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ABSTRACT

Short-period Galactic white dwarf binaries detectable by Laser Interferometer Space Antenna are the only guaranteed persistent
sources for multimessenger gravitational-wave astronomy. Large-scale surveys in the 2020s present an opportunity to conduct
preparatory science campaigns to maximize the science yield from future multimessenger targets. The Nancy Grace Roman
Space Telescope Galactic Bulge Time-Domain Survey will (in its Reference Survey design) image seven fields in the Galactic
Bulge approximately 40000 times each. Although the Reference Survey cadence is optimized for detecting exoplanets via
microlensing, it is also capable of detecting short-period white dwarf binaries. In this paper, we present forecasts for the number
of detached short-period binaries the Roman Galactic Bulge Time-Domain Survey will discover and the implications for the
design of electromagnetic surveys. Although population models are highly uncertain, we find a high probability that the baseline
survey will detect of the order of ~5 detached white dwarf binaries. The Reference Survey would also have a =20 per cent

chance of detecting several known benchmark white dwarf binaries at the distance of the Galactic Bulge.

Key words: gravitational waves — binaries: close —binaries: eclipsing — white dwarfs — Galaxy: stellar content.

1 INTRODUCTION

Short-period Galactic white dwarf binaries are the only guaran-
teed persistent targets for multimessenger astrophysics with near-
future gravitational-wave observatories. Such binaries are expected
to be among the most numerous targets for the Laser Interfer-
ometer Space Antenna (LISA), a space-based mHz gravitational-
wave observatory scheduled to launch in the mid-2030s (Amaro-
Seoane et al. 2017). Because most such binaries will evolve
minimally over the next 10-20 yr, electromagnetic observa-
tions performed before LISA launches will help establish base-
lines for the evolution and behaviour of such systems and en-
hance LISA’s multimessenger science yield (Cornish & Robson
2017).

Multimessenger observations of white dwarf binaries provide
unique opportunities to study the astrophysics, formation, and tidal
evolution of such systems (Marsh 2011; Li et al. 2020; Yu, Weinberg
& Fuller 2020; Johnson et al. 2021; Wolz et al. 2021; Carvalho
et al. 2022; Biscoveanu, Kremer & Thrane 2023). Combining
gravitational-wave and electromagnetic data for well-characterized
systems can also be used to test for deviations from general relativity
(Littenberg & Yunes 2019; Wang et al. 2022; Xie et al. 2022) and aug-
ment LISA’s calibration (Littenberg 2018). Galactic white dwarf bi-
naries are expected to produce a limiting foreground of gravitational-
wave noise at mHz frequencies (Edlund et al. 2005; Timpano, Rubbo
& Cornish 2006; Nissanke et al. 2012; Karnesis et al. 2021), which
varies over time as the LISA antenna pattern rotates relative to the
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Galactic Centre (Digman & Cornish 2022b). Improved population
modelling based on electromagnetic studies of these binaries can
help to map the Galaxy (Cornish 2001, 2002; Breivik, Mingarelli
& Larson 2020b; Korol et al. 2020, 2021; Roebber et al. 2020;
Seto 2022; Georgousi et al. 2023), and help separate the Galactic
background from other potentially overlapping stochastic noise back-
grounds, including instrumental (Adams & Cornish 2010; Edwards
et al. 2020), Galactic, extragalactic, and cosmological (Adams &
Cornish 2014; Pan & Yang 2020; Boileau et al. 2022) stochastic
backgrounds (Bonetti & Sesana 2020; Mukherjee & Silk 2020;
Boileauetal. 2021). Because LISA data analysis inherently requires a
global fit to the entire LISA data (Cornish & Crowder 2005; Crowder
& Cornish 2007; Littenberg & Cornish 2009; Littenberg et al. 2020),
improved characterization of the Galactic background benefits all
LISA’s gravitational-wave target searches including stellar origin
black hole binaries (Digman & Cornish 2022a) and supermassive
black hole binaries, further augmenting the multimessenger science
yield.

Many current and near-future electromagnetic surveys will provide
archival data of benefit to multimessenger science with LISA,
including but not limited to Roman (Akeson et al. 2019), Rubin
(LSST Dark Energy Science Collaboration 2012), Euclid (Laureijs
etal. 2011), DES (The Dark Energy Survey Collaboration 2005), the
Dark Energy Spectroscopic Instrument (DESI) (Levi et al. 2013),
Gaia (Jordan 2008), the Zwicky Transient Facility (ZTF) (Masci et al.
2019), and the Transiting Exoplanet Survey Satellite (TESS) (Ricker
et al. 2014). In this work, we focus in particular on the potential of
the planned Galactic Bulge Time-Domain Survey (GBTDS) aboard
the Nancy Grace Roman Space Telescope to detect a population of
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white dwarf binaries in the Galactic Bulge that are unlikely to be
detected by any other near-future electromagnetic survey.

The structure of this paper is as follows. In Section 2, we describe
both the Roman GBTDS and LISA gravitational-wave observing
mission. In Section 3, we describe our methodology for using
binary population synthesis models and simple instrument models to
estimate the population of white dwarf binaries that can be detected
by both LISA and Roman. In Section 4, we consider the mutual
detectability of several systems that are already known to exist
elsewhere in the Galaxy. In Section 5, we present the results of
our estimates for the population of mutually detectable binaries. In
Section 6, we discuss the results and their limitations. In Section 7,
we conclude and look towards future work.

2 THE SURVEYS

2.1 Roman Galactic Bulge Time-Domain Survey

The Roman mission, planned for launch in 2026, will carry a
2.4 m telescope to the Sun—Earth L2 Lagrange point. Its primary
instrument, the wide-field instrument, will have 18 near-infrared
detector arrays, each consisting of 4088 x 4088 pixels at a scale
of 0.11 arcsec pixel ™!, for a total field of view of 0.28 deg? (Akeson
et al. 2019). Its filter wheel will carry eight imaging filters and two
dispersers for slitless spectroscopy. Because the solar arrays are fixed
on the side of the observatory, the telescope can point anywhere in
the range of 54-126° from the Sun.

The Roman GBTDS (Penny et al. 2019) plans to make repeated
observations of several fields in the Galactic Bulge. The primary
science objective of the GBTDS is to use microlensing to statistically
characterize the population of extrasolar planets near or outside the
Einstein radius of the lens stars by observing perturbations in the
light curve. This includes statistical characterization of free-floating
planets (Johnson et al. 2020). The fields will be observed in ~72-d
long ‘seasons’ during periods when the Galactic Bulge’s orientation
is favourable relative to the Sun as seen from L2. In the reference
observing scenario, these observations will be carried out mainly
in the Wide filter (0.93-2.00 pm), which provides a higher photon
count rate and, consequently, signal-to-noise ratio (S/N) than the
standard-width imaging filters. The observatory will cycle through
seven neighbouring fields, with an exposure time of 52s per field,
and complete a full cycle in ~900s.! We expect that ~6 such seasons
will be possible in the 5-yr Roman primary mission, and more
may become possible in an extended mission (there is propellant
for >10 yr, and the infrared focal plane is passively cooled, so its
lifetime will not be limited by cryogen). During bulge observations,
the most important source of noise in most Roman pixels will
be Poisson noise from bulge stars (there are no empty pixels),
followed by the zodiacal light and then instrument backgrounds and
noise.

Roman will take advantage of recent improvements in communica-
tion infrastructure and provide a data downlink rate of >11 terabits
per day, allowing it to downlink every pixel. This downlink rate
makes Roman imaging useful for both blind searches for variable
sources and searches where the precise source position is not
known in advance. The near-infrared detectors can be read non-

Penny et al. (2019) used an exposure time of 47 s; this has been increased to
52 s as of the August 2019 review of the Roman Design Reference Mission.
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destructively, so up to six sub-exposures out of each 52's exposure
can be downlinked.”

2.2 LISA

LISA is a constellation of three identical spacecraft orbiting the
Sun in a cart-wheeling triangle with 2.5 million kilometre arms
(Amaro-Seoane et al. 2017). Drag-free attitude control systems
will hold the gold—platinum test masses at the end of each arm
in near-perfect geodesic motion (Armano et al. 2016). Laser links
between the test masses will allow precise measurement of changes
in the relative lengths of the arms. The technique of time-delay
interferometry (Tinto & Dhurandhar 2005) allows the individual
phasemeter readouts from the laser links to be interfered in post-
processing to construct polarization-sensitive observations of milli-
hertz gravitational waves.

LISA’s nominal primary mission is 4 yr, with a possible extension
up to 10 yr. Because LISA sources can be observed continu-
ously for years, far longer than is possible with ground-based
gravitational-wave detectors, LISA will obtain comparatively good
source localizations (Cutler 1998), opening opportunities to search
for faint electromagnetic counterparts for a wide variety of sources.
Detecting a source both electromagnetically and gravitationally will
break numerous parameter degeneracies, in particular improving
measurements of the distance to the source.

The primary scientific observable for LISA is the strain in three
time-delay interferometry channels as a function of time. While the
exact distribution of sources between different classes depends on
highly uncertain population modelling (Storck & Church 2023), it is
expected that LISA will have tens of thousands of sources observable
at any given time, presenting a unique data processing challenge. The
bulk of these sources will likely be Galactic white dwarf binaries
(Cornish & Robson 2017; Lamberts et al. 2019), which will emit
gravitational waves at a nearly constant source frequency for the
duration of the LISA mission.

Over a dozen already known Galactic white dwarf binaries are
guaranteed sources at LISA’s design sensitivity (Stroeer & Vecchio
2006; Kupfer et al. 2018). These are referred to as ‘verification
binaries’. By the time LISA launches, several already planned time-
domain electromagnetic surveys will likely have discovered many
more.

3 METHODS

3.1 Binary population synthesis

To generate the populations of binaries in the Roman GBTDS, we
use a modified version of cosMIC? (Breivik et al. 2020a), an updated
version of BSE (Hurley, Tout & Pols 2002). We generate a population
of binaries with fixed metallicity Z = 0.018 and a delta-function burst
of star formation 8 Gyr ago for stellar ages. Primary masses are drawn
from a Kroupa initial mass function (IMF) (Kroupa 2001) with m,
< 100 mg. Binaries with m; < 0.95 mg, are counted towards the total
mass in the GBTDS field, but not evolved, because lighter primaries
never form compact objects with the physics encoded in COSMIC. We
choose secondary masses uniformly from 0 < m, < m;, although we
do not evolve systems with m, < 0.5 mg because they also do not

2See the Science Requirements Document: https://asd.gsfc.nasa.gov/romanc
aa/docs2/RST-SYS-REQ-0020C_SRD.docx.
3https://cosmic-popsynth.github.io/
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form compact binaries. We select initial eccentricities from a thermal
eccentricity distribution, f. = 2e (Heggie 1975). We set the initial
semimajor axis a to be flat in log space from 0.5r < a < 10°rg,
where r, is the Roche limit of the system. We use a modified-Mestel
cooling law (Mestel 1952; Hurley & Shara 2003) for white dwarfs,
and leave all other parameters to the COSMIC defaults.

Higher multiple systems, such as hierarchical triple or quadruple
systems, are beyond the scope of this work. It is possible that the exis-
tence of multistar systems could produce a significant enhancement
to the number of LISA-detectable short-period binaries, although
blended starlight from brighter main-sequence companions may
make identifying such systems in electromagnetic searches more
difficult in some cases.

After evolving the systems to the present, we discard all systems
that are no longer binaries due to supernovae, mergers, or disruption
events. We then discard all systems with final orbital period Py >
10° s, which are unlikely to be LISA sources, recording only their
final stellar mass.

Based on the output of a run of TRILEGAL v1.6 (Girardi et al. 2005;
Vanhollebeke, Groenewegen & Girardi 2009; Girardi et al. 2012), we
expect a total mass of binary systems of ~1.5 x 108 m, to be in the
Roman GBTDS fields after evolving the system. We calibrate the
number of systems evolved with COSMIC to approximately match
the expected mass in the field; drawing binaries from the initial
mass distribution until 2 x 107 pass our initial mass cuts gives
approximately the correct total final mass of binaries.

We then assign a new temperature to each binary that survives
our output cuts for each version of our simplistic tidal heating
model described in Section 3.2. For the radius of the system, we
use the output core radius from COSMIC. Although the temperature
and radius chosen this way are not generated from a self-consistent
prescription, using the core radius at the lower temperature predicted
by COSMIC should give a conservative estimate of the total luminosity
of a system. Residual fusion and past accretion episodes are likely
sources of additional heat that could further increase electromagnetic
detectability, but such mechanisms are beyond the scope of this
work. Once the temperature and radius are assigned, we calculate
the atmospheric spectra as described in Section 3.3.

3.2 Tidal heating

We adopt the simple tidal heating prescription described in Burdge
et al. (2019). The contribution to the temperature due to tidal
interactions alone, assuming tidal heat is instantaneously re-radiated,
is given as

3mkm 174
Tiwe=\7-"5>5—1] - ey
20 Porb Pcrit[gw

where m is the mass of the white dwarf, #,,, = 3/2 P,/ | Py | is the
time-scale for the binary to decay due to gravitational waves, k =
I/(mr?) is the coefficient of the moment of inertia, and P is some
characteristic critical period that parametrizes the reduction in tidal
heating as the spin period synchronizes to the orbital period. For
simplicity, we adopt a fixed Py = 3600s for our default model
[see e.g. fig. 4 of Fuller & Lai (2013), also adopted by Burdge
et al. (2019)]. We use k =~ 0.20306, appropriate for an n = 1.5
polytrope.

Once we have the tidal contribution to the temperature, we add
the temperature from the cooling age as predicted by COSMIC,
T = (T2, + Tho)'/*. In practice Tyge is always larger for the
systems of interest here, so including the residual energy from
cooling of the white dwarf binary makes little difference in Teg. A
recent history of accretion could make a more significant contribution
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to residual heat; the best-fitting parameters for the recently detected
J1539 (Burdge et al. 2019) suggest itis a detached white dwarf binary,
although it is much hotter than the cooling age or tidal heating alone
could explain, suggesting a recent or ongoing accretion episode.
Actively accretion is beyond the scope of this work, although such
systems likely account for a large fraction of the systems that could
realistically be detected by the Roman GBTDS.

Additionally, it is possible for low-mass He white dwarfs to main-
tain an outer hydrogen burning shell for much longer than a Hubble
time, and therefore be much hotter than their cooling age would
predict (Althaus et al. 2005; Lawlor & MacDonald 2006; Camisassa
et al. 2016). Especially for younger white dwarfs, flashes of fusion
can also heat and inflate the envelope, substantially enhancing the
luminosity. Both effects are beyond the scope of this work.

3.3 White dwarf atmospheres

For the white dwarf atmospheres, we interpolate a grid of precom-
puted spectra at various values of T.i and log (g) predicted by Koester
(2010)* for pure hydrogen atmospheres. We use a simple linear
interpolation between the four nearest points to the requested Ty
and log(g). In the Roman F146 filter, the spectra are effectively
featureless such that interpolating this way produces an adequate
approximation and properly accounting for the potential systems
with hydrogen depleted atmospheres would have little to no impact
on our results. For the handful of systems with parameters outside the
precomputed grid, we default to a blackbody spectrum. In practice,
our code does not predict any systems with a luminous primary
with parameters outside the precomputed grid will be detectable
for the Reference Roman GBTDS. From the atmospheres, we obtain
expected brightness for both systems, which are then used to generate
light curves as described in Section 3.4.

3.4 Light-curve generation

Light curves for eclipsing white dwarf binaries are generated using
ELLC (Maxted 2016). ELLC models the white dwarfs as triaxial
ellipsoids with a Roche potential (Wilson 1979). We treat neutron
stars and black holes as spherical. We adopt a linear limb darkening
law with fixed coefficients ldc; = 1dc, = 0.5. For simplicity we
do not include gravity darkening, Doppler boosting, or heating by
companions, although all three effects could be significant.

For light-curve generation, we also do not include a period
derivative, as including it would not affect the detection efficiency.

We also set the eccentricity e = O for light-curve generation. In
the absence of multistar interactions, appreciably non-zero (e > 0.1)
eccentricities in LISA’s band are expected to occur only for systems
that contain a neutron star or black hole that has received a large natal
kick from a supernova. Systems with COSMIC predicted eccentricities
e > 0.1 contribute < 0.1 per cent to our predicted number of systems
detectable by LISA + Roman, such that accounting for eccentricity
would make no difference to our reported results.

After generating the light curve with ELLC, we apply a dust
extinction correction to the light curve as described in Section 3.5.
Finally, we draw the actual observed electron counts for a given
exposure as described in Section 3.6.

“Precomputed spectra were downloaded from http:/svo2.cab.inta-csic.es/th
eory/newov/index.php?model=koester2.
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3.5 Dust extinction

For the dust extinction as a function of wavelength, we use the Ry =
3.1 extinction curve from Weingartner & Draine (2001).5

For the normalization of the extinction correction, we use the Ay
map (Gonzalez et al. 2012) used for planning the Roman GBTDS
(Penny et al. 2019), which uses Ay = 1.64 um as the central
wavelength for the H-band filter (Saito et al. 2012).° We linearly
interpolate this extinction map when drawing points.

To draw random points in the GBTDS field, we obtain the chip
centres from the Reference Survey.” We then assign each realization
of a binary to a random chip and select a uniformly random point
in (I, b) on the chip to draw its Ay from the dust map. At present,
the Ay drawn this way is uncorrelated with the background noise on
an individual pixel drawn in Section 3.6, which may overestimate
background noise for deeply extincted fields somewhat.

Because we apply the dust extinction correction after generating
the light curve, we do not allow the extinction to alter the brightness
ratio of the systems. Within the range of white dwarfs of interest for
this study, extinction is not a strong enough function of temperature
for correctly perturbing the brightness ratio to affect our conclusions.

3.6 Roman exposures

For the Roman exposures, we use the Roman F146 filter.® From the
effective area Arj46(v), we fix the normalization of received light to
electrons detected per second using

ref

. ®F
Nyig(t) = fop 10704 / 7 Ariae(V)dv, )
0

where F™ = 3.631 x 1072 ergem~2s~! Hz™!, and m(¢) is the light
curve in magnitudes as described in Section 3.4. We consider signal
photons hitting a 3 x 3 grid of adjacent pixels, assuming a constant
aperture correction of f;, = 0.815. A more optimal choice of aperture
is beyond the scope of this work.

To obtain the expected total count of electrons observed by a single
Roman exposure of length d.,,, we compute a dz.,, width rolling
integral of Nsig(t) for a single orbit of the system and interpolate
to obtain the expected electron counts at the mid-exposure time
specified by the survey strategy described in Section 3.7.

The expected number of signal electrons Nig(7, dfex,) for an
exposure is then added to the expected background Nyg(dfe,) for
the exposure. For each system, we draw the background count rate
Ny, from arandom 3 x 3 grid of pixels of a single simulated exposure
as in Penny et al. (2013) (see also Penny et al. 2019). We then draw
the observed electron counts from a Poisson distribution with Ny, (2,
dtexp) = Nsig(tv dtexp) + Nbg(dtexp)~

We then add a Gaussian random read noise of o .oy = 60
electrons (i.e. 9 pixels with o ixe; = 20 electrons/readout/pixel adding
incoherently) to the number of electrons actually observed Noys. In
most cases, the read noise dominates the detectability limit for the
sources of interest. To reduce the effective read noise, we assume the
Fowler 2 readout scheme is applied, which averages two adjacent

SDownloaded from https://www.astro.princeton.edu/~draine/dust/dustmix.h
tml.

The map is available at https:/github.com/mtpenny/wfirst-ml-figures/field
s/GonzalezExtinction.txt. Note the extinctions in the map are Ag and must be
rescaled using Ay = 1.559322Ak.

7See https://github.com/mtpenny/wfirst-ml-figures/fields/layout_7f_3.chips.
8Effective areas for the F146 filter were obtained from https://wfirst.gsfc.nasa
.gov/science/201907/WFIRST_WIMW SM _throughput_data_190531.xIsm.

MNRAS 525, 393-401 (2023)

2.88 s detector readouts to reduce the effective read noise in the
down-linked electron count rates by a factor of /2, at the expense
of also reducing the effective length of each exposure by a single
2.88 s sub-exposure. The process is then repeated for every exposure
to obtain the full light curve observed by Roman, which is then
processed as described in Section 3.8.

To account for saturation, we mask all pixels with Nbg >
20000 e/s, and reduce our quoted detection efficiencies by a factor
of the fraction of pixels masked, fiask-

3.7 Survey strategy

For the Roman GBTDS, we consider a single 72 d survey with ny;g
= 6912 visits to each field, or visiting with a P = 900 s cadence.
For each visit, we take ney, exposures of length fey, (€.8. exp = 1,
fexp = 5258).

To reduce aliasing for orbital periods close to small integer
fractions of Py = 900s, we add a Gaussian random variation to
the time between visits o iy = 6s, which in the real survey could
correspond to variation in the time required to acquire the guide stars
upon arriving at a field. (It is also possible that one would insert
deliberate pseudo-random variations in the observing strategy, since
this would reduce aliasing artefacts in any search for periodic signals
in the bulge survey, e.g. in astroseismology; Gould et al. 2015.)

3.8 Chi-squared calculation

For a given run, we first phase fold the simulated Roman light curve
into npips = Round[P,w/dt] phase bins with centres linearly spaced
in phase on a grid ¢/, € [0, 0.5], where we fold about the mid-point
of the light curve ¢y, = mod[#/ P, 1]:

¢orb < 05

r__ ¢orb
Poro = {1 — o Py > 0.5 3)

Folding about the mid-point of the light curve picks out sin-
like variation, because we expect the variation from eclipses and
ellipsoidal variation to be sin-like. Note that our folding strategy
assumes the initial phase of the binary can be effectively fit. Each
sample is then placed in the phase bin whose centre is closest to the
phase at the mid-point of the exposure, and the x? is calculated:

Nbins Ni _ ]\_] 2
XZ — Z (U%’ )
i=0 t

where N; is the mean number of electrons in the ith phase bin and N is
the mean number of electrons over the entire light curve. The variance
o} can be estimated in n;""" exposures out of n°*P total exposures
with electron the electron count in each sequential exposure given
Ny:
2
o? = e
l

1 " _
=nmp[ (No = N)

5
| 2 )

Using this estimator of o corresponds mathematically to testing
the null hypothesis that the variation in the light curve is stochastic.
For a strongly signal dominated light curve, it will overestimate
the variance compared to other possible estimators, such as the
theoretically expected variance in a bin with n;""" electrons. How-
ever, because using the empirical variance absorbs all experimental
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sources of variance in the count rate, it is more robust than using a
theoretical variance.

We then evaluate the significance according to a x? distribution,
with the number of degrees of freedom k = ny;,; — 1, where ny, is
the number of bins with ;"™ > 0. nj;, . can be less than nys due
to aliasing, although aliasing can be mitigated by avoiding exactly

periodic visits as described in Section 3.7.

3.9 Selecting binaries

We count a system as detectable by LISA when the 4-yr sky and
inclination averaged S/N > 7, as defined by (Robson, Cornish &
Liug 2019). This condition is approximate, but should be sufficient
to estimate the population of detectable binaries. We assume the
frequency evolution over the course of the mission is small enough
that it can be ignored for the purposes of calculating the S/N.

We count a system as detected by Roman when p < 10710, based
on the x 2 discussed in Section 3.8. The small p cut-off is necessary to
avoid false positives due to the large number of pixels being searched.
In order to be conservative, we calculate the detectability of a system
given only a single 72 d Bulge viewing season; including the full
campaign would increase the detection efficiency.

In a more theoretically optimal treatment, one could use the LISA
sky localizations of high S/N LISA sources to reduce the trials factor
for the Roman search, allowing detection with a less conservative
p cut-off. For this purpose, we are most interested in sources that
can be detected with reasonable high significance before LISA
launches, to facilitate using longer time baselines for computing
period derivatives and electromagnetic characterization. However,
LISA characterization will improve significantly even if only the
position of a faint electromagnetic counterpart can be determined.
Therefore, Roman archival data can facilitate ongoing improvement
in the localizations of some LISA systems even if the Roman
GBTDS fails to detect them at sufficiently high significance on its
own.

3.10 Trials factor

To compute the trials factor, we assume the search runs over linearly
spaced frequency bins of width Af = 1/(2fa50n) ~ 8 x 1078 Hz from
Fonin = 107*HZ t0 fipax = 1/(2texp) = 9.6 x 1073 Hz, resulting in ng =
118 387 possible frequency bins. Each frequency bin is divided into
phase bins of width A¢ = Round[7.,f], resulting in a total of np;ys
= 1090 156 frequency + phase bins. The seven GBTDS fields will
contain npi;, = 2.016 x 10° pixel locations to search. Therefore,
the total number of trials will be ngiys &~ 2.2 x 10. Because
we report single season detection efficiencies, candidate binaries
in the first GBTDS season can be verified in the second season;
therefore, in two seasons the expected number of false positives
is given (ngpa) ~ 2.2 x 10 p2,, |, where pey, is the threshold for
identifying a candidate detection in one season. If <ng,, > =10"*
is the maximum tolerable number of false positives, then we require
Peut,1 ~ 2.1 x 10710.

3.11 Calculating detection efficiency

To calculate the detectability of a system in Roman output by our
each realization of a binary system is given a uniformly random initial
phase, as well as a pixel background noise as described in Section
3.6 and a dust extinction as described in Section 3.5. All binaries in
the Roman GBTDS fields get the same realization of the variation
in exposure timing described in Section 3.7. For each binary, we
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calculate the fjeectea(£) at each point on a grid of n;, inclination bins
linearly spaced in cosi € [0, 1].
We then integrate to obtain the probability of detection:

1
fdetecled = / fdelecled(i) dcosi. (6)
0

For each inclination bin, we do ny,, realizations of the systems to
compute fdelecled (1)

4 KNOWN SYSTEMS

As of this writing, ZTF J153932.164-502738 (J1539), SDSS
J065133.338+4-284423.37, and ZTF J2243+45242 (J2243) are the
three shortest period known detached white dwarf binaries (Brown
etal. 2011, 2020; Hermes et al. 2012; Burdge et al. 2019, 2020a, b).
All three will have LISA S/N 2 90 at their observed spectroscopic
distances of d ~ 2.3kpc, d >~ 1.0kpc, and d =~ 2.1 kpc, respectively
(Littenberg & Cornish 2019). Because S/N o 1/d, all three would
still be easily detected as LISA sources (S/N > 7) in the Galactic
Bulge at d >~ 8kpc. J1539 and J0651 sources are believed to
be He-CO binaries. For JO651, the He white dwarf is hotter,
and consequently the primary by luminosity, and the system is
detected primarily by the eclipses of the He white dwarf by the
CO secondary. J2243 is most likely a He—He binary. For J1539,
the CO white dwarf primary is extremely hot (T =~ 48900 K)
and is detected due to both very strong reflection/reprocessing of
light by the otherwise unseen secondary, and total eclipses of the
primary.

Even after artificially adding our tidal heating prescription in
post-processing, the physics encoded by COSMIC cannot produce
a short-period He—CO binary with a superheated CO white dwarf
primary such as J1539. At present, it is impossible to know for
certain how representative J0651, J2243, and J1539 are of the
general binary white dwarf population. Because Nature actually
produced these systems, they represent useful benchmarks for
the detectability with Roman. It is of course possible that the
locally observed white dwarf binary population could be quite
different from the old stellar population in the Galactic Bulge.
We do note however that the location of J1539, 1.8 kpc from the
Galactic Plane (Burdge et al. 2019), is consistent with an older
halo population (the other possibility being that J1539 is much
younger and experienced a large kick due to mass ejection in a
binary interaction; e.g. Lii et al. 2020). In this work, we consider
the detectability of JO651, J2243, and J1539-like sources in more
detail.

For J1539, reflection presents an additional complication because
the spectrum for a Ty ~ 48, 900K white dwarf is very blue.
The measured CHIMERA g’-band reflective heating coefficient is
heat, = 3.851%13) (Burdge et al. 2019). Because heat, > 1, most of
the light is actually reprocessed UV light, rather than true reflected
light, and the reprocessing is wavelength dependent. Modelling the
physics of such reprocessing is beyond the scope of this work.
Therefore, to give a sense of the range of plausible Roman F146
light curves for J1539, we present two scenarios: one with the best-
fitting g’-band reflection coefficient, heat, = 3.851, and one with no
reflection, heat, = 0.

Additionally, we sample a grid of possible inclinations for both
sources, evenly spaced on cosi € [0, 1]. For each point on the grid
of inclinations, we then generate 100000 random realizations of
the light curves with as described in Section 3. The other binary
parameters are set to the appropriate values from Hermes et al. (2012)
and Burdge et al. (2019).
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Figure 1. Roman detection probability versus period for our fiducial run
with temperatures from COSMIC, with estimated LISA S/N shown in colour.
The higher mass of the He—CO binaries gives them higher LISA S/N at a
fixed period, while the electromagnetic luminosity of the CO white dwarfs
is generally smaller than He white dwarfs, resulting in the apparent inverse
correlation between LISA S/N and Roman detection efficiency at a fixed
period. The small population of binaries separated from the overall trend in
the top middle is a population of systems with very young (age < 5 Myr), hot
secondaries.
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Figure 2. Roman detection probability versus period for our fiducial run with
tides enhanced to match the temperatures of the JO651 system, with estimated
LISA S/N shown in colour. For a given period, approximately 95 per cent of
He—He binaries fall above the dashed line. In this model, all He—He binaries
with Py < 680s have a > 0.3 per cent chance of being detected in a single
season of the nominal Roman GBTDS. For He—CO binaries, all systems with
Pr < 475s have a > 0.3 per cent chance of being detectable by Roman.

5 RESULTS

In Figs 1, 2, and 3, we present the results from our fiducial run,
summarized in Table 1. The most detectable single system generated
by any run of our models is a P, = 224.4s He—He binary with
a 41 000K primary and a 39000 K secondary generated in by our
model with artificially enhanced tidal heating, which would have
Saetected = 57 per cent if it were in one of the Roman GBTDS
fields.” No individual system with an orbital period Py, > 370s
has faeecea > 25 per cent. Collectively the large number of systems
with individually 10w fyeectea are the dominant contributions to the

9This particular system could be close to Roche lobe overflow due to inflation
from the heating, so it may or may not be realistic to consider it detached.
Whether overflow happens depends on the details of at what layer the heat is
deposited. We thank the referee for pointing out this possibility.
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Figure 3. Roman detection probability versus period for our fiducial run with
tides enhanced to match the temperatures of the JO651 system, with estimated
LISA S/N shown in colour. For a given period, approximately 95 per cent of
He—-He binaries fall above the dashed line. In this model, all He—He binaries
with Py < 950s have a > 0.3 per cent chance of being detected in a single
season of the Reference Roman GBTDS. For He—CO binaries, all systems
with Py < 475 s have a > 0.3 per cent chance of being detectable by Roman.

expectation values quoted in Table 1. The typical masses of the
detectable systems in each survey are summarized in Table 2.

5.1 Benchmark systems

Our forecasts for the Roman detectability of our three benchmark
systems as a function of inclination are shown in Fig. 4. All three
systems have a substantial probability of being detectable if they
were present at the distance of the Galactic Bulge in the Roman
GBTDS fields. The detectability is strongest at high inclinations.
These systems are more detectable than the sources that contribute to
the rate estimates presented in Table 1. If these benchmark sources are
representative of typical sources in the Galactic Bulge, the prospects
for joint detections could be much better than reflected in the rate
estimates.

Overall, our model of the He—He binary J2243 has an inclination-
averaged Roman detection probability of ~ 31 percent at the
assumed distance of the Galactic Bulge of 8000 pc, and the He—
CO binary JO651 has an inclination averaged detection probability
of ~ 17 per cent. The J1539-like system has an inclination averaged
~ 70 percent probability of detection including our reflection
model, and ~ 34 per cent including only ellipsoidal variation and
eclipses.

6 DISCUSSION

In this work, we have only considered statistical false positives due
to Poisson fluctuations in background light and detector readout
noise. We have endeavoured to set an aggressive single-season p
value requirement of p < 2.1 x 107! to guarantee that virtually
no statistical false positives will remain as candidate detached white
dwarf binaries after two GBTDS seasons. This requirement is likely
very conservative and represents candidate binaries that should be
quickly and straightforwardly identified and likely represent the best
candidates for follow-up with other instruments. A more optimized
Bayesian analysis of a simulated data set for the entire Roman
GBTDS would likely return a higher expected number of true
positives while maintaining a low rate of statistical false positives,
although such candidates may be more difficult to validate with other
instruments.
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Table 1. Expectations values for number of binaries detected with Py,
< 3000s computed based on 20 Monte Carlo realizations of the seven
GBTDS fields.!” The quoted 1o errors are purely statistical uncertainties
on the expectation values, and are far smaller than the inherent systematic
uncertainties in the formation, evolution, and modelling of these systems.

Roman +

Type Tide model Roman LISA LISA

Total No tides 3.07 £ 0.08 503+ 1.6 0.43 +0.04
Total Basic tides 433 +£0.12 503+ 1.6 1.54 £ 0.10
Total Enhanced tides 6.23 +0.18 503+ 1.6 2.89 £ 0.16
He-He No tides 2.99 +0.08 262+ 1.1 0.42 +0.04
He-He Basic tides 391 +£0.11 262+ 1.1 1.20 4+ 0.09
He-He Enhancedtides 5.50 +0.16 262+ 1.1 2.24 +0.14
He-CO No tides 0.05 £ 0.01 199+ 1.0 0.01 4+ 0.00
He-CO Basic tides 0.38 £ 0.05 199+ 1.0 0.33 £ 0.05
He-CO Enhanced tides 0.70 4 0.08 199+ 1.0 0.64 4+ 0.08

10Expected total number of systems from 20 realizations of the GBTDS is
approximated using (n) >~ >, f(fetected /20, with 1o statistical error on the

mean approximated using o, >~ />, (féelecled)zﬂo.

Table 2. The mean masses of the He—-He and He—CO white dwarf binaries
detected in each survey in the enhanced tidal heating model. LISA is relatively
more efficient at detecting higher mass systems due to the larger strain
amplitude, while Roman is relatively more efficient at detecting lower mass
systems that have larger radii.

(m1) (ma) (mior) (mchirp)
He-He mutual 0.34 0.24 0.58 0.24
He-He Roman 0.29 0.24 0.53 0.22
He-He LISA 0.38 0.24 0.62 0.26
He-CO mutual 0.56 0.24 0.80 0.31
He-CO Roman 0.56 0.23 0.79 0.31
He-CO LISA 0.60 0.25 0.85 0.33

Validation with other instruments is an essential consideration

1.0

0.8

0.6

P(detected by Roman)

Figure 4. Roman detection probability versus inclination for our three
benchmark systems at the distance of the Galactic Bulge. J1539 is shown
both with and without the observed reflection effect, to give an idea of how
much the reflection contributes to the detectability. For inclinations where it
would be eclipsing, the candidate He—He white dwarf binary J2243 is the most
detectable system. The He—CO binaries exhibit more ellipsoidal variations
and therefore are detectable to lower inclinations, especially if reflection is
also enabled.

because the bulk of high S/N false positives in the actual Roman
GBTDS will likely be astrophysical. There are several other types
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of astrophysical signals that could masquerade as binaries with a
comparable period. Rotating stars with spots could exhibit light-
curve variations on similar periods, as could asteroseismology or
pulsations. While such systems may be interesting in their own right,
they are contaminants for the purposes of this study. Forecasting the
number and period distribution of such systems identifiable with the
Roman GBTDS is beyond the scope of this paper. In most cases,
LISA itself will be able to validate the identification of a periodic
source as a binary, especially for periods <900 s where virtually all
binaries of white dwarf mass objects will be detectable by LISA
at 8 kpc. Other electromagnetic instruments, especially those with
higher resolution or larger collecting areas, such as next-generation
extremely large telescopes, could follow up candidate binaries to
make a more definitive classification. Follow-ups can also provide
additional valuable scientific information of value to multimessenger
studies, such as colours and temperatures. Sources that can be
identified by both multiple electromagnetic instruments and LISA
are appealing multimessenger science targets.

7 CONCLUSION

In this work, we have presented several forecasts of the number
of short-period detached white dwarf binaries detectable by the
Nancy Grace Roman Space Telescope’s planned GBTDS based
on populations of such binaries simulated using COSMIC. We find
that it is probable that at least a handful of detached white dwarf
binaries will be detected by the planned survey, and that most such
binaries will also be detectable by LISA. The expected number of
binaries identified is a strong function of the assumed temperatures
of the binary components, which relies on physics such as tides,
residual fusion, and accretion history. This physics is not included
in the population synthesis code we have used. Additionally, we
have excluded binaries undergoing mass transfer from our analysis,
which will be significantly heated and therefore potentially represent
alarger fraction of the total detectable systems. Mass transferring and
detached systems are both separately interesting (Sberna, Toubiana
& Miller 2021). Ideally, both types of systems can be detected so
that their evolutionary properties can be compared.

In addition to uncertainties in the temperatures, uncertainties in
population synthesis as a whole are very large (Korol et al. 2022), and
will not be substantially reduced until future generations of surveys
begin and place observational constraints on formation channels.
Because the Galactic Bulge is a different stellar population from the
local population where the bulk of currently known detached short-
period white dwarf binaries have been detected, multimessenger
detections of sources there have the potential to improve our
understanding of binary formation channels and stellar astrophysics.
Indeed, several observed short-period binaries are not well predicted
by existing temperature models (Lii et al. 2020), and as shown in
Section 5.1, the detectability of those systems would be quite high in
the Roman GBTDS. Consequently, it is not possible to make a precise
forecast of the number of detached white dwarf binary systems that
will be detectable by Roman. We have attempted to capture some of
this uncertainty by presenting three artificial models of tidal heating,
which produce results representing a range of point estimates within
the realm of plausibility.

The planned Roman GBTDS is not optimized to detect short-
period white dwarf binaries. To detect short-period periodic sources,
it would be more efficient to conduct a continuous series of exposures
in each field, rather than spending a significant fraction of the total
survey time slewing and settling. The data gaps associated with the
survey cadence also introduce aliasing effects that cause the survey
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to lose efficiency at certain periods. Aliasing effects can also be
mitigated by taking a continuous series of exposures on a single
field. Such considerations could motivate using a small fraction of
the GBTDS time allocation to conduct such a series of exposures,
which might also be valuable for other scientific purposes within
the survey. A survey campaign specifically optimized for identifying
multimessenger science targets in the Galactic Bulge could also be
proposed and conducted in a possible Roman extended mission after
the primary mission has been completed. Observations conducted
in the first few planned Roman GBTDS seasons will be useful for
constructing a better calibrated forecast of the number of systems an
optimized survey campaign would be capable of finding.

We did not conduct any detailed LISA instrument modelling in
this work, including modelling the effect of the time variability of the
Galactic stochastic background, which can be a significant effect for
sources close to the Galactic Centre (Digman & Cornish 2022b). A
more detailed analysis of the impact of combining LISA and Roman
data could better illuminate the effect of mutual detection of sources
on the LISA global fit.

Multimessenger science is an exciting and rapidly expanding field.
Planned survey instruments will be capable of identifying valuable
multimessenger targets. Early identification of some of those targets
with Roman will be a scientifically valuable tool to predict and
optimize the multimessenger science yield achievable in concert with
LISA.
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