to it. The reason for this is because there is a significant amount of ZTF
data distributed throughout the last two years which contains information about the orbit
between the period when the CHIMERA data was obtained and the two densely sampled
ZTF nights, and thus we decided to model all the data coherently.

Mass constraints: In sampling over masses for the two WDs, we used a uniform prior of
0.15-0.7 M in order to speed up sampling. Our final mass estimates converged within
these boundaries, indicating that we did not need to widen this prior to consider lower or
higher mass solutions. The masses are primarily constrained by ellipsoidal modulation

in the lightcurve, and the orbital decay of the system.

Because we fit the ZTF lightcurves (with their long baseline) in combination with our
CHIMERA data, we are able to place tight constraints on the orbital period Pj, and the
orbital period derivative, Pj,. This allows us to constrain masses by assuming that the

orbit is evolving according to energy loss due to gravitational-wave emission,

5
. 9% s (GM\3 LU
fow = ?W (c_3) Jew (4.1)
3
(Taylor and Weisberg, 1989), where the chirp mass is given by M = (MA—MB)S,, and the
(Ma+Mp)S

gravitational wave frequency is twice the orbital frequency, fow = %.

We use the assumption that the orbital decay is due to general relativity to place an upper
bound on M; however, it is predicted that tidal effects could significantly contribute
to the evolution of a binary at these short orbital periods, and thus we estimate an

additional fractional tidal contribution of approximately 7.5 percent based on Equation
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9 of Burdge, Coughlin, et al. (2019), where we have taken k4 = 0.12 and xp = 0.12,

which are constants determined by the internal structure of each WD. We estimated
these values based on simulations performed in Burdge, Coughlin, et al. (2019), which
estimated x ~ 0.11 for the lower mass He WD in ZTF J1539+5027, and « =~ 0.14 for
the CO WD in the system (in our case, the two WDs fall between these two, and likely
have a structure more similar to the He WD in ZTF J1539+5027). In any case, this
approximation leads to an estimated tidal contribution of up to 7.5 percent, and we use
this constraint to place a lower bound on the chirp mass. Thus, when we sample, we
sample over P, which is fit by the lightcurves, and we also estimate a purely relativistic
Py, based on our masses M4 and M for that sample, and reject any solutions falling
outside the range P, < Pbcw < 0.925 x P}, to allow for solutions to the masses which

accommodate up to a 7.5 percent tidal contribution to the orbital evolution.

In addition to the chirp mass constraint discussed above, these masses are also constrained

by the fractional amplitude of ellipsoidal variations in the lightcurve, which are given by

ellipsoidal ~0.15

(I5+u)(1+71) (R
F 3—u (

3
—) g sin’(i), (4.2)
a

(Morris, 1985), where u is the linear limb-darkening coefficient, and 7 is the gravity
darkening coeflicient in the system and g = %—i is the mass ratio of the system. In ZTF
J2243+5242, the ellipsoidal variations exhibit a semi-amplitude of approximately 1.5
percent, which is quite small compared to systems like ZTF J1539+5027. This helps
constrain the masses by driving the mass ratio g towards unity.

Inclination and radius constraints: In addition to constraining the mass ratio g and the
T0, modelling the CHIMERA lightcurve allows us to precisely estimate the inclination,
i, and the ratio of the component radii, R4 and Rp, with respect to the semi-major axis a.
These constraints arise primarily from the total duration of the eclipses, and the duration
of ingress/egress. Because we also sample over masses, we are able to directly constrain
the semi-major axis because we know the total mass of the system, M4 + Mp. There is
an asymmetry in the posterior distribution of the inclination, likely due to this system
being on the edge of a grazing/total eclipse (it is unclear from our data whether it is

flat-bottomed or not).
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Temperature constraints: The temperatures of the two white dwarfs are constrained
by an interplay of modelling the lightcurves and fitting the Pan-STARRS1 and Swift
UVM2 photometry. This is because the ratio of eclipse depths in the lightcurve places
stringent constraints on the surface brightness ratio and therefore the temperature ratio,
whereas the SED sets the overall temperature scale. We wish to note that because
of the high temperature of the objects 7 > 15000 K, most of their flux is found in the
ultraviolet, and thus the Swift UVM2 photometric measurement dominates this estimate,
and is highly sensitive to the assumed reddening. Our solution for the temperatures is
lower than that inferred from the spectroscopic modelling by about 20, likely due to the
uncertainties in reddening. In any case, we wish to emphasize that the spectroscopic and
SED temperature estimates differ by < 20 percent, and both estimates still give a similar

physical picture of the system and its evolutionary history.

Distance constraints: The distance is primarily constrained by the fit to the SED, since

the overall flux contribution of each WD to the SED photometry depends only on g.

The lightcurve fit is not directly sensitive to the distance, but it does constrain the ratio of

the radii and temperature of the two WDs used in computing the synthetic photometery,

+109
5—115’

with that of the nearby bright star to the northwest seen in Figure 4.2, which has a Gaia

as discussed above. The distance we estimate to the system, d = 242 is consistent
parallax of @ = 0.479 + 0.024 mas; however, uncertainties in the astrometric solution
are currently too large to establish an association (if associated, the objects would be
separated by ~ 15000 AU).

Spectroscopic modelling

The phase-resolved spectra revealed that ZTF J2243+5242 is a double-lined spectro-
scopic binary which consists of two hydrogen rich (DA) white dwarfs (see Figure 4.4).
Due to the limited signal-to-noise ratio of the phase-binned spectra we acquired, our ra-
dial velocity estimates from these data are more uncertain than the lightcurve modelling,
and rather sensitive to parameters such as the assumed surface gravity and redenning.
The low SNRs of the spectra are a consequence of the faint nature of the object, the short
exposure time needed to preserve temporal resolution, and large readout duty cycle of

the observations.
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Figure 4.6: Eclipse timing of ZTF J2243+5242, demonstrating its orbital decay. The
two black diamonds on the right (with small error bars) illustrate eclipse times derived
from CHIMERA data, whereas the two points at much earlier times are derived from
two nights of ZTF data, each of which contains over 3 hours of continuous observations
of the source. The overplotted red parabola illustrates the predicted orbital evolution
based on our derived P,.
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We fit the spectra in order to estimate the effective temperatures of the WDs in the
system. We use the synthetic DA NLTE white dwarf atmospheric models described in
Tremblay, Bergeron, and Gianninas (2011), with stark broadening from Tremblay and
Bergeron (2009). We generate a composite WD spectrum by using the ratio of the radii
of the two components inferred from lightcurve modelling to weight each component’s
flux appropriately, and also fix the ratio of the temperatures of the two components based
on lightcurve modelling (as the relative depth of the eclipses constrains this quite well).
We also fixed the surface gravities of both objects based on masses and radii inferred
from lightcurve modelling. We use the masses estimated from the lightcurve analysis to
appropriately Doppler shift the spectral components of each WD based on the phase of

each spectrum.

By fitting the spectra with these model atmospheres, we estimate temperatures of T4 =
26520 + 130K and T = 19670 + 100 K. These estimates are more precise than those
estimated from the SED alone, and we report them here as a point of reference to compare
the estimates from our combined analysis (see Table 4.3), which are based on the spectral
energy distribution (SED) alone. We take both approaches to illustrate the feasibility
of estimating temperature from just the SED, as this will be far more practical for the
large number of faint WDs discovered by VRO and LISA than attempting spectroscopic
follow-up of these systems. An example of a fit of the spectrum of the object is illustrated
in Figure 4.4. Note that such an estimate is mainly feasible for eclipsing systems, in

which the relative luminosity and radii of the two components can be constrained.

We estimated the masses of the two components by summing all spectra with phases near
quadrature where the Doppler shift of each object as viewed from Earth is at a maximum.
These stacked spectra at quadrature were constructed from taking a weighted sum of
spectra with mid-exposure phases falling between 0.2 — 0.3 and the other stack using
spectra with mid-exposures between phases 0.7 —0.8. We then analyzied each of the two
stacks at quadrature using a boostrapping technique, where we resampled the flux at each
wavelength according to the corresponding error bar, and we performed 1000 iterations
of this to estimate the uncertainty in our mass estimates. We performed 1000 iterations
on both the co-addition at phases 0.2 — 0.3, and 0.7 — 0.8, and estimated the uncertainties

by combining all of the results of this boostrapping exercise. The results of this analysis
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are that My = 0.308fg'_%;j Mg, and Mg = 0.274f%8‘g M, which are consistent with the
masses estimated using the photometric analysis. The estimated masses were sensitive
to how we treated the estimated surface gravity of each object (the estimates we report
fixed the quantity based on estimates from the lightcurve modelling, but if instead we
computed it based on the fit mass and fixed radius, our estimates shifted). Additionally,
because we fit the entire flux calibrated spectrum (from 3700—-5000 ) without introducing
any additional normalization of the continuum, we found that the estimated masses were
sensitive to factors such as assumed reddening. Because the mass estimates should
depend only on the Doppler shift of the Balmer lines and not a factor such as reddening,
we repeated the fit locally around each Balmer line, and also conducted a global fit
where we introduced the reddening as a free parameter rather than fixing it (effectively
allowing the fit to best match the full spectral model across the entire wavelength range).
We found that the analysis locally around the Balmer lines agreed with our full fit of the
lines+continuum well in the case where reddening was allowed to be a free parameter;
however, the best fit model estimated a reddening of E(g—r)= 0.27+0.03 m 4 g, noticeably
larger than that reported by (Green, Schlafly, et al., 2019). With this value of reddening,
which best fits the full spectrum, we estimate a temperature of 74 = 28400 + 560 K and
Tp = 20700 + 400 K for the hotter WD, indicating that it is possible the temperatures
may be slightly higher than those reported in Table 4.3 if the reddening of (Green,
Schlafly, et al., 2019) is indeed an underestimate (it is also possible the flux calibration

is imperfect, and that this discrepancy in reddening arises from this).

4.4 Discussion

Evolutionary history

Given the masses reported in Table 4.3, it is likely that the system consists of a pair of
He WDs, though the uncertainties do allow for masses potentially consistent with either
carbon-oxygen (CO) WDs, or hybrid WDs (Perets et al., 2019). If the system is indeed
a pair of He WDs, one evolutionary channel from which ZTF J2243+5242 could have
formed is via an episode of stable mass transfer, followed by a common envelope event.
There is a tight relation between the radius of a star ascending the red giant branch, and

its He core mass, and thus a close relationship between the mass of a He WD and the
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Table 4.3: Physical parameters

Quantity: Measured value
My 0.323*099 Mo (LC) 0.317+9972 M, (Spect)
Mg 0.335*00% Mo (LC) 0.274*00%7 M, (Spect)
R, 0.0298%%@% Ro
Rp 0.0275*0013 Ro
Ty 26300*)79° K (SED) 26520*130 K (Spect)
Ty 19200%5°° K (SED) 19670* 00 K (Spect)
' 82. 12t‘§-_§% deg
a 0.1227*5002 Re
K4 455%66 fym 571
Kp 521j§4 km s™!
y 6t?,% km s~
To 59053.3448647000000°) MBJDrpp
Py 527.9348903;%%%3% s
Py 1374002 % 107 s 57!
d 2425%1% pc

Measured component and orbital parameters for ZTF J2243+5242. All parameters are
derived from a combined analysis of the spectral energy distribution and CHIMERA
lightcurves, with the exception of T4 and Tp, for which we also report estimates based
on the optical spectrum of the system. The component parameters given here are the

masses, M4 and Mp, radii, R4 and Rp, surface temperatures, 74 and Tp. We also report
the distance to the system d, and orbital parameters including the semi-major axis, a,

inclination i, radial velocity semi-amplitudes K4 and Kp. systemic velocity vy, the time

of superior conjunction 7y, the orbital period, Pj, and its derivative, Py,. For the
temperature estimates, 74 and 7p, we give estimates both based on a spectroscopic fit
(Spect), and based purely on the spectral energy distribution (SED).
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orbital period at which its progenitor star underwent a mass transfer event, stripping it of

its envelope (Rappaport et al., 1995). Rappaport et al. (1995) estimated the relation as
Porp = 1.3x 10° M2 /(1 +4My, ) days, (4.3)

where P,,; is the orbital period at the start of the mass transfer event which forms the
He WD, and My p is the mass of the remnant He WD in solar masses. This suggests that
the progenitor of ZTF J2243+5242 underwent a common envelope event at an orbital
period of ~ 160 days, with an initial orbital period somewhat shorter due to the orbital

widening that occurred during the preceding stable mass-transfer phase.

For a detached compact binary which has a measured Py, if one assumes that the system
is undergoing orbital decay due to general relativity and can determine a cooling age, one
can estimate the orbital period that the system exited common envelope by extrapolating

the orbital evolution back in time.

In order to estimate the orbital period at which the system might have exited common
envelope, we modeled the evolution of the primary WD with MESA using its pre-
computed WD model with M = 0.35 M. Using this model, we estimate that the system
is roughly 17 million years old, and exited the common envelope phase with an orbital
period of 36 minutes, which is consistent with the observation from the ELM survey that
most close He-Core WD binaries emerge from the common envelope phase at orbital
periods under an hour (Brown, Kilic, Kenyon, et al., 2016). The actual age and initial
orbital period could be slightly longer if diffusion and/or rotational mixing processes
allow for more extended hydrogen burning or hydrogen shell-flashes (Althaus, Miller
Bertolami, et al., 2013). Based on the models of Istrate et al. (2016), these processes
last less than 10 Myr in a WD of this mass, so the system is very likely younger than 30

Myr and was born at an orbital period less than an hour.

A caveat to this calculation is that tidal heating may contribute significantly to the
luminosity of the WDs in ZTF J2243+5242, and thus may impact our age estimates.
From Burdge, Coughlin, et al., 2019, the upper limit to the surface temperature produced
by tidal heating is Tjiqe = (7kMP/205P3)'/* ~ 30,000K for each of the WDs in
ZTF J2243+5242. In a more realistic estimate for tidal heating, which accounts for the
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expected near spin-orbit synchronism, the tidal heating rate is reduced by roughly an order
of magnitude, so that the tidal temperature would be closer to T34, ~ 18,000 K. Hence,
it is quite possible that the luminosity of the secondary is dominated by tidal heat. While
tidal heating may contribute to the luminosity of the primary, its significantly higher
temperature (despite a similar mass and radius) suggests its luminosity is dominated
by normal white dwarf cooling, validating the young age estimate above. Hence, these

rapidly merging systems may spend only a tiny fraction of their lives as DWDs.

Future evolution

ZTF J2243+5242 is undergoing rapid orbital decay. The system is currently clearly
detached, with R% ~ % for both components; however, the two components will start
interacting in approximately 320, 000 years, likely evolving into a direct impact accretor
and bright source of X-rays like HM Cnc and V407 Vul. Based on the mass ratio of the
system, mass transfer will likely be unstable (Marsh, Nelemans, et al., 2004), and the
system will merge in < 400, 000 years. After merger, the system is likely to form either
an isolated hot subdwarf star, or an R Coronae Borealis star. In any case, the remnant
of this merger will eventually cool to form a ~ 0.5 — 0.7 Mg CO WD on the white
dwarf cooling track, which may be rapidly rotating. Merging pairs of He WDs like ZTF
J2243+5242 demonstrate that some “normal-mass" CO WDs with M ~ 0.6 M, likely

form from merger events.

Implications for LISA and the VRO

As demonstrated in this work, using just photometric measurements, we were able to
estimate component parameters for ZTF J2243+5242, including masses, temperatures,
and radii, as well as orbital parameters such as inclination, period, orbital period decay
rate, time of superior conjunction, and semi-major axis. This has major implications for
the eras of the VRO (Ivezi¢ et al., 2019), and LISA (Amaro-Seoane et al., 2017), which

we discuss here.

LISA and the VRO are both expected to significantly increase the number of known short
period DWDs. The VRO is an upcoming optical southern sky synoptic survey using the

Simonyi Survey Telescope, which has an effective aperture of 6.5-m, and the instrument
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has a field of view of 9.6 square degrees, about a quarter of ZTF’s (Ivezi¢ et al., 2019).
The survey is expected to reach a 5-sigma depth of approximately 24.5 in r in a 30 s

exposure, about 4 magnitudes fainter than ZTF.

The VRO, with its smaller field of view, will acquire about a quarter the number of
samples of ZTF in an equivalent survey time, and thus will not perform as well in
recovering periodic objects at the same signal-to-noise ratio. By the time the survey
does reach a comparable number of samples to ZTF after two and a half years, which
should take the VRO about a decade or so, the frequency evolution of these objects will
make it impossible to recover them without acceleration searches (Katz et al., 2020).
The VRO could partially compensate for this by adopting two 15 s exposures rather than
a single 30 s one, as this not only doubles the numbers epochs for such sources, but
actually provides a crucial ingredient—high time resolution. Such exposures would be
consecutive, effectively measuring both the flux and its derivative at a given time (which,
for points in eclipse, is very valuable). Eclipsing DWDs such as ZTF J2243+5242 and
ZTF J1539+5027 can significantly change their brightness in < 15 s during the ingress
and egress of their primary eclipse, so such a measurement would be highly sensitive
to this kind of rapid photometric variability, greatly enhancing the facility’s discovery
capabilities in ultra-fast timescale optical variability. The other fundamental challenge is
that the VRO will divide its exposures into many filters, complicating period finding (an
important element in preparing for this survey will be to adapt a wide range of algorithms
to cope with this technical challenge) (VanderPlas, 2018).

The VRO should contribute significantly to the discovery of low and moderate amplitude
sources like ZTF J2243+5242 at < 23.0 in r, where improved photometric precision can
partially compensate for lack of temporal resolution compared to more densely sampled
surveys such as ZTF. These binaries will be so faint that obtaining phase-resolved
spectroscopy for more than a handful will be impossible without substantial time on an
extremely large telescope (ELT). Our analysis of ZTF J2243+5242 gives hope that it will
be feasible to characterize the photometrically variable systems among these without
depending on spectroscopic follow-up. As discussed above, we were able to constrain
many parameters in this system using just photometric measurements; this means that the

large number of faint eclipsing binaries discoverable by the VRO (and eventually LISA)
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could be characterized simply by obtaining a single high signal-to-noise lightcurve on a
high speed photometer, and combining modelling of this lightcurve with a measurement
of Py, using the longer baseline VRO data, or in some cases, such modelling could be
possible using just the VRO lightcurves alone. Such analyses open up the possibility
of characterizing a large population of such systems, and identifying properties such
as masses/core compositions, which have implications for both the binary evolutionary

processes which form these systems, and also the outcomes of the interactions/mergers.

In the era of LISA, short orbital period systems like ZTF J2243+5242 and ZTF J1539+5027
will be particularly valuable astrophysical laboratories. Because these systems fall near
the peak of LISA’s sensitivity (see Figure 5.9), they are detectable at large distances
(ZTF J2243+5242 reaches an SNR of 7 in LISA at = 20 kpc, and ZTF J1539+5027 at
~ 30 kpc). LISA, which will be unhindered by Galactic extinction, should easily detect
most of these kinds of objects in the Milky Way.

One way to prepare for LISA is by developing ground and space-based instrumentation
optimized to best characterize the optically detectable portion of its source population
in an efficient manner. We hope that in this work and Burdge, Coughlin, et al. (2019),
Burdge, Fuller, et al. (2019), Burdge, Prince, et al. (2020), and Coughlin, Burdge, et al.
(2020), we have demonstrated that high speed photometers, which can obtain densely
sampled high signal-to-noise lightcurves with high temporal resolution will be one of
the most powerful tools for such characterization. Such instruments on 10-m and 30-m
class telescopes could be used to characterize binaries like ZTF J2243+5242 and ZTF
J1539+5027 to 10-30 kpc—distances well matched to LISA’s sensitivity threshold.

4.5 Conclusion

Here, we described the discovery and characterization of ZTF J2243+5242, the second
eclipsing binary known with an orbital period under 10 minutes. The system is a DWD
with an orbital period of just 8.8 minutes, and will be a strong LISA gravitational-wave
source. We performed a comprehensive analysis of the system using just photometric
measurements, demonstrating the considerable value of photometry not just as a tool
for discovering such extreme systems, but also one which can be used to precisely

characterize these objects at great distances and faint apparent magnitudes. We were
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Figure 4.7: The current ZTF sample of ultracompact binary sources reported in Burdge,
Prince, et al. (2020) (red diamonds). ZTF J2243+5242 is indicated as the blue six
point star, the second shortest period system shown here. Because the power spectral
density of LISA’s sensitivity curve is expected to increase substantially at a frequency
corresponding to around 15 min, sources below this period, like ZTF J0538+1953, ZTF
J2243+5242, and ZTF J1539+5027 should all be detected by LISA with high signal-to-
noise (SNR), enabling precise parameter estimation using GWs. It is worth noting that
these high-SNR sources are all eclipsing binaries, making them particularly valuable
astrophysical laboratories.



89

able to determine that ZTF J2243+5242 likely consists of two He WDs which will merge
in approximately 400,000 years, with component masses of M4 = 0.32379-96 a7 and

-0.047
— 0.052
Mg = 0.335700%2 p,,

ZTF has already significantly altered the landscape of extremely short orbital period
binary systems known in the Galaxy, and will continue to do so as it acquires more
epochs during ZTF phase II, and receives improvements to its archival photometry. The
current discoveries mark the beginning of a golden era for discovering these objects, a
sample which will profoundly alter our understanding of compact binary evolution as
we continue to discover more of them and understand both the processes which lead to

their creation, and their eventual fates upon merger.
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ABSTRACT

Using photometry collected with the Zwicky Transient Facility (ZTF), we are conducting
an ongoing survey for binary systems with short orbital periods (P, < 1 hr) with the
goal of identifying new gravitational-wave sources detectable by the upcoming Laser
Interferometer Space Antenna (LISA). Here, we present a sample of fifteen binary systems
discovered thus far, with orbital periods ranging from 6.91 min to 56.35 min. Of the
fifteen systems, seven are eclipsing systems which do not show signs of significant mass
transfer. Additionally, we have discovered two AM Canum Venaticorum (AM CVn)
systems and six systems exhibiting primarily ellipsoidal variations in their light curves.
We present follow-up spectroscopy and high-speed photometry confirming the nature of
these systems, estimates of their LISA signal-to-noise ratios (SNR), and a discussion of

their physical characteristics.
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5.1 Introduction

The upcoming Laser Interferometer Space Antenna (LISA; Amaro-Seoane et al. (2017))
will be a space-based millihertz-frequency gravitational-wave detector. Astrophysical
sources of gravitational radiation in this frequency band include merging supermassive
black hole binaries, extreme mass ratio inspirals, and Galactic binaries with short orbital
periods. With an anticipated number of more than ten thousand detectable sources in
the Milky Way (Nissanke et al., 2012), close double-degenerate binaries are by far the
largest population of detectable gravitational-wave sources, but only a few have been
discovered to date (Kupfer, Korol, et al., 2018). This population of sources presents
a unique opportunity to use the synergy of information carried by electromagnetic and
gravitational radiation to understand processes such as binary evolution, the population
of Type Ia supernova and R Coronae Borealis (R CrB) progenitors (Webbink, 1984), tidal
physics in degenerate objects (Fuller and Lai, 2012), and Galactic structure (Korol, Rossi,
and Barausse, 2019); however, because these sources are so numerous, they will also
present a technical challenge by acting as a formidable background for LISA (Nelemans
et al., 2001).

Since the beginning of science operations in March 2018, Zwicky Transient Facility
(ZTF) (Bellm, Kulkarni, Graham, et al., 2019; Dekany et al., 2020; Graham, Kulkarni,
et al., 2019; Masci, Laher, Rusholme, et al., 2019) has accumulated hundreds of epochs
across the northern sky, with more than a thousand in some regions. Here, we present
results from a new survey using ZTF data with the goal of discovering LISA sources
in the optical time domain. The survey identifies objects which undergo periodic flux
variations on short timescales. We conduct additional spectroscopic and photometric
follow-up of objects which exhibit a strong periodic signal with a period shorter than
30 min. By targeting objects in this manner in an all-sky survey, we can search millions of
candidates, in contrast to the narrower selection criteria used in surveys such as the highly
successful Extremely Low Mass (ELM) survey. The ELM survey spectroscopically
followed up all candidates in a narrow parameter space, resulting in the discovery of
98 detached double-white dwarfs (DWDs), over half of the known double-degenerate
population (Brown, Kilic, Allende Prieto, and Kenyon, 2010; Kilic, Brown, Allende
Prieto, Agiieros, et al., 2011; Brown, Kilic, Allende Prieto, and Kenyon, 2012; Kilic,
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Brown, Allende Prieto, Kenyon, et al., 2012; Brown, Kilic, Allende Prieto, Gianninas,
et al., 2013; Gianninas, Kilic, et al., 2015; Brown, Gianninas, et al., 2016; Brown, Kilic,
Kosakowski, Andrews, et al., 2020), including several systems which are strong candidate
LISA-detectable gravitational-wave sources (Brown, Kilic, Hermes, et al., 2011; Kilic,
Brown, Gianninas, et al., 2014; Brown, Kilic, Bédard, et al., 2020). Until recently, there
were only two known detached eclipsing binaries under an hour orbital period, both
discoveries made by the ELM survey (Brown, Kilic, Hermes, et al., 2011; Brown, Kilic,
Kosakowski, and Gianninas, 2017).

In June 2019, using ZTF’s first internal data release, we discovered the shortest orbital
period eclipsing binary system known, ZTF J1539+5027, with an orbital period of
just 6.91 min (Burdge, Coughlin, et al., 2019). We originally tested the viability of a
photometric selection strategy using archival Palomar Transient Factory (PTF) data (Law
et al., 2009), and discovered PTF J0533+0209, a ~ 20.6 minute orbital period detached
DBA WD binary (Burdge, Fuller, et al., 2019). Since these two discoveries, we have
confirmed 13 additional short period binary systems either spectroscopically via radial
velocity shifts, or photometrically if they exhibit eclipses (an unambiguous indicator of
binarity). These systems are diverse, and include detached DWDs, accreting AM Canum
Venaticorum (AM CVn) objects (Ramsay, Green, et al., 2018), and accreting systems
involving helium stars/hot sub-luminous subdwarfs (sdBs/sdOs) (Heber, 2016). Even
among just the detached DWD population, there exists a rich phase space of possible
combinations of core compositions involving helium-core white dwarfs (He WD) and
carbon-oxygen core WDs (CO WD), each of which originate from distinct evolutionary
scenarios. Thus, in this work, we devote some discussion to describing the unique
characteristics of each system. As a point of reference to guide the reader, we have
included Table 5.1 below to highlight essential characteristics of the fifteen systems
discussed in this work.

5.2 Methods
Sample Selection
We used the Pan-STARRSI1 (PS1) source catalog (Chambers et al., 2016) to select

our sample of objects to period search. Focusing on “blue” objects, we imposed a
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photometric color selection of (g — r) < 0.2 and additionally (r — i) < 0.2 (see Table
5.2). We selected blue objects, because we expected that close binary WDs, especially
those at orbital periods sufficiently short to be strong LISA sources, should have elevated

temperatures due to tidal heating (Fuller and Lai, 2013).

ZTF Photometry

We used ZTF photometry to identify all of our sources (with the exception of PTF
J0533+0209). ZTF is a northern sky synoptic survey based on the 48-inch Samuel
Oschin Schmidt telescope at Palomar Observatory, surveying the sky in ZTF g-, r-, and
i-bands down to a declination of —28° with 30 s exposures. ZTF has a 47 deg? field of
view and a median 50 limiting magnitude of 20.8 in g-band, 20.6 in r-band, and 20.2
in i-band. The instrument’s large field of view allows it to rapidly accumulate a large
number of epochs across the sky, and the resulting dense sampling serves as a crucial

element in identifying sources.

period-finding

Because the fidelity of period-finding depends strongly on the number of samples in a
lightcurve (especially at short periods where there are large numbers of trial frequencies),
rather than impose a cutoff on apparent magnitude, we instead required a minimum of
50 total photometric So- detections in archival ZTF data. This selection produced
approximately 10 million candidates to search. We combined data from multiple filters
by computing the median magnitude in each filter, and shifting g- and i-band so that
their median magnitude matched the r-band data. We do this in order to maximize
the number of epochs available in each lightcurve. We used a graphics processing unit
(GPU) implementation of the conditional entropy period-finding algorithm (Graham,
Drake, et al., 2013) and later the Box Least Squares (BLS) algorithm (Kovécs et al.,
2002). Although BLS is optimized for identifying eclipsing systems, conditional entropy
is computationally less costly, and was responsible for the discovery of 12 of the 15
systems in the sample. The only system discovered in a later BLS search was ZTF
J1749+0924. We originally discovered ZTF J2130+4420, which is the brightest object
in the sample, using the analysis of variance algorithm (Schwarzenberg-Czerny, 1996)

in a search of bright sources between the WD track and the main sequence. It was later
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recovered by both the conditional entropy algorithm, and as part of a search of the hot
subdwarf catalog (Geier et al., 2017) as discussed in Kupfer, Bauer, Marsh, et al. (2020)
(PTF J0533+0209 was also discovered with the AOV algorithm—see Burdge, Fuller, et al.
(2019)). The BLS algorithm is able to recover all systems as well, but with greater than
an order of magnitude longer run-time relative to conditional entropy. The conditional
entropy algorithm phase-folds lightcurves on a grid of trial frequencies, partitions the
lightcurve into magnitude and phase bins, and computes the conditional entropy of the
partitioned phase-folded lightcurve corresponding to each frequency. For further details

on the sensitivity of this algorithm, please see the Appendix.

We determine the best period of the object by selecting the trial frequency which min-
imizes the conditional entropy. We visually inspect the most significant phase-folded
lightcurves (all with significance greater than 8), where significance is simply defined as
the minimum entropy value divided by the standard deviation of entropy values across
the full periodogram, and from this we select the most promising candidates for follow-
up. We performed this visual inspection on 24635 lightcurves with a minimum entropy
corresponding to a period below 30 minutes, and determined that 337 of these were
likely real periodic signals based on the appearance of their lightcurves. We then began
to systematically follow-up systems which exhibited photometric behavior suggestive of
binarity (eclipses, or asymmetric minima in ellipsoidal variables). Follow-up of objects

in this sample is ongoing.

One challenge of searching for periodic variables in a sample of millions of objects over
a large frequency grid (for further details see the Appendix) is the increase in opportunity
for objects to exhibit significant random fluctuations in their power spectra. This means
that many of the lower-amplitude periodic variables recovered actually show a smaller
“significance” than some non-periodic objects, hence the value in visually inspecting a
moderate number of objects at low significance, rather than only the most significant
sources. Note that targeting objects with “best” periods under 30 mins yielded many
discoveries with orbital periods between 30 and 60 minutes, as systems which exhibit
ellipsoidal variations and eclipsing systems in which there is a prominent secondary

eclipse exhibit significant power at twice their orbital frequency.
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The ZTF phase-folded lightcurves of all short period binary systems discovered from

this sample are illustrated in Figure 5.1.

In order to determine the uncertainties in the orbital period reported in Table 5.3, we used
a bootstrapping technique in which we sub-sampled each ZTF lightcurve 1000 times,
using 90 percent of the points in each sub-sample, with replacement, and computed the
standard deviation of the best periods of the 1000 trials. For ellipsoidal systems, we
used Lomb-Scargle (Lomb, 1976; Scargle, 1982) for this bootstrapping exercise, and for
eclipsing systems, we used BLS. For ZTF J1539+5027 and PTF J0533+0209, which have
well-measured orbital evolution, we instead used the linear component of the quadratic
fit to the timing residuals to determine the uncertainty in the period (for further details,
see Burdge, Coughlin, et al. (2019)).

Of the short period candidates recovered by conditional entropy, we immediately identi-
fied two as ellipsoidal variables with periods between 30 and 60 minutes (ZTF J2130+4420
and ZTF J2055+4651) because they clearly exhibited significant power at twice their or-
bital frequency, distinguishing them from the large number of ¢ Scuti stars in this period
range (Breger, 2000). Spectroscopic characterization later revealed additional ellipsoidal
variables with orbital periods between 30 and 60 minutes. Some candidates exhibiting
a dominant period below 30 min failed to show indications of binarity in follow-up
characterization. Some of these were identified as likely belonging to other classes of
short period variables including pulsating WDs such as GW Vir, V777 Her, and ZZ Ceti
stars (Fontaine and Brassard, 2008), hot subdwarf p-mode pulsators (Charpinet et al.,
1996), blue large amplitude pulsators (Pietrukowicz et al., 2017), He WD radial mode
pulsators (Kupfer, Bauer, Burdge, Bellm, et al., 2019), rapidly rotating magnetic WDs
(Brinkworth et al., 2013; Reding et al., 2020). One significant source of interlopers in the
sample originates from intermediate polars (Patterson, 1994), which contain magnetic
WDs which have been spun up to a short spin period, and exhibit periodicity on the
timescale of minutes. These objects often have blue color, emit X-rays, and can show
strong photometric periodicity on minute timescales due to flux variations on the WD
spin period (Ramsay, Wheatley, et al., 2008). The crucial diagnostic we use to rule out
a minutes-timescale orbital period in these systems is phase-resolved spectroscopy, as

they do not exhibit radial velocity shifts on the WD spin period.
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Figure 5.1: The phase-folded ZTF lightcurves of the sample (all filters combined), at
periods as recovered by the algorithm described in Section 2.3.
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Figure 5.2: The best available lightcurves for our sample, phase-binned at the orbital
periods. See Table 5.7 for further details on which instruments were used to obtain each
lightcurve. J2228+4949 and J0640+1738 have only ZTF lightcurves, and thus we plot
the binned versions of those here. All of these systems were confirmed as binaries via
spectroscopic follow-up.
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Figure 5.3: The best available spectra for our sample, coadded in the rest frame of
absorption lines. By fitting these spectra, we were able to obtain radial velocity semi-
amplitudes for seven systems (see Figure 5.4), and fit objects for an effective temperature
and surface gravity using spectroscopic WD models. We used these spectroscopically
derived parameters in combination with lightcurve modelling to derive the physical
parameters reported in Table 5.5. See the Appendix for further details on which instru-
ments were used to obtain each spectrum. ZTF J1539+5027, J0538+1953, J2029+1534,
J0722-1839, J1749+0924, J1901+5309, and J2320+3750 show hydrogen-rich atmo-
spheres, while J0533+0209, J1946+3203, J0640+1738, J2130+4420, and J2055+4651
exhibit mixed H/He atmospheres, and the three mass transferring systems, J1905+3134,
J2228+4949, and J0643+0318 have only helium lines in their spectra.
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High Speed Photometry

High-speed photometric follow-up proved a crucial element in characterizing candidates
from our period searches, as such observations can confirm the presence of eclipses and
more subtle photometric effects such as Doppler beaming and gravity darkening. In
this work, we present data collected from four different high-speed photometers: the
Caltech HIgh-speed Multi-color camERA (CHIMERA) on the 5.1-meter Hale telescope
at Palomar Observatory (Harding et al., 2016), the Kitt Peak Electron Multiplying CCD
Demonstrator (KPED) on the 2.1-meter telescope at Kitt Peak National Observatory
(Coughlin, Dekany, et al., 2019), HIPERCAM on the 10.4-meter Gran Telescopio Ca-
narias (Dhillon, Dixon, et al. 2018, Dhillon et al. in prep), and ULTRACAM on the
3.5-meter New Technology Telescope at La Silla Observatory (Dhillon, Marsh, et al.,
2007). In all cases, the instruments were run in frame transfer mode, effectively elim-
inating readout time overheads. We reduced the CHIMERA, KPED, HIPERCAM and
ULTRACAM data with publically available pipelines 1'2-3. Lightcurves obtained with
these instruments are illustrated in Figure 5.2. For further details on these observations,

please see the Appendix.

Spectroscopic follow-up

We conducted most of our spectroscopy using the Low Resolution Imaging Spectrometer
(LRIS) (Oke, Cohen, et al., 1995) on the 10-meter W. M. Keck I Telescope on Mauna
Kea. Exposure times varied from object to object, but were restricted to be no more
than an eighth of the orbital period in order to minimize Doppler smearing. We reduced
all data with the Ipipe pipeline (Perley, 2019). For all sequences of exposures, we
took a HeNeArCdZn arc at the telescope position of the object at the completion of the
sequence in order to ensure stable wavelength calibration (which can depend strongly on
instrument flexure). For any sequences of observations exceeding an hour, we obtained
an arc at the start and finish of observations, or if longer than two hours, an arc once every
two hours. For further details on instrument configuration, and other spectrographs used,

please see the Appendix. The spectra we obtained are presented in Figure 5.3.

]https ://github.com/mcoughlin/kp84
Zhttps://github.com/HiPERCAM
3https ://github.com/trmrsh/cpp-ultracam



104

5.3 Analysis and Results

Lightcurve Modelling

We used the LCURVE code (Copperwheat et al., 2010) to model and infer physical pa-
rameters from the lightcurves we obtained with high-speed photometers. For lightcurves
with multiple bands, we simultaneously modelled all bands (measuring the relative sur-
face brightnesses of objects at multiple wavelengths aids in determining the relative
temperatures of the objects in the system). For all objects, we used the following set
of free parameters: the mass ratio g = %—i, the inclination 7, the radius of the primary
component, R4, the radius of the secondary component, Rp, the temperature of the
secondary component, Tp, the mid-eclipse time, 79, and an absorption coefficient « to
account for effects in which the cooler component in the binary is irradiated and re-
processes flux originating from the hotter component. We fit for a different « for each
band, as radiation reprocessing is wavelength dependent. Measuring the mass ratio, ¢,
from lightcurve modelling arises primarily from fitting ellipsoidal modulation due to the

tidal deformation of one or both components in the system. The fractional amplitude of

ellipsoidal modulation, w, is given by:
AFltipsoi 15+u)(1+7) (R’
Aletiipsoidat _ o 55+ +7) (R) 2y (5.1)
F 3—u a

(Morris, 1985), where u is the passband-dependent linear limb darkening coefficient,
and 7 is the passband-dependent gravity darkening coefficient. We obtain all gravity
and limb darkening coefficients from Claret, Cukanovaite, et al. (2020c), and Doppler
beaming coefficients from Claret, Cukanovaite, et al. (2020a). For our full modelling,
we use the 4-parameter Claret limb-darkening law described in Claret (2000). Previous
work such as that presented in Bloemen et al. (2012) found tension between the mass ratio
inferred from purely ellipsoidal modulation, and that determined by other less model-
dependent measurements such as radial velocity semi-amplitudes, which they attributed
to the possibility that some close binaries may not be entirely synchronized. At these
short orbital periods, we expect some of our systems to be synchronized, but those at
longer periods may not be (Fuller and Lai, 2012). In any case, we emphasize that mass
ratios derived from ellipsoidal modulation come from model-dependent expressions, and

thus there is value in obtaining more model-independent measurements in the form of a
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radial velocity semi-amplitudes as well as orbital decay due to general relativity (Burdge,
Coughlin, et al., 2019).

We estimated masses for five of the eclipsing systems (ZTF J0538+1953, ZTF J2029+1534,
ZTF J0722—-1839, ZTF J1749+0924, and ZTF J1901+5309) using temperatures derived
from spectroscopy, and radii derived from lightcurve modelling. As discussed above,
lightcurve modelling allows us to infer the radii of the two component objects with
respect to the semi-major axis in these systems. We combined these measurements (as
well as our spectroscopic temperature constraints) with the semi-empirical mass-radius
relations described in Soares (2017) in order to estimate the masses of both components.
We adopted a 10 percent model error in estimating our uncertainties based on the scatter
of measured radii vs estimated radii reported in Soares (2017), because mass-radius re-
lations (especially for low mass He WDs) are sensitive to additional degrees of freedom
such as the mass of the hydrogen envelope on the surface of the WD and the evolutionary
history of the object (in particular, the occurrence of hydrogen shell flashes; Istrate et al.
(2016)). In the future, as we measure orbital decay rates for these systems, we will be

able to constrain masses in a more model-independent manner.

Orbital Dynamics
We acquired phase-resolved spectra for all objects in the sample; however, at this time,
we were only able to extract reliable radial velocity solutions for the single-lined systems.
For these systems, we measured velocities by fitting Voigt profiles to the Balmer series of
absorption lines and to helium absorption lines, when present. Single-lined spectroscopic
binaries show a radial velocity from only one of their two components, whereas double-
lined systems contain contributions from both. Double-lined systems are in principle
more valuable, as one can precisely constrain the mass ratio of the system, and if
combined with an inclination constraint from lightcurve modelling, solve for both of the
dynamical masses in the system using the binary mass functions
Mysin® (i) PyK},
(Ms +Mp)?2 217G

) (5.2)

and 3, ;
Mysin® (i) ~ PyK3

(Mg +My)?2 272G

(5.3)
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where K4 and Kp are the radial velocity semi-amplitudes of the two components, i is
the inclination of the system, and P}, is the orbital period. These expressions arise from
Newtonian mechanics, and thus, the physics involved is straightforward, allowing for
a more robust estimate of masses than those which invoke more complicated physical
models, such as WD mass-radius relations, evolutionary tracks, and atmospheric models.
However, in practice, fitting double-lined WDs is challenging when the components are
both faint and in a short orbital period binary. One reason is that the absorption lines in
WDs are intrinsically broad, such that their overlap is significant even at maximum radial
velocity shift (the can be several hundred across, whereas the Doppler shifts correspond
to on the order of 10 ). WDs do have non local thermodynamic equilibrium (NLTE) cores
in their hydrogen absorption lines with a narrower full width half maximum (FWHM)
allowing for more precise radial velocity measurements; however, resolving these line
cores require moderate resolution spectra at good SNR. In binary systems with short
orbital periods, exposures must be short to avoid significant orbital smearing, and this
results in too few photons per exposure to reliably use medium resolution spectra without
suffering from readout noise. Because of these technical challenges, the work to measure
the dynamical masses of the double-lined systems of our sample (e.g. ZTF J0722-1839)
is ongoing. See Figure 5.4 for an illustration of well-measured radial velocities in our
sample (for the single-lined systems), and Table 5.3 for the measured radial velocity

semi-amplitudes of objects in our sample.

Spectroscopic modelling

In addition to being used to measure radial velocities, spectra can be used to estimate
the temperature, surface gravity, and atmospheric abundances of stars. For single-lined
systems, we fit atmospheric models to the entire spectrum in order to estimate the
temperature of the dominant component, and supply this temperature to our lightcurve
modelling. We perform an iterative process for double-lined systems, due to the spectra
being a blend of two WDs (one must account for this, because cool WDs often have
deep absorption lines, and thus, even if they contribute only a small fraction of the
overall luminosity, they can significantly impact line profiles). First, we fit a single WD

model to the spectrum to estimate the temperature of the dominant component. We then
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Figure 5.4: The phase-folded radial velocity measurements for a subset of the sample
which is single-lined. All measurements shown are phase-folded according to the orbital
period and ephemeris obtained from lightcurve modelling.

proceed to model the lightcurve while fixing the temperature of the hotter component
to this value. Using this model, we can estimate both a surface brightness ratio, and
ratio of component radii. We use this information to construct a composite model of
two WD atmospheres, and we fit this composite model to the spectra to arrive at the
final temperature estimates. For the DA WD systems we use the NLTE DA models
described in Tremblay, Bergeron, and Gianninas (2011) with Stark broadening from
Tremblay and Bergeron (2009). For the coolest and lowest surface gravity DA in our
sample, ZTF J2320+3750, we use models described in Gianninas, Dufour, et al. (2014)
and Tremblay, Gianninas, et al. (2015). For modelling lower surface gravity (log(g))
mixed H/He atmosphere objects which could be either hot subdwarfs or young He WDs,
we used the model spectra described in Stroeer et al. (2007). Please note, that when we
refer to He WDs throughout this publication, it indicates helium core composition, not

atmospheric composition. We did not factor spectroscopically measured surface gravity
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into our final parameter estimation, except for in the case of ZTF J2320+3750, in which
the He WD component was poorly constrained by mass-radius relations alone due to the

significant temperature sensitivity of these relations at such low mass.

Orbital Evolution

The orbital evolution of short orbital period binary systems is dominated by energy loss
due to the emission of gravitational radiation, but can also be strongly influenced by the
presence of mass transfer in accreting systems, especially ones with large mass ratios such
as AM CVns (Postnov and Yungelson, 2014). Measuring orbital evolution in detached
systems is particularly valuable, as general relativity predicts that the orbital frequency

derivative, fgw, is directly related to the gravitational-wave frequency fow = P% and the

3
chirp mass of the system, M = (MA—MB)S, as given by
(Ma+Mp)S
9% s (GM.\ u
. 8 11
fow = ?7” (70) Jews (5.4)

(Taylor and Weisberg, 1989).

Conveniently, the strain of gravitational radiation emitted from such a binary depends
only on the orbital frequency, chirp mass, and distance to the object, and thus the

gravitational wave strain LISA will measure is given by

g = 2GM P (m fow)*?
- c*D

) (5.5)

Multiplying this quantity by +/ fowT,»s gives the characteristic strain, where 7, is the
total time LISA has operated (Thorne, 1987; Moore et al., 2015). For the characteristic

strains computed in this work, T, is taken to be 4 years.

By constraining the chirp mass and orbital frequency from optical data, a LISA gravitational-
wave signal can be used to infer a distance to the system, which will be particularly useful
since most of the objects being discovered are too faint for reliable Gaia astrometric
solutions. For over-constrained systems where the distance is well determined via a
measurement like the parallax, the gravitational-wave strain could be compared with that

predicted based on an orbital decay rate due to purely general relativity, to estimate a
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deviation in the decay rate from tidal dissipation. Thus far, orbital decay has been de-
tected and reported for two objects in the sample: ZTF J1539+5027 (Burdge, Coughlin,
et al., 2019), and PTF J0533+0209 (Burdge, Fuller, et al., 2019). The precisely mea-
sured decay rates in these two systems were enabled by regular photometric monitoring
combined with well-sampled archival Palomar Transient Factory data collected a decade
ago. We have not reached this threshold for any other systems, but continue to monitor all
systems for orbital frequency evolution. The uncertainties of the ephemerides reported
in Table 5.3 give a characteristic estimate of the precision with which each system can be
timed, and this can be compared to the predicted phase-shift in timing residuals given the
expected decay rate of the system (see Burdge, Coughlin, et al. (2019) for more details)
in order to estimate how long it will take to measure the orbital evolution precisely. The
period derivative should be easily detectable in all systems before LISA begins to operate

if their orbital evolution is dominated by the emission of gravitational waves.

Distance Estimates

We report our estimated distances to the systems in Table 5.4. Estimating the distance
to systems in our sample is an important element in this work as they are crucial in
computing accurate gravitational wave amplitudes for the sources as measured from the
solar system. Most of the systems in our sample have temperature estimates, as well as
radius estimates; this allows us to compute distances directly based on these values, and
synthetic spectra for WDs. We use system parameters inferred from a combination of
lightcurve modelling and spectroscopic fitting to generate a composite synthetic spectrum
for each system, and compute a synthetic apparent magnitude from these spectra. We
chose to compute Pan-STARRS1 g-band apparent magnitudes, and comparing to the
measured value. We use Pan-STARRSI1 g due to its availability for all objects and its
short wavelength compared to other available passbands, ensuring minimal potential
contamination from blended background sources in dense fields (which on average, are
likely to contribute more to redder bands). These spectroscopic distance estimates are
used in computing the LISA SNR. We estimate uncertainties on these distance estimates
by setting up a Monte Carlo simulation in which we sample over distance and the

temperatures and radii of both WDs (with priors set by the lightcurve+spectroscopic
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analysis). During each iteration, we use the two temperatures and radii to generate a
synthetic spectrum, and automatically query the reddening catalog described in Green,
Schlafly, et al. (2019) at the coordinates of the source using the distance sample from
that iteration to estimate the reddening along the line of sight, and use this to apply a
reddening correction to the synthetic photometry we generate. We then compare this
synthetic flux to the measured Pan-STARRSI1 g, and compute the likelihood function
using the uncertainty reported by Pan-STARRS1. The spectroscopic distances reported

in Table 5.4 were computed using the posterior distribution of this analysis.

It is worth noting that Gaia has revolutionized astronomy by providing the capability
to estimate distances to a large number of stars in the Galaxy via the measurement of
parallax. However, for faint populations of sources with uncertain parallaxes, there are
subtleties to inferring distance from the parallax, @. Nonetheless, we wish to emphasize
that when available, a precisely measured Gaia parallax is incredibly valuable, as this
method of estimating distances arises from a simple geometric effect, whereas other
techniques of estimating distance invoke more complicated model dependence. Here,
we compare two approaches for estimating distances the sample of ZTF short period
binaries using Gaia parallaxes, though the technique we ultimately use in this paper is

the spectroscopic distance estimate described above.

The two parallax-based distance estimates presented in Table 5.4 use an exponentially
decreasing space density prior as described in Bailer-Jones et al. (2018). An important
element of this prior is that it invokes a characteristic length scale (note, this is not a
scale height). The distances reported by Bailer-Jones et al. (2018) couple this prior
with length scales derived from a model of the galaxy. However, this model has its
shortfalls when considering a specific population of objects such as WDs, as it is purely
geometric and intended to be relatively independent of the properties of stars, and thus
is not an optimal choice for characterizing a sub-population of stars where additional
information is present. Notably, as illustrated in Table 5.4, the Bailer-Jones technique
tends to yield large distances at low Galactic latitudes, where the characteristic length
scale is significantly larger than at higher Galactic latitude. Because WDs are foreground
objects and this length scale is estimated based on all the stars in a region of the sky,

this method likely overestimates distances in the Galactic plane for WD populations.
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The alternative method, adopted by Kupfer, Korol, et al. (2018), invokes the same
exponentially decreasing space density prior, but assumes a 400 pc characteristic length
scale for all sources based on WD population synthesis work, rather than a length scale
dependent on sky position. We report estimates based on a modified version of this
method, with the same maximum likelihood measurement, but instead use a 68 percent
credible interval derived from the highest posterior density of our distribution to estimate

the error bars.

Combined Analysis and Observed Characteristics

We conduct a combined analysis of the lightcurve modelling of each system and mod-
elling of the phase-resolved spectroscopy in order to estimate the properties of the
systems reported in Table 5.5. We conducted the combined analysis using the nested
sampling package MULTINEST (Feroz et al., 2009). When sampling, we combined
modelling the lightcurve with priors on the temperature of the hotter component in each
binary based on a spectroscopic fit, and for the single-lined systems, an additional con-
straint based on the measured radial-velocity semi-amplitude. For single-lined systems,
we used the velocity semi-amplitude constraint plus constraints on the mass ratio from
ellipsoidal modulation to infer parameters for the system. For double-lined systems, we
instead used the mass-radius relations described in Soares (2017) to constrain the system
parameters, allowing us to infer masses from radii estimated using the lightcurve. The
single-lined, eclipsing, and ellipsoidal variable ZTF J1946+3203 is an exception, as in
this system we inferred masses from a combination of the radial velocity semi-amplitude,
and well-constrained inclination and mass ratio inferred from the lightcurve, as well as
radii measurable by the eclipses. Thus, this system serves as an example of one with
parameters that can be used in testing mass-radius relations. Note, that we did not model
the two AM CVn systems, ZTF J19054+3134 and ZTF J2228+4949, and that modelling
of the mass transferring system ZTF J0643+0318 is still underway.

LISA Signal to Noise
In order to estimate the LISA gravitational wave SNR, we adopt the same formalism as
outlined Burdge, Coughlin, et al. (2019) and Burdge, Fuller, et al. (2019) (which was

based on the formalism outlined in Korol, Rossi, Groot, et al. (2017)), correcting a factor
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of 2 error which was present in the previous estimates, resulting in overall lower signal-
to-noise (SNR) estimates. We use the updated sensitivity curve presented in Robson
et al. (2019).

For a more detailed discussion of LISA SNR estimates, and their subtleties, please see

the Appendix.

5.4 Discussion of individual systems

ZTF J1539+5027

ZTF J1539+5027 is a deeply eclipsing DWD binary system with an orbital period of
just = 6.91 min (Burdge, Coughlin, et al., 2019) consisting of a cool He WD orbiting a
heated CO WD. This is one of two systems in our sample with confirmed orbital decay,
and thus, a precise measurement of its chirp mass (assuming the decay is due to energy
loss to gravitational radiation). There is ongoing work to more precisely characterize this
system using observations obtained with the high-speed photometer HIPERCAM (see the
first panel in Figure 5.2) and the COS spectrograph on the Hubble Space Telescope. The
system is among the highest SNR LISA-detectable gravitational-wave sources known,
and presents a curious evolutionary puzzle, as the CO WD in the system has been heated
to =~ 50,000 K, but there are no observational indications of active mass transfer (see
Burdge, Coughlin, et al. (2019) for further details).

ZTF J0538+1953

ZTF J0538+1953 is a 14.44-min orbital period eclipsing detached DWD system. The
hotter WD is = 26, 000 K, and the cooler companion ~ 13,000 K. The two components
are of comparable radii (with the cooler being slightly larger than its hot companion,
indicating that it is likely the less massive component). The lightcurve exhibits a moderate
degree of flux reprocessed by the heated face of the cooler WD in the system (causing an
8 percent peak-to-peak amplitude photometric modulation on the orbital period), though
this effect is much smaller than that observed in ZTF J1539+5027. After conducting
lightcurve modelling, we found a best fit for the mass ratio g = %—i =5.01 £0.55, where
Mp corresponds to the mass of the cooler, larger secondary. This is highly unlikely

because this physically conflicts with WD mass-radius relations (which were used to
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infer the final reported masses).

Upon further inspection of the residuals of the model, we see that even with the best-
fit model, there is a residual signal with a few percent amplitude at twice the orbital
frequency, phase-shifted with respect to the expected phase of ellipsoidal modulation.
This signal could arise as a result of incomplete modelling of the reprocessed radiation
on the heated face of the secondary, or potentially, be indicative of a dynamically excited
tidal pulsation, as is expected to occur at twice the orbital frequency in circular orbit
systems. Further follow-up should allow us to understand this signal, but for the purposes
of this work we have omitted quoting a mass ratio of the object based on the lightcurve,
as it is difficult to disentangle this signal from any weak ellipsoidal modulation that may

be present.

ZTF J0538+1953 is perhaps best compared to SDSS J0651+2844, the 12.75-min orbital
period detached binary discovered by Brown, Kilic, Hermes, et al. (2011) and further
characterized in Hermes, Kilic, et al. (2012). ZTF J0538+1953’s components have
measured R/a values of ~ 0.11 for the hot ~ 26,000K and ~ 0.13 for the cooler
~ 13,000 K component, whereas the components of SDSS J0651+2844 have R/a values

of = 0.12 for the hotter object and =~ 0.045 for the cooler, more compact companion.

Invoking mass-radius relations in combination with the lightcurve modelling (which
make use of the radii inferred from eclipses to determine masses), we find that the cooler
component in ZTF J0538+1953 is consistent with a O.32t%8§ Mg, object, suggesting it

is a He WD. The hotter WD in the system has a mass consistent with a ().45i%%§ Mg
object, which lies in a regime where the WD could be a He WD, CO WD, or hybrid WD

(Perets et al., 2019).

ZTF J1905+3134

ZTF J19054+3134 is an AM CVn system exhibiting a photometric modulation at ~
17.2 minutes, and strong double-peaked He 2 emission, similar to that seen in SDSS
J1351-0643 (Green, Hermes, et al., 2018). Shorter orbital period AM CVn systems
like SDSS J1351-0643 and ZTF J1905+3134 do not normally undergo outbursts like
their longer period counterparts, and instead remain in a constant high state (Ramsay,
Green, et al., 2018), and ZTF J1905+3134’s strong He 2 emission is characteristic of



117

shorter period systems in the high state. The photometric modulation in this system
could either originate from the orbital period or the disk precession period (Green,
Hermes, et al., 2018); however, the deep, sharp temporal feature in the lightcurve (see
Figure 5.2) suggests the system is eclipsing (with a possible additional eclipse of a hot
spot shortly after the deeper eclipse), which would make this the shortest orbital period
eclipsing AM CVn known. Further photometric follow-up of this faint system could
constrain these features more precisely, but current follow-up (which consists of just a
few orbital cycles) lacks the SNR necessary for detailed modelling. ZTF J1905+3134
is the only object in our sample which completely lacks a Gaia astrometric solution, so
we instead refer to Ramsay, Green, et al. (2018) in order to estimate the distance based
on its luminosity and the period-luminosity relation for AM CVn systems. AM CVn
systems around the period range of 17 minutes exhibit absolute luminosity values in the
range of Mg =~ 5 — 8. Thus, using a uniform prior on the absolute luminosity reflecting
this range, and comparing to the Gaia apparent magnitude of G = 20.90 £ 0.030, we
estimate that the object lies approximately 3.8 — 9.55 kpc from the Sun.

PTF J0533+0209

PTF J0533+0209 is a = 20.6-min orbital period detached binary system first described
in Burdge, Fuller, et al. (2019). The system is unique due to its He-dominated DBA
atmosphere, which exhibits only traces of hydrogen —a previously unseen characteristic
among ELM WDs. The system’s atmospheric composition raises question about forma-
tion channels because it requires fine-tuning of evolutionary models to produce an object
with so little hydrogen (see Burdge, Fuller, et al. (2019) for further details). Like ZTF
J1539+5027, orbital decay has been detected in this system, enabling the measurement of
a chirp mass assuming orbital evolution primarily due to general relativity. The system

houses an unseen compact object, likely a CO WD.

ZTF J2029+1534

ZTF J2029+1534 is a detached eclipsing DWD binary with an orbital period of ~ 20.9
minutes. With relatively large R/a values of ~ 0.15 and ~ 0.12, and temperatures of
~ 19,500 K and ~ 17,000 K, respectively, this system likely consists of two similar tem-

perature He WDs, with mass-radius relations giving estimated masses of 0.32f%'.%i Mg



118

and O.SOJ:%_%i M, for the two components, respectively. The system is among the faintest

in the sample, with a Pan-STARRS g-band apparent magnitude of = 20.4.

ZTF J0722-1839

ZTF J0722-1839 is a detached eclipsing DWD binary with an orbital period of ~ 23.70
minutes. Remarkably, the primary and secondary eclipses in this system both result in
an attenuation of nearly half of the system’s flux (with the deeper eclipse attenuating
by slightly over 50 percent of the flux, and the secondary eclipse over 40 percent of the
flux). To exhibit two eclipses of this depth, the system must be fine-tuned. These eclipses
indicate that the objects must be able to almost completely occult each other, indicating
similar radii, and their nearly equal depths indicates nearly equal luminosity per unit
surface area, implying similar temperatures for the two WDs. Finally, to achieve such
deep eclipses, the system must be also be near edge on. Based on the system parameters
reported in Table 5.3, we infer that this system is a double He WD system, with two
He WDs of similar temperatures and radii. This may imply that the two objects have
similar ages, requiring a formation mechanism capable of producing the two objects in
rapid succession. The system is double-lined due to the comparable luminosity of both
objects and similar line profiles due to the similarity in temperature and surface gravity
(see Figure 5.5). Further work is underway to measure precise dynamical masses in this

system.

ZTF J1749+0924

ZTF J1749+0924 was the final discovery in the sample described in this paper, identified
using the BLS algorithm. The system likely consists of a pair of eclipsing He WDs with an
orbital period of approximately 26.4 minutes. ZTF observed this system in a continuous
cadence mode (taking exposures with an approximately 40 s cadence continuously for an
hour and a half, on two separate occasions). On both occasions of continuously sampled
observations by ZTF, the system exhibited multiple eclipses during the observation
window (with each “eclipse” having only a single detection due to the short duty cycle of
the feature). The system likely contains a pair of He WDs, with masses of 0.40*0-97 a7

-0.05
0.05
and 0.28" 7 Mo .
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Figure 5.5: Doppler tomogram (Marsh, 2001) of the Balmer series of absorption lines
in ZTF J0722-1839. The two dark features correspond to absorption line cores tracking
each object, reflecting the system’s double-lined nature. However, due to the shallow
topographical nature of these features in the tomogram (as a result of overall low-SNR
spectra in each phase bin), the velocities of the two components are poorly constrained
with the current set of spectra; however, further spectroscopic follow-up of this system is
underway, as it is clearly a promising candidate for measuring dynamical masses, which
would serve as a test of WD mass-radius relations.
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ZTF J2228+4949

ZTF J2228+4949 is an AM CVn system whose spectrum exhibits double-peaked He 2
emission characteristic of a hot accretion disk, much like that seen in ZTF J1905+3134.
The system exhibits a photometric modulation at ~ 28.56 minutes; compared to other
high state AM CVn systems (Ramsay, Green, et al., 2018), ZTF J2228+4949 has an
unusually long period. We propose that this system may be the longest-period high-
state AM CVn system known, potentially due to an unusually high accretion rate at its
orbital period. In any case, our survey, which targets systems displaying strong optical
periodicity, is naturally biased towards systems in a persistent high state, as they are more
likely to exhibit photometric modulation due to the presence of a superhump (Green,
Hermes, et al., 2018), and also do not undergo outbursts, which can greatly impact the
ability to search for periods. We estimate a spectroscopic distance of 0.72 — 1.77 kpc,
based on the typical absolute magnitude of AM CVns at these periods falling between
Mg ~ 8 — 10. Because ZTF J2228+4949 may have an unusually high accretion rate for
its period, it is possible that the source is more distant than this spectroscopic estimate. A
more precise distance estimate not based on the system’s luminosity would be particularly
valuable, as it would allow one to constrain whether the luminosity is indeed elevated

compared to other sources at comparable orbital periods.

ZTF J1946+3203

ZTF J1946+3203 is a single-lined spectroscopic eclipsing binary which shows strong
ellipsoidal variations (see Figure 5.6). The more luminous component in this system
has a surface temperature of approximately 28,000 + 2,000 K and a DAB atmosphere
exhibiting both H and He 1 lines, with a spectroscopically measured surface gravity

of log(g) = 5.74 £ 0.2. A combined analysis of the lightcurve and radial velocities

+0.046
2—0.043

WD), and a mass of O.307i%%%g Mg for the more luminous component (which could

be consistent with either a hot He WD, or an sdB). Systems like ZTF J1946+3203 are

particularly valuable, as they exhibit eclipses, ellipsoidal variations, and an unambiguous

yields mass estimates of 0.27 Mg for the less luminous component (likely a He

radial velocity semi-amplitude, strongly constraining component masses, temperatures,

and radii.
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Figure 5.6: Left Panel: Radial velocities of ZTF J1946+3203 as measured from phase-
resolved spectra obtained with LRIS (black points). The smearing-corrected measured
semi-amplitude for this system is 284.8 + 4.8 km s~!, with the sinusoidal fit shown in
red. Right panel: Best fit model (red) to the CHIMERA g-band lightcurve of the system
(black points), which exhibits both strong ellipsoidal modulation, but also an eclipse.
The presence of ellipsoidal modulation, eclipses, and a cleanly measured radial velocity
semi-amplitude allowed us to measure both component masses and radii, which we have
determined is likely a double He WD binary system. The data in this Figure is the same
as shown in Figures 2 and 4, and is meant to illustrate an example model fit to the data
used in parameter estimation.

ZTF J0643+0318
ZTF J0643+0318 is a single-lined spectroscopic eclipsing binary undergoing mass trans-
fer, and consequently exhibiting a strong He 2 emission feature. Further work is under-

way to characterize this system.

ZTF J0640+1738

ZTFJ0640+1738 is a single-lined spectroscopic binary exhibiting ellipsoidal modulation.
The atmosphere of its more luminous component exhibits helium lines in addition to
hydrogen, much like an sdB. Based on its large radius and high temperature, the system
is likely a WD+sdB system. Because degenerate He WDs pass through the same location

in color-luminosity space as sdBs, it is difficult to differentiate the two classes of objects.
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The parameters for this system are poorly constrained, due to the absence of a high
quality follow-up lightcurve. Further follow-up is underway to better constrain this

system’s characteristics.

ZTF J2130+4420

ZTF J2130+4420 is a mass transferring WD+sdB system described in Kupfer, Bauer,
Marsh, et al. (2020). When the high-SNR HiPERCAM lightcurve of the system was
modelled, the shape of the primary minimum in the lightcurve could only be reproduced
with an accretion disk eclipsing the sdB in the system (which dominates the luminosity).
The lightcurve of J2130+4420 and the similar system J2055+4651 are very distinctive,
with minima of different depths, making them easy to identify as ellipsoidal/eclipsing

variables and distinguish from other periodic variables in this period range.

ZTF J1901+5309

ZTF J1901+5309 is an eclipsing pair of He WDs described in detail in Coughlin, Dekany,
et al. (2019). While the core composition of the WDs is ambiguous due to the system
being a double-lined spectroscopic binary, we have determined masses using mass-radius

relations for the two components, and identified both as consistent with He WDs.

ZTF J2320+3750

ZTF J2320+43750 consists of a CO WD orbiting a He WD. The He WD exhibits a spec-
trum similar to other ELMs, including a Mg II metal line (ELMs often show enhanced
photospheric abundances of metals, which has been attributed to a combination of rota-
tional mixing and radiative levitation—see Kaplan, Bhalerao, et al. (2013) and Hermes,
Ginsicke, et al. (2014)). The spectrum of ZTF J2320+3750, with an example of the
model used to fit it is illustrated in Figure 5.7. Notably, ZTF J2320+3750 has a large
radial velocity semi-amplitude for its orbital period. Large-scale massively multiplexed
spectroscopic surveys should be quite sensitive to detecting such systems with multiple

observations.
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Figure 5.7: The coadded and de-redenned LRIS spectrum of ZTF J2320+3750 (black
points), fit with a spectroscopic model (red) to determine the surface temperature and
gravity of the white dwarf.
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ZTF J2055+4651

ZTF J2055+4651 is a mass-transferring and eclipsing WD+sdB system described in
Kupfer, Bauer, Burdge, van Roestel, et al. (2020). The system has a lightcurve which
is incredibly similar to ZTF J2130+4420, with minima of very different depths, making
it easily distinguishable from other variables such as ¢ Scuti pulsators. The high-SNR
HiPERCAM lightcurve revealed a weak eclipse of the donating sdB star by a massive
WD accretor, implying an accretor temperature of over 60,000 K (see Kupfer, Bauer,
Burdge, van Roestel, et al. (2020) for further details).

5.5 Discussion

Selection Biases

In order to determine what underlying population of objects our sample represents, we
must consider selection biases introduced when identifying objects based on photometric
periodicity and color. By selecting objects with the colors satisfying Pan-STARRS
(g —r) > 02and (r —i) > 0.2, our survey probes a large color space, effectively
selecting all objects with 7 > 6,700 K. Because our selection was a simple color cut,
the objects in our sample span a large dynamic range in absolute luminosity, ranging
from DWDs to systems containing helium stars. The selection does omit cool objects
(T < 6,700K), and cool secondary of ZTF J1539+5027 suggests the possibility that
tides may not efficiently heat all WDs at short orbital periods (Burdge, Coughlin, et al.,
2019), suggesting that there may be value in extending the selection to encompass a

cooler sample of objects as well.

Binary systems containing a high temperature component are prone to exhibiting pro-
nounced eclipses, and are intrinsically more luminous than their cool counterparts,
allowing us to probe a larger volume on average by targeting blue systems than if we
simply selected objects at all colors. Less luminous cool WDs do outnumber hot WDs,
meaning that the space density of short period DWDs could be substantially larger than
that of the high temperature systems we are targeting if WDs in close binaries are not
efficiently heated by tides. We believe our omission of cool WDs is unlikely to have
significantly diminished the number of DWDs detectable in ZTF, because WDs are in-

trinsically faint due to their small size, and cool WDs fall below the ZTF’s detection
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threshold at much closer distances than their hot counterparts, greatly limiting the vol-
ume which can be probed in the cool temperature regime (consider a 0.3 My He WD at
6, 700 K—such an object would have an apparent magnitude of 21 in g at a distance of
just 430 pc, and a 0.6 My CO core WD at this temperature would reach this apparent
magnitude at just 270 pc).

We also searched the entire catalog of WD candidates reported in Gentile Fusillo et al.
(2019), which includes cooler WDs, and discovered no binary candidates which were
not already encompassed by the Pan-STARRS color cut. Of the 15 systems described
here, ZTF J0538+1953, PTF J0533+0209, ZTF J0722-1839, ZTF J2228+4949, ZTF
J0640+1738, ZTF J1901+5309, and ZTF J2320+3750 are members of the Gentile Fusillo
et al. (2019) WD catalog.

In contrast to optical surveys, gravitational wave surveys like LISA are agnostic to the
temperatures of sources, and thus will probe this cooler population of binaries, which
remain hidden to optical surveys. Sources with luminous non-degenerate helium star
components such as ZTF J0643+0318, ZTF J2130+4420, and ZTF J2055+4651 are
intrinsically luminous enough that they can exceed ZTF’s detection threshold at several
kpc, even when heavily extincted, as is the case for both ZTF J0643+0318 and ZTF
J2055+4651. Thus, by targeting redder sources, one could potentially expect to find

more such systems.

We did not employ any selection invoking the astrometric solutions of the Gaia survey
(Gaia Collaboration, 2018) because ZTF’s limiting apparent magnitude of ~ 21 is
beyond the threshold of Gaia’s ability to measure reliable parallaxes. Additionally, ZTF
has acquired a significant amount of photometry in dense regions of the Galactic plane,
where Gaia astrometric solutions are less reliable than in lower-density, higher galactic
latitude fields.

Curiously, of the eclipsing systems in our sample, only one contains a clear > 0.5 Mg
WD, even though the ELM survey found primarily pairs of He core+CO core WDs.
However, this is easily understood as a selection effect. In general, CO WDs are less
luminous than their He WD counterparts due to their smaller size. Thus, when such

systems do undergo eclipses, it results in a shallow eclipse, as the CO WD subtends a
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small cross section of the larger He WD companion when it occults it, and during the
secondary eclipse when the CO WD is occulted, little luminosity is lost, as the CO WD
only contributes a small fraction of the total luminosity of the system (unless the CO
WD is significantly hotter than the He WD, as is the case in ZTF J1539+5027).

Objects discovered via ellipsoidal modulation carry a different selection effect. As
discussed in Faulkner et al. (1972), there is a direct relation between the density of an
object and the orbital period at which it overflows its Roche lobe, with only a weak
dependence on mass ratio. In cases where the companion has a higher mass than the
object overflowing its Roche lobe (¢ < 1, as is necessarily the case for most double
degenerate objects exhibiting ellipsoidal modulation), one can relate the orbital period
at which the object fills its Roche lobe, P}, in days, and the density p of the Roche filling

object in g cm ™3 with the useful approximation

4

Pp = 21—/3 ) (5.6)
which does not deviate by more than three percent for 1 < g < 100 (Eggleton, 1983).
The selection effect introduced by this relation is quite apparent —photometric surveys
like ZTF only detect ellipsoidal modulation in objects nearly filling their Roche lobes, and
therefore can only detect such binaries in a narrow range of orbital periods, governed by
the lower-density component in the system. Consequentially, high density objects such
as CO WDs can only be discovered at extremely short orbital periods using ellipsoidal
modulation, as these objects do not begin to fill their Roche lobes until P, ~ 1 min. At
these orbital periods, gravitational radiation acts so quickly that the merger timescale
of the systems is short (less than 500 yr for a pair of 0.6 My CO WDs at 60 s orbital
period, which would exhibit ellipsoidal modulation on the order of a few percent at
this period). However, selecting targets which exhibit ellipsoidal modulation does not
introduce significant bias regarding the mass of the unseen companion, other than the
basic requirement that it should be more dense/less luminous than the detected object
(otherwise it would be the object dominating the signal). This has already manifested
itself in our small sample of objects, as several of the systems exhibiting ellipsoidal

modulation contain higher-mass presumably CO core WDs, such as ZTF J2320+3750
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and ZTF J0533+0209, whereas the majority of the eclipsing systems containing pairs of
He WDs.

In conclusion, it is unsurprising, based on selection biases, that our sample contains
systems with at least one low-mass He WD, or a non-degenerate He star component, as
detecting ellipsoidal modulation and/or eclipses is challenging for systems containing
only CO WDs or more compact objects. Notably, the location of our sample when plotted
on a Hertzsprung-Russell diagram (see Figure 5.8) reflects this, as all systems are clearly
over-luminous relative to the WD cooling track. It is worth noting that detecting objects
via photometry has important advantages over spectroscopic selection in that obtaining
spectra requires dividing photons across many pixels, and thus requires integrating for
much longer to exceed the signal per pixel necessary to avoid significant dilution of the
SNR due to readout noise. This means that spectroscopic surveys must either target
significantly brighter objects than a photometric survey, or sacrifice critical temporal
resolution by acquiring longer exposures than a photometric survey of equivalent depth.
Such considerations are important when comparing massively multiplexed spectroscopic
surveys and photometric surveys like ZTF, and their discovery potential in the phase-

space of short orbital period binaries.

LISA

Our survey targets binary systems with orbital periods under an hour because LISA’s
gravitational wave sensitivity peaks in this regime. As illustrated in Figure 5.9, half of
our sample falls above the LISA sensitivity curve after 4 years of observations, though
the current uncertainty in LISA SNR for most sources originates from an uncertainty in
the distance to the sources. It is also worth noting that the characteristic strains plotted
in Figure 5.9 are a quantity which does not account for inclination, and as discussed
earlier, a near edge-on inclination significantly diminishes the gravitational wave signal
expected from a binary compared to a face-on system. Many of the ZTF sources consist
of two He core WDs, whereas the ELM survey is dominated by He WDs orbiting higher
mass CO core counterparts, with the notable exception of the system reported in Brown,
Kilic, Bédard, et al. (2020), meaning that on average the chirp mass is lower in the ZTF
sample of objects than in the ELM survey.
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Figure 5.8: Hertzsprung-Russell diagram illustrating the de-reddened locations of 14
binaries in the sample with Gaia astrometric solutions (ZTF J0643+0318 is omitted,
as its modelling is ongoing). The red stars represent objects which are in our sample,
with absolute luminosities calculated based on their spectroscopic distances. Most
objects cluster between absolute magnitudes of 6.5 and 10.0, with the exception of the
systems containing either He burning stars or young and hot He WDs (which contribute
significant additional luminosity, dwarfing both the luminosity of the companion WD
and any accretion luminosity). The background color magnitude diagram (CMD) is the
a sample of all stars in Gaia within 100 parsecs that have reliable astrometric solutions.
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The average orbital period of the systems in the ZTF sample is significantly shorter than
in the ELM sample, due both to selection criteria (this work did not pursue objects with
Py, > 60 min), and selection bias, as eclipses and ellipsoidal modulation become more
difficult to detect at longer periods, though future work will characterize longer period
systems. Shorter period objects like ZTF J1539+5027 have a small lifetime (see Table
5.6) and are thus rarer, and likely to be more distant if detected at all.

As illustrated in Figure 5.9, targeting objects at short periods compensates for the loss in
characteristic strain due to such systems being rarer (and thus more distant), as LISA’s
sensitivity increases by more than an order of magnitude over the period range of objects
in our sample. The increase in sensitivity from LISA couples with the f%/3 frequency
dependence of the gravitational wave amplitude, and the boost in SNR due to \/m
over 4 years of observations, meaning that the characteristic strain scales as f7/%. Thus,
a system like ZTF J1539+5027 has an enormous advantage in detectability by LISA over
a higher chirp mass system such as J2055+4651.

The most significant contributions of our survey to the sample of LISA-detectable binary
systems are ZTF J1539+5027 and ZTF 0538+1953, which along with SDSS J0651+2844
form a trio of high-SNR eclipsing LISA-detectable binaries. Due to their eclipses, we
can precisely measure time these systems using optical data, and thus given a few months
to years of monitoring, measure orbital decay with high confidence, and potentially even

measure the acceleration of orbital decay.

Many of our binaries have precisely constrained inclinations as a result of features in their
lightcurves (in particular those systems exhibiting eclipses). Eventually, these systems
will serve as a test of LISA, which can also measure inclinations in systems through the
ratio of the amplitudes of the two gravitational wave polarizations, which have differing
inclination dependence. The cross polarization, Ay, scales as (1 + cosz(i)), whereas
the plus polarization, &, scales as cos(i), thus vanishing for the edge-on inclination
which most eclipsing systems are near. Ellipsoidal variables like PTF J0533+0209 stand
to benefit significantly from a LISA gravitational wave signal, which can be used to
precisely constrain the inclination of these systems. When combined with the radial

velocity semi-amplitude and photometric ellipsoidal modulation amplitude, this allows
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for a robust estimate of the component masses.

When LISA begins to operate, we will gain new information on the sources. For a
system like ZTF J1539+5027, which is already well constrained electromagnetically
(but also a high SNR LISA source), the primary new constraint will be a precise distance
estimate. Currently, this estimate is based on the measured radius and temperature of
the object (known as a spectroscopic distance estimate), but such an estimate is quite
model dependent, and assumes a reliable understanding of variables such as extinction
along the line of sight. LISA will provide a precisely measured gravitational wave
strain amplitude, and the chirp mass is already well estimated for this system based on
electromagnetic constraints, and thus one can infer the distance to the source using this
amplitude. For some sources, particularly those which are ellipsoidal variables with well
measured temperatures, this precise distance measurement will help further constrain
the properties of the system by placing tight constraints on the optical luminosity of the

system.

Perhaps one of the most exciting classes of systems LISA will detect are those like
ZTF J1539+5027, but also bright enough to have their distances measured precisely via
parallax. With such sources, one could use the gravitational-wave strain amplitude to
precisely measure the chirp mass of the system in a robust manner. Such a measurement
would be extremely exciting, as these systems have precisely measurable orbital decay
rates from eclipse timing (or even if they lack optical periodicity to measure this from,
LISA could be used to measure the frequency evolution of the system). One could
use such systems to directly measure the difference in measured P;, from that expected
due to general relativity, probing the efficiency of tides in the system. Currently, the
only system in our sample which has a distance measured precisely enough for such
an exercise is ZTF J2130+4420, which unfortunately is a rather low-SNR LISA source.
Additionally, this system is undergoing mass transfer, so any measured deviation of the
orbital evolution from general relativity could be influenced by an exchange of angular

momentum due to mass transfer.
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Figure 5.9: The characteristic gravitational wave strain of the sources described in this
work (shown as red diamonds—note that the three mass-transferring sources for which
we do not yet have parameter estimates have been omitted), compared with the sample
of DWD binaries from the ELM survey (shown as grey diamonds), overplotted with
the 4 year LISA sensitivity curve (solid black line). An inset compares the sample
presented in this paper (which exclusively investigated systems with orbital periods
under an hour), with the full sample of systems discovered by the ELM survey (Brown,
Kilic, Kosakowski, Andrews, et al., 2020). The inset also presents the evolution of ZTF
J1539+5027 with the dashed black line, illustrating what its characteristic strain would
have been in the past at longer orbital periods. Overall, the ZTF sample contains two
high SNR gravitational wave sources (ZTF J1539+5027 and ZTF J0538+1953, with
4-year SNRs of approximately 96). See Table 5.6 for further details. The 4 year LISA
sensitivity curve was computed as described in Robson et al. (2019).
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Evolutionary Fates

All of the binaries in our sample are either already interacting, or will interact in the
near astronomical future (see Table 5.6). Thus, a significant question worth posing is
what will occur when these systems interact. We illustrate possible outcomes should the
systems merge in Figure 5.10, based on the work described in Shen (2015).

Most of the double He WD systems in our sample are close to a mass ratio of unity,
and thus are likely to merge when they interact (Marsh, Nelemans, et al., 2004). As
discussed in Shen (2015), these systems could evolve into two classes of objects: either
a non-degenerate He-burning hot subdwarf star, which eventually cools into a CO WD,
or alternatively, they could form an R CrB star, which would also eventually cool into a
CO WD. In either case, these systems ultimately end up on the WD track, and thus serve
as evidence that it is likely at least some low mass WDs merge and ultimately form a CO
WD.

The other double degenerate systems in the sample, containing both a CO WD and a He
WD, have larger mass ratios than double He WD systems. Thus, with the onset of mass
transfer, it is possible that these systems could evolve into AM CVns (Ramsay, Green,
et al., 2018). However, Shen (2015) proposes that these systems too could ultimately
merge, and along the way potentially produce powerful helium detonations known as .1a
(“dot Ia”) supernovae. Upon merger, they are expected to form an R CrB as the He WD
is disrupted by its more dense CO companion, forming a helium atmosphere around this
core. Ultimately, most of these R CrB stars would cool to form a CO WD on the WD

cooling track.

Finally, the remaining systems in our sample contain a degenerate WD accreting from
a non-degenerate He-burning star (ZTF J2130+4420 and ZTF J2055+4651). These
systems will likely build up a layer of helium on the CO WD, which could eventually
undergo a detonation, and if the CO WD is sufficiently massive, this could result in a
“double-detonation” by igniting the degenerate carbon-oxygen core (Shen, Kasen, et al.,
2018; Shen, Boubert, et al., 2018). However, in the case of ZTF J2130+4420, the CO
WD is only 0.545*0920 7. likely too low even to produce a sub-luminous Type Ia

-0.020

supernova, whereas ZTF J2055+4651, with its 0.68“:8"32 Mo, is the more likely of the
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two objects to produce such an event (Perets et al., 2019). Ultimately, the two objects
could also exhaust helium shell burning, and simply cool into double degenerates. Upon
merger, they would likely form a rapidly rotating CO WD, potentially preceded by an R
CrB phase if substantial He remains as expected for hybrid WDs (Perets et al., 2019).
For further details on these systems, please see Kupfer, Bauer, Marsh, et al. (2020) and
Kupfer, Bauer, Burdge, van Roestel, et al. (2020).

5.6 Conclusion

Using data from the Zwicky Transient Facility, we have significantly increased the
number of known binary systems with an orbital period of less than an hour. Using
high-speed photometric follow-up in combination with spectroscopic follow-up we have
characterized the physical parameters of the systems using model-dependent techniques
invoking WD mass-radius relations. In future work, we hope to obtain more model-
independent measurements such as orbital decay rates to more robustly characterize the

physical parameters of these systems.

We will continue to analyze ZTF data as it accumulates more epochs and discover more
such objects. At the current stage of the survey, the sample we have discovered exhibits
a remarkably high fraction of pairs of He WDs, likely due to selection effects. As we
continue the survey, we anticipate discovering more systems, and that our discoveries
will begin to include other classes of sources, such as pairs of CO WDs. All of the
detached systems in our sample should be undergoing rapid orbital decay due to general
relativity, and we expect to detect this orbital decay in every detached system with high

significance before LISA launches.

The algorithms and analysis techniques we are developing will be applicable to upcoming
surveys such as the one which will be conducted by the Vera Rubin Observatory (LSST
Science Collaboration et al., 2009). These data sets will be accompanied by their own
challenges (in particular, lower cadence, split across many filters). Given the clear
promise demonstrated by the discoveries emerging from ZTF, we are optimistic that
optical time domain surveys will continue to revolutionize our understanding of binaries
in the millihertz regime. These surveys will set the stage for LISA, having discovered

dozens, if not hundreds of sources by the time the instrument begins to operate. In
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Figure 5.10: A reproduction of the diagram featured in Shen (2015), illustrating possible
evolutionary fates of double degenerate pairs. In red, we plot the double degenerate
objects discovered by our survey. Most of these are double He WDs that are expected
to evolve into hot subdwarf stars (sdB/sdO) objects upon merger. Three other double
degenerate systems (including ZTF J1539+5027) have CO cores and likely produce R
CrB stars upon merger, though they could also turn into mass-transferring AM CVn
systems that exhibit SN .Ia He-shell detonations. Systems containing non-degenerate
objects (blue points) would only follow the scenarios described in Shen (2015) if the He-
burning objects transitioned to a degenerate state prior to merger. They could produce
other phenomena, including type Ia SNe, due to mass transfer/merger before becoming
degenerate (see text).
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future work, we will characterize our recovery efficiency in greater detail using synthetic
lightcurves, in order to better characterize ZTF’s sensitivity to detecting the population
of DWDs in the galaxy. Efforts are currently underway to increase sensitivity to the
shortest period binary systems by account for their orbital period evolution, which

requires algorithms that can accommodate acceleration searches (Katz et al., 2020).

Binaries with compact object components are transitioning into a golden age, as we enter
an era when time domain surveys such as ZTF enable detection via periodic features.
Massively multiplexed spectroscopic surveys acquiring multiple epochs such as SDSS-V
(Kollmeier et al., 2017) and LAMOST (Cui et al., 2012) will enable detection of these
systems via large radial velocity shifts, with the feasibility of this technique having
already been demonstrated on a smaller scale by the ELM survey. Deep all sky X-
ray surveys such as that being conducted by the eROSITA instrument aboard the SRG
mission (Merloni et al., 2012) will enable detection of ultracompact X-ray binaries and
direct-impact accreting systems such as HM Cancri (Roelofs et al., 2010). Finally, Gaia
(Gaia Collaboration, 2018) has completely revolutionized stellar astronomy by providing
parallax measurements, which has enabled careful targeting of objects such as WDs. This
era will culminate with the launch of LISA, which will enable detection of thousands of
these systems in the form of gravitational waves, and revolutionize our understanding of

compact binary systems.
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5.7 Appendix
Instrumental/Observational Information
LRIS

We obtained the majority of our spectroscopic follow-up using the Low Resolution
Imaging Spectrometer (LRIS) (Oke, Cohen, et al., 1995) on the 10-m W. M. Keck
I Telescope on Mauna Kea. We conducted most of our observations using the 600
grooves/mm grism with a blazing angle of 4000 , and the 1” slit on the spectrograph,
resulting in an effective FWHM resolution of 3.8-4.1 across the wavelength range of
the blue arm (the approximate wavelength range is 3200-5800 ). The dispersion of this
element results in approximately 0.63 of wavelength per pixel, meaning that we sample
the PSF from this slit with more than 6 unbinned pixels, thus, we always bin along the
dispersion axis when observing with this instrument, as it significantly reduces readout
time and read noise, and comes with no cost in resolving power (at least in the case of
2x2 binning). For some observations which required particularly short exposures (such
as ZTF J1539+5027), we binned 4x4, to further reduce readout time. Ultimately, the
lower limit of exposure times during spectroscopic observations are set by the readout
duty cycle and read noise floor (one splits photons across many pixels when obtaining
spectra, resulting in a small number of counts per pixel, which can quickly become
comparable to the readout noise in short exposures). Frame transfer CCDs offer an
attractive solution to eliminating the readout duty cycle bottleneck (which, for observing
ZTF J1539+5027 for example, was a prohibitive 34 percent, as the effective exposure
time was 52 seconds, but even with 4x4 binning, the readout time was still 27 seconds).
Electron Multiplying CCDs take this one step further by offering both the possibility

of eliminating the issue of readout time, and also eliminating read noise, meaning that
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observations can be obtained in photon-counting mode. The catch of such an instrument
is a factor of V2 larger readout noise due to concidence losses (Tulloch and Dhillon,
2011); however, for faint targets which require high temporal resolution, these CCDs
offer a solution that conventional CCDs do not. Coincidence losses can be avoided in
the photon-counting limit where no more than one photon is incident on a pixel in any
given image, making this technology particularly attractive for higher resolution CCDs

where the dispersion is sufficiently high that this regime can be easily reached.

DBSP

We obtained the spectrum of ZTF J2228+4949 using the Double-Beam Spectrograph
(DBSP) (Oke and Gunn, 1982) on the 200 inch Hale telescope at Palomar observatory.
The instrument provides a resolution comparable to LRIS, and has similar limitations in

readout time overheads.

ISIS

Spectra for ZTF J2130+4420 were obtained using the ISIS spectrograph on the 4.2 m
William Herschel Telescope. For further details on these observations, please see Kupfer,
Bauer, Marsh, et al. (2020).

GMOS-N

Spectra for ZTF J2055+4651 were obtained using the GMOS-N spectrograph on the
8.1 m Gemini North Telescope. For further details on these observations, please see
Kupfer, Bauer, Burdge, van Roestel, et al. (2020).

HiPERCAM

HiPERCAM is a high-speed photometer mounted on the 10.4-m Gran Telescopio Ca-
narias (GTC) on the island of La Palma in the Canary Islands (Dhillon, Dixon, et al.
2018, Dhillon et al. in prep). The instrument is a frame transfer quintuple-beam imager,
allowing for simultaneous imaging in u, g, r, i, and z band at frame rates of > 1 kHz.

The light-collecting power of a 10-meter class telescope, combined with the high frame
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rate of this instrument, makes it optimal in obtaining the high SNR observations of the
systems described in this work, particularly systems such as ZTF J1539+5027, whose
eclipse ingress and egress last only a few seconds and spans an apparent magnitude range
of approximately 21 in g at the start of the eclipse, and reaches > 27 in g at the base of

the eclipse.

ULTRACAM

ULTRACAM is a three-channel high-speed photometer currently mounted on the 3.5
meter New Technology Telescope at La Silla observatory (Dhillon, Marsh, et al., 2007).
All observations on this instrument were conducted using u and g filters on two of
the channels, and the remaining channel either r or i band. Like the other high-speed
photometers used in our observations, the instrument is operated in frame transfer mode,

effectively eliminating the readout duty cycle.

CHIMERA

The Caltech HIgh-speed Multi-color camERA (CHIMERA) (Harding et al., 2016) is a
dual-channel high-speed photometer mounted on the prime focus of the 200-inch Hale
telescope at Palomar Observatory. CHIMERA consists of a pair of electron-multiplying
CCDs capable of using either conventional amplifiers or those with electron-multiplying
gain. We operated the detectors in the conventional amplifier mode with frame transfer
enabled, as for all of our targets we obtained enough photons in several second exposures
such that the V2 increase in shot noise from using the electron-multiplying gain would

erase any gains from eliminating readout noise.

KPED

The Kitt Peak Electron Multiplying CCD Demonstrator (KPED) is a single-channel high-
speed photometer mounted on the 2.1 meter telescope at Kitt Peak National observatory
(Coughlin, Dekany, et al., 2019). The instrument uses the same electron-multiplying
CCDs used by CHIMERA. The observations highlighted in this work were obtained

using frame transfer mode and in g.
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period-finding

In this section, we explore the sensitivity of the algorithms used to discover the systems

described in this work using both a real example, as well as synthetic signals.

We typically search approximately 2 million trial frequencies per lightcurve. The highest
frequency we search to is 720 times per day, and the lowest is defined as 2/baseline, where
the baseline is the end date of the lightcurve, minus the start. Because the frequency
grid depends on the baseline of the lightcurve, we compute it independently for each
lightcurve. We used an oversampling factor of 4. To avoid aliases due to the sidereal

day, we slice frequencies out of the frequency grid at 1.0 days, and its various harmonics.

One of the known systems we tested our technique on was the 12.75-min binary system,
SDSS J0651+2844 (Brown, Kilic, Hermes, et al., 2011), whose phase-folded ZTF
lightcurve is illustrated in Figure 5.11. This system did not become recoverable in
the main ZTF survey until a substantial number of epochsover 600 epochs had been
accumulated (see Figure 5.12 for further details), as its eclipses are quite shallow due
to the more luminous component being the larger. We expect that as ZTF’s sampling
continues to increase, we should start to recover more eclipsing CO WD plus He WD
white dwarf systems like SDSS J0651+2844, whereas our current discoveries in general
exhibit larger photometric amplitudes than seen in SDSS J0651+2844 because they
consist primarily of pairs of He WDs, or as in the case of ZTF J1539+5027, the more
compact CO WD dominates the luminosity.

In Figure 5.12 we illustrate the sensitivity of the conditional entropy algorithm to both a
sinusoidal signal and a square wave as a function of both the amplitude of the signal and
the number of epochs. In addition to characterizing the sensitivity of the algorithm to
a synthetic signal, we also present ZTF’s median RMS scatter as a function of apparent
magnitude, and the cumulative ZTF sampling of Gaia objects above a declination of
—28° in Figure 5.12. Using this figure, one can for example, infer that at an apparent
magnitude of 19, ZTF has an RMS scatter of ~ 7%, and approximately two-thirds of
all sources in Gaia above a declination of —28° have 500 or more detections in ZTF
at this apparent magnitude. Using the top panels of the figure, one can then estimate

that ZTF should have detected more than half of all sinusoidal sources at this apparent



143

magnitude with an amplitude of > 3.5%. These are crude estimates, and further work
is underway to conduct careful simulations of ZTF data to better characterize detection
efficiency by accounting for the cadence in each field, data artifacts, and other import
elements that the simple treatment presented below cannot capture. The work presented

in this publication is not intended to explore rates, and thus we leave the analysis at this.
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Figure 5.11: The phase-folded ZTF lightcurve of the 12.75-min orbital period binary,
SDSS J0651+2844 (Brown, Kilic, Hermes, et al., 2011), which we blindly recover with
our period-finding algorithms. An early dedicated observation of this system during
ZTF’s commissioning served as a proof of concept that a wide field optical time domain
survey such as ZTF could function as a powerful tool for identifying members of this
class of gravitational wave source.

LISA Signal to noise

Here, we walk through the basic formalism we used to estimate the signal-to-noise ratios
of the binaries in this paper.

In order to estimate the LISA gravitational wave SNR, we adopt the same formalism as
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outlined in Robson et al. (2019). In Burdge, Coughlin, et al. (2019) and Burdge, Fuller,

et al. (2019), the chirp mass, M., was estimated from the rate of orbital decay due to
gravitational wave emission. In this work, we do not yet have precise orbital decay
measurements of any other systems, so we instead estimate the chirp mass from mass
estimates based on lightcurve and spectroscopic modelling. We use the approximation
for the orbit-averaged signal amplitude at the detector computed in Cornish and Larson
(2003),

A? = A ((1 + cos? (i) (F7) + 4 cos? (i) (F2)), (5.7)

where the intrinsic source amplitude is given by A = Z(GCTA;?SB(N )23, and the orbit
averaged detector responses are (Ff) and (Fi) (see Cornish and Larson (2003) for the
full expressions of these quantities). Note that Cornish and Larson (2003) includes a
factor of % in this expression which we have omitted. This factor of % arises from time
averaging over the | cos (¢7)|? in the signal; however, in order to find agreement with the
sky, inclination, and polarization averaged SNR in Robson et al. (2019), we found we
had to eliminate this % We believe this is because in Robson et al. (2019), the phase of
the gravitational wave is expressed as ¢/, and when Robson et al. (2019) computes the

inner product of the gravitational wave with itself, this term vanishes.

To estimate the signal-to-noise, we use the expression given in Korol, Rossi, Groot, et al.
(2017),

SNR2 _ AzTobs
Pu(fs)’

where P,(fs) is the power spectral density of the noise in a Michelson channel. We

(5.8)

obtain the sky-averaged LISA noise curve from Robson et al. (2019) In order to estimate
the power spectral density of the noise, we divide the sky-averaged sensitivity by the
sky-averaged response function, \/3/_20 to obtain an effective non-sky-averaged curve
(see Robson et al. (2019) for further details). Note that while the response function given
in Robson et al. (2019) is \/3/_10, it is actually a composite of a response which arises
from averaging over the sky (the \/3/_20) and an additional factor of V2 which arises
from summing over two independent channels, which we want to preserve in our SNR

estimate.
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The signal to noise described in this work is simply an estimate which uses a time averaged
approximation, and is not a substitute for a full time-dependent LISA simulation. Our
estimates do account for sky location and inclination, as these parameters are well
constrained for the sources in this work, and do have significant impacts on the estimated
signal to noise. For the purposes of our SNR estimates, we marginalized over the
polarization angle. We repeated our calculations using the waveforms given in Robson
etal. (2019), and arrived at the same estimated signal to noise ratios using these combined
with the orbit averaged signal (we compute the orbital-averaged response in Equation
5.8, using the waveforms given by Robson et al. (2019) Equation 15, with the amplitude
given by Robson et al. (2019) Equation 20, and use this quantity as the expectation value
of the numerator in Robson et al. (2019) Equation 36, and arrive at the same result as

the formalism outlined above).

Combined with a distance and inclination estimate, knowing the chirp mass allows for
a direct estimate of the gravitational wave strain of the source as measured from Earth.
We report the estimated LISA SNR for the sources in the sample in Table 5.6.

It is worth noting that these SNRs are a factor of V2 different than those presented in
Korol, Rossi, Groot, et al. (2017), Burdge, Coughlin, et al. (2019), and Burdge, Fuller,
et al. (2019) due to an error which introduced a factor of two into the strain amplitude,
in combination with a \/g from the prefactor of % we omitted in Equation 5.7 in this
work (which was not omitted in previous work). We also used the more up to date
LISA sensitivity given in Robson et al. (2019), which changed results at the ~ 10% level
compared to the sensitivity of Amaro-Seoane et al. (2017).
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Figure 5.12: Upper left: The significance returned by the conditional entropy algorithm
on a synthetic sinusoidal signal with a 10 minute period. On the x axis, we illustrate
the semi-amplitude of the sinusoid compared to the RMS scatter injected into the signal.
The horizontal black line illustrates the significance threshold we imposed for inspecting
lightcurves visually for candidates. Upper Right: This panel is analogous to the upper
left panel, but rather than a synthetic sinusoidal signal, the algorithm was instead run
on a synthetic eclipsing signal in the form of a periodic square wave with a 10 minute
period, and 5 percent duty cycle. Lower left: An empirical average of ZTF’s RMS
scatter for a sample of all Gaia sources with a color of (BP — RP) < 0.5. Lower right:
An illustration of the fraction of Gaia sources with a declination of > —28° and with
a color of (BP — RP) < 0.5 vs the number of archival ZTF photometric detections of
these sources. The large number of faint sources with no detections are dominated by
sources which were not detected in the ZTF reference image used to seed the archival
database (primarily located in dense regions of the Galactic plane). See Masci, Laher,
Rusholme, et al. (2019) for further details.
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Chapter 6

CONCLUSIONS AND FUTURE PROSPECTS

As highlighted in this thesis, ZTF has opened the floodgates to a new way of discovering
the dominant population of gravitational wave sources detectable by LISA using wide
field photometric surveys. The current rate of discovery using ZTF is approximately
one new ultracomapct binary per month, meaning that a survey on a 48-inch telescope
constructed in the 1940s has been single-handendly responsible for a tenfold increase in
the average rate of discovery of sub-hour orbital period binaries when compared to the
period between the recognition of AM CVn as an ultracompact binary in 1972 and the

state of affairs when ZTF began operating in mid-2018.

Perhaps the most exciting prospect of the results of this thesis, is that ZTF represents
just one of many time domain surveys which are currently operating or coming online.
This rapidly maturing field will soon go deeper with the Vera Rubin Observatory (VRO),
obtain densely sampled and high precision photometry for bright objects with missions
like TESS, and will probe time domain phenomena in non-optical wavelengths with
facilities such as the Spektr-RG and Roman space telescopes. Below, I discuss a few

specific possibilities which may arise from these different facilities.

X-ray facilities such as Spektr-RG (SRG), with an order of magnitude greater depth than
ROSAT, may finally be able to identify more direct impact accreting sources like HM
Cancri and V407 Vul. The critical ingredient in distinguishing these sources from other
X-ray sources in the sky will be to identify periodic X-ray flux modulation associated
with an orbital period. These objects also exhibit optical periodicity, so a combination of
optical and X-ray time domain datasets could be used synergistic-ally to narrow down on
these candidates, though ultimately spectroscopic follow-up will be important in ruling

out intermediate polar interlopers.

Facilities like the Roman observatory, operating in the IR, come with their own unique

challenges and benefits. In general, the short orbital period binary systems we know
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of consist of high temperature components, which emit the majority of their flux in the
ultraviolet. For blackbodies where both the optical and IR are in the Rayleigh-Jeans
tail, a filter such as K band will capture a factor of 10 less flux than an optical filter
such as g. However, IR filters experience significantly less dust-extinction than optical
or ultraviolet based passbands, making them powerful tools for probing dust obscured
regions of the Galactic plane, assuming they have sufficient light collecting power to
cope with the flux penalty associated with going to these wavelengths, and the angular

resolution to cope with the enormous stellar density visible to them.

TESS presents a unique opportunity, because although it lacks the depth and angu-
lar resolution of a facility like ZTF, it has remarkable sampling, with 10 minute full
frame images in recent sectors, and the possibility of saving 2-minute postage stamps
for a selection of targets. This 2-minute cadence is particularly attractive for double-
degenerates, as their eclipse durations are between 30 seconds and 2 minutes (assuming
an edge on inclination) for orbital periods short enough that the objects would merge in
a Hubble time (shorter than about 12 hours). Given the limited number of white dwarfs
bright enough for TESS to identify, it may be feasible in the long run to obtain this
form of data on every white dwarf brighter than an apparent magnitude of 18, allowing
for a systematic exploration of this population of objects. No eclipsing pair of double
carbon-oxygen core white dwarfs has ever been identified, likely because the duty cycle
of these eclipses is very narrow, and TESS may be the optimal tool for identifying these

objects due to its remarkably dense sampling.

Finally, the VRO, with a quarter of ZTF’s field of view, but thirty-six times the light
collecting power, will obtain useful photometry from white dwarfs at far greater distances
than those accessible to ZTF. Unfortunately, the observatory will obtain far fewer epochs,
and will divide these epochs among several filters, complicating extracting a useful
signal from the data. Fortunately, the first binary system discovered with ZTF, ZTF
J1539+5027, was discovered because its remarkably strong signal was so pronounced
that it was only necessary to obtain a few dozen epochs to clearly recognize the nature of
the object. I am hopeful that the VRO will be a powerful tool for finding more objects like
ZTF J1539+5027, if they exist (note that ZTF was sufficient for discovery this object at
2.5 kpc, so the VRO should be able to identify such an object at about 15 kpc, assuming
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no reddening). The VRO will not be a useful tool for identifying objects with very
narrow temporal features such as narrow eclipses, as it will simply lack the sampling to
blindly recover these objects. However, in the LISA era, VRO data on such objects will
still be useful, because even if the sampling was not sufficient to blindly discover them
in VRO data, it may still be adequate to measure their orbital period evolution over the

decade that the survey operated.

In conclusion, I predict that the current discovery rate of sub-hour orbital period binaries,
of about 1 per month, will increase over the next decade, yielding several hundred or

even thousands of objects prior to the launch of the LISA mission.
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