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ABSTRACT

Our galaxy is rich with a menagerie of binary stellar remnants, many of which emit both gravitational
and electromagnetic (EM) radiation as they rapidly orbit each other in ultracompact binary systems
(UCBs). According to general relativity, UCBs strongly emit low frequency gravitational-waves (GW)
detectable by the future Laser Interferometer Space Antenna (LISA). To predict and verify UCB
GW detections and maximize LISA’s scientific potential, we observe a sample of UCB candidates
using instruments including Palomar Observatory’s Triple Spectrograph and Kitt Peak’s Electron
Multiplying CCD. With orbital periods on the order of minutes to hours, we observe multiple orbital
phases or even full orbits, and measure orbital parameters such as radial velocity, mass, and inclination.
We also generate a catalog, informed by Galactic binary population models, of gravitational waveforms
and light curves for white dwarf UCBs in decaying orbits. These simulations constrain the range of
binary parameters (including radial velocity, mass, and GW strain) that we expect to detect with time
domain surveys such as the Zwicky Transient Facility and Large Synoptic Survey Telescope, which will
contribute to the sample of LISA verification binaries.

1. INTRODUCTION

Massive objects causing a changing quadrupole mo-
ment in spacetime, such as the rapid decaying orbit and
merger of dense stellar remnants, produce gravitational-
waves (GW). While these ripples or waves are created
by any and every source of gravity, the resulting change
in spacetime curvature is negligible except for in ex-
treme cases such as in the early Universe and near dense
objects including black holes, neutron stars, and white
dwarfs.

The Laser Interferometer Gravitational-wave Obser-
vatory (LIGO) has brought forth a new age of astro-
physics by not only detecting a number of GW events—
the coalescence of binary black holes (BBH) and neutron
stars (BNS)-but also by realizing a new scientific do-
main, multi-messenger astrophysics. The inspiral and
merger of light-emitting GW events such as BNS col-
lisions, or kilonovae, provide the opportunity to ob-
serve these events in both the GW and electromagnetic
(EM) regimes. With both GW and EM data, we can
better constrain the binary system’s parameters such
as location, masses, and inclination, as well as study
host galaxy properties, r-process production constraints
(Rosswog et al. 2018), equations of state of supranu-
clear density matter (Coughlin et al. 2018), and esti-
mate the Hubble constant (Hotokezaka et al. 2018). Us-

ing these multi-messenger techniques, we can not only
paint a fuller picture of the binary system, but can also
use the system as an astronomical laboratory.

The scope of multi-messenger astrophysics and range
of objects we can observe in both EM and GW domains
will be broadened with the launch of future gravita-
tional wave observatories like LISA, the Laser Interfer-
ometer Space Antenna (LISA Scientific Collaboration
2017). LISA is a space-based detector, currently pro-
posed to launch in an Earth-trailing heliocentric orbit
in 2034, which will have 3 test masses separated by 2.5
million km arms. Operating in a lower frequency band
than LIGO, LISA sensitivity ranges from Hz to sub-Hz
with peak sensitivity at about 5 mHz. LISA will be
sensitive to very massive BBH, including some super-
massive BBH in galaxy mergers, as well as resolvable
Galactic binaries.

LISA sensitivity peaks at about 5 mHz, compara-
ble to the expected frequency of a GW signal from
Galactic binaries in ultracompact orbits (Burdge et al.
2019). Beyond the BNS and BBH detectable by LIGO,
our galaxy is rich with a menagerie of binary objects.
Many of these objects evolve into dense stellar remnants
rapidly orbiting each other in ultracompact binary sys-
tems (UCBs). These binaries can be detached or in-
teracting, and are characterized by periods of one hour
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or shorter (Nelemans & van Haaften 2013). UCBs pro-
vide insight into many poorly understood stellar pro-
cesses including common-envelope evolution, magnetic
braking, and massive star evolution (Nelemans & van
Haaften 2013). UCBs emit GWs strongly in the low
frequency regime which the future space based GW de-
tector, LISA, is highly sensitive to (Nelemans & van
Haaften 2013). LISA will detect slowly inspiraling bi-
naries rather than only the compact binary coalescence
events LIGO has detected thus far, and is predicted to
detect >27,000 UCBs (Kupfer et al. 2018).

UCBs that emit strong GWs in the LISA band will be
used to calibrate the signal we get from LISA. To ver-
ify and test future LISA detections, we can use optical
data to identify and analyze UCBs in the electromag-
netic (EM) regime. Figure 1 compares the LISA sen-
sitivity derived from code! from Robson et al. (2019)
to the predicted GW signals from a few notable UCBs.
According to general relativity, UCBs like these systems
emit significant gravitational radiation and will domi-
nate GW signals in the mHz regime (Nissanke et al.
2012).
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Figure 1. Amplitude spectral diagram for LISA showing
the expected sensitivity (strain) of the detector at a given
frequency. The blue and black points show estimated GW
strain of two known UCBs, J065133.338+284423.37, a 12.75
minute period detached white dwarf binary (Hermes et al.
2012), and J153932.16+502738.8, a 6.91 minute binary that
is the shortest period eclipsing binary system known (Bur-
dge et al. 2019). Both objects have been studied with time-
resolved photometry and spectroscopy and are detectable by
LISA.

One type of UCB, double white dwarfs (DWDs) are
very common in our Galaxy as over 97% of stars evolve

! https://github.com/eXtremeGravitylnstitute/LISA _Sensitivity

into white dwarfs (Korol et al. 2017). We can charac-
terize DWDs as detached by eclipses in their light curve
or semi-detached (AM CVn) by accretion features and
He lines in their spectra (Nissanke et al. 2012). The
merger of DWDs may be progenitors to rare massive
white dwarfs, solo neutron stars, subdwarf-O stars, or
R Corona Borealis stars (Nissanke et al. 2012). DWDs
in a subhour binary can also help us study tides, white
dwarf internal characteristics, and white dwarf viscosity
(Korol et al. 2017).

Another type of UCB is the low-mass X-ray binary
(LMXB). X-ray binaries in general are comprised of a
massive stellar remnant, either a neutron star or stellar
mass black hole, and a companion star, which is usually
a main sequence star. The compact object accretes ma-
terial from the companion star, creating a signature in
the X-ray regime. These systems are useful for studying
the evolution of massive stars in a binary system and
to constrain the physics of core collapse (Type Ibc and
Type II) supernovae (Casares et al. 2017). X-ray bina-
ries with a <1 Mg Roche-lobe filling companion star are
further classified as LMXB. The objects in LMXBs coro-
tate in circular orbits (Casares et al. 2017) with short
periods on the order of hours. While some systems are
eclipsing, non-eclipsing LMXB can also be analyzed if
they feature ellipsoidal modulation. As it interacts with
its compact companion via Roche lobe, the main se-
quence star becomes distorted, which causes the pro-
jected area of the star to vary as it orbits. This pro-
duces a characteristic double-humped, sinusoidal light
curve (Charles & Coe 2003).

Verification binaries are located in our own Milky Way
Galaxy, therefore, their surface density in the sky should
peak near the Galactic Plane. LMXBs in particular are
typically located in the Galactic bulge and in globu-
lar clusters (Casares et al. 2017). The current sample
as in Kupfer et al. (2018) shows sources mostly in the
Northern hemisphere at high Galactic latitudes, sug-
gesting the sample is incomplete. Optical surveys such
as those utilizing the Zwicky Transient Facility (ZTF)
(Graham et al. 2019) and Large Synoptic Survey Tele-
scope (LSST) (Ivezi¢ et al. 2019) should discover more
sources to compile a more complete sample of verifica-
tion binaries. However, many of the degenerate LISA
UCBs are inherently faint (up to 70th mag; Korol et al.
(2017)) and therefore have not been identified in the
EM regime. Half of LMXBs are found within 20 degrees
of the center of the galaxy, which makes these systems
significantly obscured in the optical regime (Charles &
Coe 2003). As for detached DWDs, only 10s of objects
have been detected thus far. However, recent literature
predicts a number of UCBs that are bright enough to



be detectable in the optical, including 143 short period
semi detached binary systems with orbital periods less
than 25 min (Nelemans et al. 2004), and 200 detached
double white dwarfs (Korol et al. 2017), half of which
are eclipsing binaries and half of which are non-eclipsing
binaries.

Not every varying light curve, however, will corre-
spond to an eclipsing binary source. The sample will be
contaminated with pulsating white dwarfs, Delta Scuti
variables, SX Phoenicis stars, and cool spots on the stel-
lar surfaces coming in and out of view as the star ro-
tates (Korol et al. 2017). Analysis of the shape of the
light curve as well as the object’s location on an HR
diagram will allow us to identify these non-binary, or
non-eclipsing binary sources.

Observing UCBs and measuring binary parameters
such as radial velocities, masses, and GW strain, will
allow us to test binary evolution models, characterize
the astrophysical processes occurring in the systems, and
contribute to the sample of verification binaries in prepa-
ration for the future launch of LISA.

2. METHODS
2.1. Observations

As detailed in Burdge et al. (2019), we have used a
Conditional Entropy algorithm (Graham et al. 2013) to
period search millions of light curves taken with ZTF, a
wide-field (48 square degree) optical survey that scans
the Northern sky once every 3 days (Bellm et al. 2019).
Next, we visually scanned the light curves for potential
UCBs. For sources that fell on the white dwarf region of
the HR diagram, based on Gaia colors and magnitudes,
I searched for light curves with subhour periods that ap-
peared to be eclipsing. For potential LMXBs, I searched
main sequence targets for sinusoidal light curves with a
few hour long periods and differential minima. I then
cross matched candidates to catalogs such as the Roent-
gen Satellite (ROSAT) X-ray archive (Voges et al. 1998),
and selected new and interesting to follow up on with
additional observations.

For DWD candidates, we construct high cadence light
curves using the Kitt Peak’s Electron Multiplying CCD
(KPED) (Coughlin et al. 2019). For each target, we ob-
serve the source for a few hours and make a movie of
the source by taking high cadence data with 10 second
frames. After confirming the periodicity of the system,
these light curves can be modeled using the ellc pack-
age (Maxted 2016) to create light curve models to fit
to the data. These fits will allow us to measure prop-
erties of the binary objects such as the relative radii,
inclination, and mass ratio. Furthermore, with precise
timing and multiple observations over time, we can mea-
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sure eclipse timing variations to estimate orbital decay,
or P. Figure 2 shows an ellc generated light curve for
an example UCB.
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Figure 2. Example of an ellc generated light curve for
an eclisping binary system with masses m; = 0.5M and
ma = 0.25Mg, relative radii to the semi-major axis r; =
Ri/a = 0.5 and 72 = Rz/a = 0.25, inclination ¢ = 75°, and
period P = 500 s.

We follow up potential LMXBs with phase-resolved
spectroscopy to confirm the radial velocities of the sys-
tem. High radial velocities suggest the main sequence
star is in a binary with a compact object such as a black
hole or neutron star and is in a LMXB, rather than
in a binary with another main sequence star. Further-
more, we can measure properties of the individual ob-
jects and the system. By fitting the spectra just after
the primary eclipse to stellar models, we can isolate the
primary object’s spectrum and measure properties in-
cluding effective temperature and surface gravity. Spec-
troscopic data can also reveal details about the system
such as the presence of mass transfer or accretion, as
detailed in Figure 3 from Burdge et al. (2019).

2.2. Simulations

According to general relativity, the orbital evolution
of UCBs with characteristically short periods is primar-
ily driven by GW radiation (Nelemans & van Haaften
2013). This orbital decay mainfests in a decreasing pe-
riod over time, given by

. 967 5
P =~ 5 (GrMefyu)? (1)
where M, is the chirp mass (M, = (/‘BMEomz)%) and

fqw is the gravitational-wave frequency (fguw = Pib)
To simulate light curves with orbital decay, I used the
ellc package (Maxted 2016) to create eclipsing binary

light curves with a constantly changing period. I wrote
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Figure 3. Spectroscopy of ZTF J153932.16+502738.8 from
Burdge et al. (2019) taken with LRIS. a) shows the spectrum
immediately after the primary eclipse, which isolates the
primary object, and the best fitting stellar model (blue
line). b) and ¢) show phase resolved spectra of the hydrogen
n =5 ton = 2 transition at 4340 A, which lies within the
DBSP wavelength range.

a python script that generates a light curve for a new
period at each observation time given by

Prew(t) = Py + P xt (2)

where P, is the starting period and P is the rate of
orbital decay in units of time/time. General relativity
predicts that a typical DWD system with M, ~ 0.5 Mg
and a subhour period will have a P ~ —10'" s/s. To con-
struct a single output light curve from a series of light
curves with decreasing periods, I computed the modu-
lated time for each observation time and corresponding
P, cw, and interpolated the individual light curves at the
modulus time for each P,,. This process returns a sin-
gle light curve for a given set of binary parameters (in-
cluding but not limited to mass ratio, inclination, and
period) and a rate of orbital decay.

To simulate realistic time sampling, I generated time
arrays of length n with At between each consequent ob-
servation point sampled by a random Gaussian distribu-
tion with mean At set appropriately according to which
survey is being simulated. For ZTF, we expect a 1 year
baseline with approximately 3 days between each obser-
vation (Bellm et al. 2019), so time sampling parameters
were set ton = 100 and At = 3. To simulate LSST data,
we expect a 10 year baseline with a larger At of around
1 week (Ivezié¢ et al. 2019), so time sampling parameters
were set to n = 500 and At = 7.

Together with a group of researchers at Northwestern
University working on LISA science, we are using simu-
lations to constrain the range of DWD systems we will
be able to observe with current and upcoming long base-
line time domain surveys using ZTF and the Large Syn-
optic Survey Telescope (LSST) (Ivezi¢ et al. 2019). Our
collaborators are putting together a simulated wave-

form catalog of WD binaries using the COSMIC package
(Breivik 2018). COSMIC is a package that quickly synthe-
sizes realistic Milky Way compact binary populations.
From this binary population catalog, which will target
the white dwarf binary population in the Milky Way, we
can use the P light curve simulating script to generate
light curves corresponding to the DWD waveforms.

3. RESULTS

Informed by general relativity, I wrote a script to
model light curves of eclipsing binary sources with or-
bital decay rates calculated from input binary parame-
ters. The program includes modifiable time sampling to
simulate realistic observations by wide field surveys such
as ZTF and LSST, and will help determine the range of
UCBs we can detect with these observations.

On the observational side, I used ZTF scanning to
select a sample of UCB candidates to follow up on. From
this smaller set of targets, I took spectra of two potential
LMXBs, and high cadence photometry of a few potential
eclipsing DWDs.

3.1. Observations

I conducted visual scans of ZTF light curves to search
for potential UCBs based on criteria informed by the
astrophysics of DWDs and LMXBs. After identifying a
sample of interesting light curves, I cross checked the co-
ordinates of the objects in SIMBAD to eliminate known
sources. A number of known systems were eclipsing con-
tact binaries, which are stars in such a close binary that
the stars are touching or partially merged. A few sources
were classified as AM Her type stars® (see Figure 4).
While these systems are interesting in their own right,
as they are already identified, I eliminated them from
my search to narrow down the pool of unknown sources
which could be verification binaries. In total, I collected
10 LMXB candidate light curves, one of which is shown
in Figure 5.

On August 13th, 2019, using Palomar Observatory’s
Triple Spectrograph (TSpec) on the 200-inch Hale Tele-
scope, I took 2 hours of near infrared, medium resolution
spectroscopy of 2 of the most promising LMXB candi-
dates I had previously identified. Table 1 lists the tar-
gets I observed. For ZTFJ16327023, I took a single 300
second exposure, and for ZTFJ18136945, I took two 300

2 AM Her type stars are cataclysmic variables—a white dwarf and
red dwarf in a close binary—where the white dwarf has a strong
magnetic field, and although it has no accretion disk, features
an extra long mass transfer stream or accretion column directed
along the magnetic field lines straight onto the magnetic poles of
the white dwarf.
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Figure 4. Phase folded ZTF light curve of V¥ EK UMa, a
cataclysmic variable star of AM Her type.
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Figure 5. Phase folded ZTF light curve and HR diagram
for ZTFJ1813694. With main sequence classification and
differential minima without clear differential maxima, it may
be a LMXB.
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second exposures separated by about 45 min, to collect
spectra for multiple phases of the orbit.

Figure 6 shows the reduced spectra of ZTFJ18136945,
a candidate LMXB with an expected period of 3.755
hours. Trace 1 is the first exposure, and trace 2 is the
exposure taken ~45 minutes later. A LMXB with a few
hour long period should have a very high radial velocity,
which would cause the two traces to be Doppler shifted
from each other. As the phase resolved spectra are not
shifted, the source is likely not a LMXB.

Object RA Dec Mag  Period (hr) ‘

7ZTFJ16327023 248.1941 70.3933 15.157 3.506
ZTFJ18136945 273.4655 69.7561 14.369 3.755

Table 1. Objects observed with TSpec. Each is a potential
LMXB with a period on the order of a few hours.

T also used KPED remotely to take high cadence pho-
tometric data of a few of the UCB candidates we have
identified from the ZTF search (see Table 2). I took
an hour or two of data in video mode with 10 second
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Figure 6. Reduced spectra of ZTFJ18136945, a potential
~4 hour period LMXB, with flux plotted in arbitrary units.
Trace 1 is the first exposure, and trace 2 is the exposure
taken ~45 minutes later. As the two traces do not appear
Doppler shifted from each other, the target is likely not a
LMXB.

frames and 2 by 2 binning for each source. Next, we
phase folded by the estimated period from the Con-
ditional Entropy period search algorithm ran on ZTF
photometry to confirm the periodicity. Figure 7 shows
an example of a recent differential photometric observa-
tion of a periodic source. For this target, we confirmed
the period of its variability, although it does not ap-
pear to be an eclipsing binary source. Another source,
ZTFJ18553230, was found to have a much higher pe-
riod than the period search algorithm detected (103 min-
utes), as its phase folded light curve did not match this
periodicity. This may be due to systematic errors in the
period search algorithm from harmonics or photometric
calibration.

Object RA Dec

Estimated Period (min) ‘

ZTFJ19385841 294.69304 58.69826 27.95 (confirmed)
ZTFJ19260034 291.70128 -0.56820 4.97 (confirmed)
ZTFJ18553230 283.87423 32.50490 103.0

Table 2. Objects observed this summer with KPED. Each
is a varying source with a short period, and is a candidate
eclipsing DWD. The periods are estimated from the Con-
ditional Entropy period search algorithm ran on ZTF light
curves.

3.2. Simulations

With the P light curve simulating script, I have gen-
erated UCB light curves with orbital decay for ZTF-like
and LSST-like time sampling, at a survey time of 1 year
and 10 years, respectively. Figures 8 and 9 illustrate the
script output for a binary system with properties com-



Figure 7. Light curve (plotted in arbitary magnitude units)
for a UCB candidate, ZTFJ19385841, that we observed re-
motely with KPED. The target shows periodicity at the rate
we expect, with a period of 27.95 minutes.

parable to the DWDs studied in Hermes et al. (2012)
and Burdge et al. (2019) for each survey. I set a much
greater P than is astrophysically plausible for better vis-
ibility, at P = —1%10~7. In this example, deviation from
mid eclipse point for a system with no orbital decay is
clearly detectable for the LSST-like observations, and
detectable for the ZTF-like observations.
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Figure 8. Simulated ZTF phase folded light curve for an
eclipsing system with exaggerated orbital decay. The orange
points correspond to the case where P = 0, and the black
points simulate a system for which P=—-1x10"".

4. DISCUSSION

Among the statistical sources of error observationally
are read noise from the instruments and Poisson noise
from the flux measurements. The data were deliberately
taken to be Poisson noise dominated, allowing us to dis-
regard the read noise, as it was negligible in comparison.
However, both the spectra and photometry were taken
while the moon was near fully illuminated. As the spec-
tra are in the near infrared regime, the moonlight has
less of an effect on the data. The photometry was af-
fected by the full moon, though, and limited the quality
and depth of our images and increased the photometric
error.
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Figure 9. Simulated LSST phase folded light curve for an
eclipsing system with exaggerated orbital decay. The orange
points correspond to the case where P = 0, and the black
points simulate a system for which P = —1 %1077,

There are some systematic errors in the period search
process, as the Conditional Entropy algorithm assumes
the target is periodic. In wide-field, low cadence surveys
like ZTF, sometimes the photometric calibration causes
objects to appear periodic on time scales that they’re
not. Due to fluctuations within photometric errors, the
search algorithm can sometimes find periodicity where
there is no astrophysical variability. Additionally, pe-
riod searching is sensitive to harmonics, and may find
the period to be an integer multiple of the true period if
the algorithm identifies a higher or lower order mode of
variation. To rule out period search errors, it is impor-
tant to observe the object for multiple orbits to collect
data for multiple periods.

We introduced a few assumptions into our models
when simulating the orbital decay light curves. In
Figures 8 and 9, we did not account for any weather
losses. Once we know what fraction of nights are lost we
can better simulate the time sampling and account for
weather loss, when no data is taken. Furthermore, Fig-
ures 8 and 9 represent an eclipsing system with a higher
orbital decay rate than is astrophysically realistic. For
typical white dwarf binaries, we expect P ~ —1% 10711,
This small P is challenging to detect directly with only 1
year of observation and typical ZTF cadence, even with-
out weather losses, as seen in Figure 10. To qualitatively
estimate the minimum survey duration and cadence to
detect P ~ —1 %10~ for a subhour white dwarf bi-
nary, 1 simulated observations of an eclipsing system
with time sampling spanning 1-10 years duration and
daily-weekly cadence. The phase folded light curves ap-
pear more sensitive to increasing duration rather than
cadence. Longer surveys like LSST should more easily
discover eclipsing binaries with orbital decay than ZTF,
but a more robust future analysis of the effects of vary-



ing time sampling would reveal the best parameters for
detecting orbital decay.
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Figure 10. Simulated ZTF-like phase folded light curve for
an eclipsing white dwarf binary system with astrophysically
realistic orbital decay, P = —1 % 107!,

5. CONCLUSION

While the summer resulted in a few observations of
potential UCBs, as well as orbital decay models, my
work on this project is not done. I plan to continue my
work with follow-up observations of UCBs for objects
we have already selected, as well as new objects from
the most recent ZTF scans.

On the simulation side, along with our collabora-
tors at Northwestern, we are going to use the P light
curve script and Galactic binary population simulation
to quantify the DWDs we expect to be able to observe.
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In the more proximate future, I plan to generate sim-
ulated P light curves spanning inclination and period
space and using our period finding script to get a sense
for the approximate inclination and period range we are
able to measure, down to a minimum significance value
of ~7-8.

The current sample of LISA binaries is incomplete;
optical surveys such as ZTF and LSST should discover
more sources to compile a more complete sample of ver-
ification binaries. Observing UCBs and measuring bi-
nary parameters such as radial velocities, masses, and
GW strain will allow us to test binary evolution mod-
els, characterize the astrophysical processes occurring in
the systems, and contribute to the sample of verification
binaries in preparation for the future launch of LISA.

Multi-messenger astrophysics provides a new look at
the Universe, allowing us to use EM observations to fur-
ther constrain parameters about the properties of com-
pact binaries observed with GW detectors. Using instru-
ments including ZTF, KPED, and TSpec, we observed
these GW sources using photometry and spectroscopy to
better understand the astrophysics behind these multi-
messenger events.
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