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A B S T R A C T 

Short-period Galactic white dwarf binaries detectable by Laser Interferometer Space Antenna are the only guaranteed persistent 
sources for multimessenger gra vitational-wa ve 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 Surv e y will (in its Reference Surv e y design) image seven fields in the Galactic 
Bulge approximately 40 000 times each. Although the Reference Surv e y 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 Surv e y will disco v er and the implications for the 
design of electromagnetic surv e ys. Although population models are highly uncertain, we find a high probability that the baseline 
surv e y will detect of the order of ∼5 detached white dwarf binaries. The Reference Surv e y would also have a � 20 per cent 
chance of detecting several known benchmark white dwarf binaries at the distance of the Galactic Bulge. 

Key w ords: gravitational w aves – binaries: close – binaries: eclipsing – white dwarfs – Galaxy: stellar content. 
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 INTRODUCTION  

hort-period Galactic white dwarf binaries are the only guaran- 
eed persistent targets for multimessenger astrophysics with near- 
uture gra vitational-wa v e observatories. Such binaries are e xpected 
o be among the most numerous targets for the Laser Interfer-
meter Space Antenna (LISA), a space-based mHz gravitational- 
ave observatory scheduled to launch in the mid-2030s (Amaro- 
eoane et al. 2017 ). Because most such binaries will evolve 
inimally o v er the ne xt 10–20 yr, electromagnetic observa- 

ions performed before LISA launches will help establish base- 
ines for the evolution and behaviour of such systems and en- 
ance LISA’s multimessenger science yield (Cornish & Robson 
017 ). 
Multimessenger observations of white dwarf binaries provide 

nique opportunities to study the astrophysics, formation, and tidal 
volution of such systems (Marsh 2011 ; Li et al. 2020 ; Yu, Weinberg
 Fuller 2020 ; Johnson et al. 2021 ; Wolz et al. 2021 ; Carvalho

t al. 2022 ; Bisco v eanu, Kremer & Thrane 2023 ). Combining
ra vitational-wa ve and electromagnetic data for well-characterized 
ystems can also be used to test for deviations from general relativity
Littenberg & Yunes 2019 ; Wang et al. 2022 ; Xie et al. 2022 ) and aug-
ent LISA’s calibration (Littenberg 2018 ). Galactic white dwarf bi- 

aries are expected to produce a limiting foreground of gravitational- 
ave noise at mHz frequencies (Edlund et al. 2005 ; Timpano, Rubbo
 Cornish 2006 ; Nissanke et al. 2012 ; Karnesis et al. 2021 ), which

aries o v er time as the LISA antenna pattern rotates relative to the
 E-mail: matthew.digman@montana.edu 
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alactic Centre (Digman & Cornish 2022b ). Impro v ed population
odelling based on electromagnetic studies of these binaries can 

elp to map the Galaxy (Cornish 2001 , 2002 ; Breivik, Mingarelli
 Larson 2020b ; Korol et al. 2020 , 2021 ; Roebber et al. 2020 ;
eto 2022 ; Georgousi et al. 2023 ), and help separate the Galactic
ackground from other potentially o v erlapping stochastic noise back- 
rounds, including instrumental (Adams & Cornish 2010 ; Edwards 
t al. 2020 ), Galactic, extragalactic, and cosmological (Adams & 

ornish 2014 ; Pan & Yang 2020 ; Boileau et al. 2022 ) stochastic
ackgrounds (Bonetti & Sesana 2020 ; Mukherjee & Silk 2020 ;
oileau et al. 2021 ). Because LISA data analysis inherently requires a 
lobal fit to the entire LISA data (Cornish & Crowder 2005 ; Crowder
 Cornish 2007 ; Littenberg & Cornish 2009 ; Littenberg et al. 2020 ),

mpro v ed characterization of the Galactic background benefits all 
ISA’s gra vitational-wa ve target searches including stellar origin 
lack hole binaries (Digman & Cornish 2022a ) and supermassive 
lack hole binaries, further augmenting the multimessenger science 
ield. 
Many current and near-future electromagnetic surv e ys will pro vide 

rchi v al data of benefit to multimessenger science with LISA,
ncluding but not limited to Roman (Akeson et al. 2019 ), Rubin
LSST Dark Energy Science Collaboration 2012 ), Euclid (Laureijs 
t al. 2011 ), DES (The Dark Energy Surv e y Collaboration 2005 ), the
ark Energy Spectroscopic Instrument (DESI) (Levi et al. 2013 ), 
aia (Jordan 2008 ), the Zwicky Transient Facility (ZTF) (Masci et al.
019 ), and the Transiting Exoplanet Surv e y Satellite ( TESS ) (Ricker
t al. 2014 ). In this work, we focus in particular on the potential of
he planned Galactic Bulge Time-Domain Surv e y (GBTDS) aboard 
he Nancy Grace Roman Space Telescope to detect a population of

http://orcid.org/0000-0003-3815-7065
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hite dwarf binaries in the Galactic Bulge that are unlikely to be
etected by any other near-future electromagnetic survey. 

The structure of this paper is as follows. In Section 2 , we describe
oth the Roman GBTDS and LISA gra vitational-wa ve observing
ission. In Section 3 , we describe our methodology for using

inary population synthesis models and simple instrument models to
stimate the population of white dwarf binaries that can be detected
y both LISA and Roman . In Section 4 , we consider the mutual
etectability of several systems that are already known to exist
lsewhere in the Galaxy. In Section 5 , we present the results of
ur estimates for the population of mutually detectable binaries. In
ection 6 , we discuss the results and their limitations. In Section 7 ,
e conclude and look towards future work. 

 THE  SURVEYS  

.1 Roman Galactic Bulge Time-Domain Sur v ey 

he Roman mission, planned for launch in 2026, will carry a
.4 m telescope to the Sun–Earth L2 Lagrange point. Its primary
nstrument, the wide-field instrument, will have 18 near-infrared
etector arrays, each consisting of 4088 × 4088 pixels at a scale
f 0.11 arcsec pixel −1 , for a total field of view of 0.28 deg 2 (Akeson
t al. 2019 ). Its filter wheel will carry eight imaging filters and two
ispersers for slitless spectroscopy. Because the solar arrays are fixed
n the side of the observatory, the telescope can point anywhere in
he range of 54–126 ◦ from the Sun. 

The Roman GBTDS (Penny et al. 2019 ) plans to make repeated
bservations of several fields in the Galactic Bulge. The primary
cience objective of the GBTDS is to use microlensing to statistically
haracterize the population of extrasolar planets near or outside the
instein radius of the lens stars by observing perturbations in the

ight curve. This includes statistical characterization of free-floating
lanets (Johnson et al. 2020 ). The fields will be observed in ∼72-d
ong ‘seasons’ during periods when the Galactic Bulge’s orientation
s fa v ourable relative to the Sun as seen from L2. In the reference
bserving scenario, these observations will be carried out mainly
n the Wide filter (0.93–2.00 μm), which provides a higher photon
ount rate and, consequently, signal-to-noise ratio (S/N) than the
tandard-width imaging filters. The observatory will cycle through
even neighbouring fields, with an exposure time of 52 s per field,
nd complete a full cycle in ∼900 s. 1 We expect that ∼6 such seasons
ill be possible in the 5-yr Roman primary mission, and more
ay become possible in an extended mission (there is propellant

or ≥10 yr, and the infrared focal plane is passively cooled, so its
ifetime will not be limited by cryogen). During bulge observations,
he most important source of noise in most Roman pixels will
e Poisson noise from bulge stars (there are no empty pixels),
ollowed by the zodiacal light and then instrument backgrounds and
oise. 
Roman will take advantage of recent impro v ements in communica-

ion infrastructure and provide a data downlink rate of ≥11 terabits
er day, allowing it to downlink ev ery pix el. This downlink rate
akes Roman imaging useful for both blind searches for variable

ources and searches where the precise source position is not
no wn in adv ance. The near-infrared detectors can be read non-
NRAS 525, 393–401 (2023) 

 Penny et al. ( 2019 ) used an exposure time of 47 s; this has been increased to 
2 s as of the August 2019 re vie w of the Roman Design Reference Mission. 
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estructively, so up to six sub-exposures out of each 52 s exposure
an be downlinked. 2 

.2 LISA 

ISA is a constellation of three identical spacecraft orbiting the
un in a cart-wheeling triangle with 2.5 million kilometre arms
Amaro-Seoane et al. 2017 ). Drag-free attitude control systems
ill hold the gold–platinum test masses at the end of each arm

n near-perfect geodesic motion (Armano et al. 2016 ). Laser links
etween the test masses will allow precise measurement of changes
n the relative lengths of the arms. The technique of time-delay
nterferometry (Tinto & Dhurandhar 2005 ) allows the individual
hasemeter readouts from the laser links to be interfered in post-
rocessing to construct polarization-sensitive observations of milli-
ertz gravitational waves. 
LISA’s nominal primary mission is 4 yr, with a possible extension

p to 10 yr. Because LISA sources can be observed continu-
usly for years, far longer than is possible with ground-based
ra vitational-wa ve detectors, LISA will obtain comparatively good
ource localizations (Cutler 1998 ), opening opportunities to search
or faint electromagnetic counterparts for a wide variety of sources.
etecting a source both electromagnetically and gravitationally will
reak numerous parameter degeneracies, in particular improving
easurements of the distance to the source. 
The primary scientific observable for LISA is the strain in three

ime-delay interferometry channels as a function of time. While the
xact distribution of sources between different classes depends on
ighly uncertain population modelling (Storck & Church 2023 ), it is
xpected that LISA will have tens of thousands of sources observable
t an y giv en time, presenting a unique data processing challenge. The
ulk of these sources will likely be Galactic white dwarf binaries
Cornish & Robson 2017 ; Lamberts et al. 2019 ), which will emit
ra vitational wa ves at a nearly constant source frequency for the
uration of the LISA mission. 
Over a dozen already known Galactic white dwarf binaries are

uaranteed sources at LISA’s design sensitivity (Stroeer & Vecchio
006 ; Kupfer et al. 2018 ). These are referred to as ‘verification
inaries’. By the time LISA launches, several already planned time-
omain electromagnetic surv e ys will likely have discovered many
ore. 

 METHODS  

.1 Binary population synthesis 

o generate the populations of binaries in the Roman GBTDS, we
se a modified version of COSMIC 

3 (Breivik et al. 2020a ), an updated
ersion of BSE (Hurley, Tout & Pols 2002 ). We generate a population
f binaries with fixed metallicity Z = 0.018 and a delta-function burst
f star formation 8 Gyr ago for stellar ages. Primary masses are drawn
rom a Kroupa initial mass function (IMF) (Kroupa 2001 ) with m 1 

 100 m �. Binaries with m 1 < 0.95 m � are counted towards the total
ass in the GBTDS field, but not evolved, because lighter primaries

ever form compact objects with the physics encoded in COSMIC . We
hoose secondary masses uniformly from 0 < m 2 < m 1 , although we
o not evolve systems with m 2 < 0.5 m � because they also do not
 See the Science Requirements Document: https:// asd.gsfc.nasa.gov/ romanc 
a/docs2/RST- SYS- REQ- 0020C SRD.docx . 
 ht tps://cosmic-popsynt h.github.io/

https://asd.gsfc.nasa.gov/romancaa/docs2/RST-SYS-REQ-0020C_SRD.docx
https://cosmic-popsynth.github.io/
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orm compact binaries. We select initial eccentricities from a thermal 
ccentricity distribution, f e = 2 e (Heggie 1975 ). We set the initial
emimajor axis a to be flat in log space from 0.5 r L < a < 10 6 r �,
here r L is the Roche limit of the system. We use a modified-Mestel

ooling law (Mestel 1952 ; Hurley & Shara 2003 ) for white dwarfs,
nd leave all other parameters to the COSMIC defaults. 

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

ifficult in some cases. 
After evolving the systems to the present, we discard all systems

hat are no longer binaries due to supernovae, mergers, or disruption
vents. We then discard all systems with final orbital period P f >

0 5 s, which are unlikely to be LISA sources, recording only their
nal stellar mass. 
Based on the output of a run of TRILEGAL v1.6 (Girardi et al. 2005 ;

anhollebeke, Groenewegen & Girardi 2009 ; Girardi et al. 2012 ), we
xpect a total mass of binary systems of ∼1.5 × 10 8 m � to be in the
oman GBTDS fields after evolving the system. We calibrate the 
umber of systems evolved with COSMIC to approximately match 
he expected mass in the field; drawing binaries from the initial 

ass distribution until 2 × 10 7 pass our initial mass cuts gives 
pproximately the correct total final mass of binaries. 

We then assign a new temperature to each binary that survives
ur output cuts for each version of our simplistic tidal heating 
odel described in Section 3.2 . For the radius of the system, we

se the output core radius from COSMIC . Although the temperature 
nd radius chosen this way are not generated from a self-consistent
rescription, using the core radius at the lower temperature predicted 
y COSMIC should give a conserv ati ve estimate of the total luminosity
f a system. Residual fusion and past accretion episodes are likely 
ources of additional heat that could further increase electromagnetic 
etectability, but such mechanisms are beyond the scope of this 
ork. Once the temperature and radius are assigned, we calculate 

he atmospheric spectra as described in Section 3.3 . 

.2 Tidal heating 

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

 tide = 

(
3 πκm 

2 σP orb P crit t gw 

)1 / 4 

, (1) 

here m is the mass of the white dwarf, t gw = 3 / 2 P orb / | Ṗ orb | is the
ime-scale for the binary to decay due to gravitational waves, κ = 

 /( mr 2 ) is the coefficient of the moment of inertia, and P crit is some
haracteristic critical period that parametrizes the reduction in tidal 
eating as the spin period synchronizes to the orbital period. For
implicity, we adopt a fixed P crit = 3600 s for our default model
see e.g. fig. 4 of Fuller & Lai ( 2013 ), also adopted by Burdge
t al. ( 2019 )]. We use κ ≈ 0.20306, appropriate for an n = 1.5
olytrope. 
Once we have the tidal contribution to the temperature, we add 

he temperature from the cooling age as predicted by COSMIC ,
 eff = ( T 4 cool + T 4 tide ) 

1 / 4 . In practice T tide is al w ays larger for the
ystems of interest here, so including the residual energy from 

ooling of the white dwarf binary makes little difference in T eff . A
ecent history of accretion could make a more significant contribution 
o residual heat; the best-fitting parameters for the recently detected 
1539 (Burdge et al. 2019 ) suggest it is a detached white dwarf binary,
lthough it is much hotter than the cooling age or tidal heating alone
ould explain, suggesting a recent or ongoing accretion episode. 
ctively accretion is beyond the scope of this work, although such

ystems likely account for a large fraction of the systems that could
ealistically be detected by the Roman GBTDS. 

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

.3 White dwarf atmospheres 

or the white dwarf atmospheres, we interpolate a grid of precom-
uted spectra at various values of T eff and log ( g ) predicted by Koester
 2010 ) 4 for pure hydrogen atmospheres. We use a simple linear
nterpolation between the four nearest points to the requested T Eff 

nd log ( g ). In the Roman F 146 filter, the spectra are ef fecti vely
eatureless such that interpolating this way produces an adequate 
pproximation and properly accounting for the potential systems 
ith hydrogen depleted atmospheres would have little to no impact 
n our results. For the handful of systems with parameters outside the
recomputed grid, we default to a blackbody spectrum. In practice, 
ur code does not predict any systems with a luminous primary
ith parameters outside the precomputed grid will be detectable 

or the Reference Roman GBTDS. From the atmospheres, we obtain 
xpected brightness for both systems, which are then used to generate
ight curves as described in Section 3.4 . 

.4 Light-cur v e generation 

ight curves for eclipsing white dwarf binaries are generated using 
LLC (Maxted 2016 ). ELLC models the white dwarfs as triaxial
llipsoids with a Roche potential (Wilson 1979 ). We treat neutron
tars and black holes as spherical. We adopt a linear limb darkening
aw with fixed coefficients ldc 1 = ldc 2 = 0.5. For simplicity we
o not include gravity darkening, Doppler boosting, or heating by 
ompanions, although all three effects could be significant. 

F or light-curv e generation, we also do not include a period
eri v ati ve, as including it would not affect the detection efficiency. 
We also set the eccentricity e = 0 for light-curve generation. In

he absence of multistar interactions, appreciably non-zero ( e > 0.1)
ccentricities in LISA’s band are expected to occur only for systems
hat contain a neutron star or black hole that has received a large natal
ick from a supernova. Systems with COSMIC predicted eccentricities 
 > 0.1 contribute < 0 . 1 per cent to our predicted number of systems
etectable by LISA + Roman , such that accounting for eccentricity
 ould mak e no difference to our reported results. 
After generating the light curve with ELLC, we apply a dust

xtinction correction to the light curve as described in Section 3.5 .
inally, we draw the actual observed electron counts for a given
xposure as described in Section 3.6 . 
MNRAS 525, 393–401 (2023) 
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.5 Dust extinction 

or the dust extinction as a function of wavelength, we use the R V =
.1 extinction curve from Weingartner & Draine ( 2001 ). 5 

For the normalization of the extinction correction, we use the A H 

ap (Gonzalez et al. 2012 ) used for planning the Roman GBTDS
Penny et al. 2019 ), which uses λH = 1.64 μm as the central
avelength for the H -band filter (Saito et al. 2012 ). 6 We linearly

nterpolate this extinction map when drawing points. 
To draw random points in the GBTDS field, we obtain the chip

entres from the Reference Surv e y. 7 We then assign each realization
f a binary to a random chip and select a uniformly random point
n ( l , b ) on the chip to draw its A H from the dust map. At present,
he A H drawn this way is uncorrelated with the background noise on
n individual pixel drawn in Section 3.6 , which may overestimate
ackground noise for deeply extincted fields somewhat. 
Because we apply the dust extinction correction after generating

he light curve, we do not allow the extinction to alter the brightness
atio of the systems. Within the range of white dwarfs of interest for
his study, extinction is not a strong enough function of temperature
or correctly perturbing the brightness ratio to affect our conclusions.

.6 Roman exposures 

or the Roman exposures, we use the Roman F 146 filter. 8 From the
f fecti ve area A F 146 ( ν), we fix the normalization of received light to
lectrons detected per second using 

˙
 sig ( t) = f ap 10 −0 . 4 m ( t) 

∫ ∞ 

0 

F 
ref 
ν

hν
A F146 ( ν)d ν, (2) 

here F 
ref 
ν = 3 . 631 × 10 −20 erg cm 

−2 s −1 Hz −1 , and m ( t ) is the light
urve in magnitudes as described in Section 3.4 . We consider signal
hotons hitting a 3 × 3 grid of adjacent pixels, assuming a constant
perture correction of f ap = 0.815. A more optimal choice of aperture
s beyond the scope of this work. 

To obtain the expected total count of electrons observed by a single
oman exposure of length d t exp , we compute a d t exp width rolling

ntegral of Ṅ sig ( t) for a single orbit of the system and interpolate
o obtain the expected electron counts at the mid-exposure time
pecified by the surv e y strate gy described in Section 3.7 . 

The expected number of signal electrons N sig ( t , d t exp ) for an
xposure is then added to the expected background N bg (d t exp ) for
he e xposure. F or each system, we dra w the background count rate
˙
 bg from a random 3 × 3 grid of pixels of a single simulated exposure

s in Penny et al. ( 2013 ) (see also Penny et al. 2019 ). We then draw
he observed electron counts from a Poisson distribution with N exp ( t ,
 t exp ) = N sig ( t , d t exp ) + N bg (d t exp ). 
We then add a Gaussian random read noise of σ count = 60

lectrons (i.e. 9 pixels with σ pixel = 20 electrons/readout/pixel adding
ncoherently) to the number of electrons actually observed N obs . In

ost cases, the read noise dominates the detectability limit for the
ources of interest. To reduce the ef fecti ve read noise, we assume the
owler 2 readout scheme is applied, which averages two adjacent
NRAS 525, 393–401 (2023) 
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ml . 
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t  

F  

t  

t  

e  
.88 s detector readouts to reduce the ef fecti ve read noise in the
own-linked electron count rates by a factor of 

√ 

2 , at the expense
f also reducing the ef fecti ve length of each exposure by a single
.88 s sub-exposure. The process is then repeated for every exposure
o obtain the full light curv e observ ed by Roman , which is then
rocessed as described in Section 3.8 . 
To account for saturation, we mask all pixels with Ṅ bg >

0000 e/s, and reduce our quoted detection efficiencies by a factor
f the fraction of pixels masked, f mask . 

.7 Sur v ey strategy 

or the Roman GBTDS, we consider a single 72 d surv e y with n visit 

 6912 visits to each field, or visiting with a P visit = 900 s cadence.
or each visit, we take n exp exposures of length t exp (e.g. n exp = 1,
 exp = 52 s). 

To reduce aliasing for orbital periods close to small integer
ractions of P visit = 900 s, we add a Gaussian random variation to
he time between visits σ visit = 6 s, which in the real surv e y could
orrespond to variation in the time required to acquire the guide stars
pon arriving at a field. (It is also possible that one would insert
eliberate pseudo-random variations in the observing strategy, since
his would reduce aliasing artefacts in any search for periodic signals
n the bulge surv e y, e.g. in astroseismology; Gould et al. 2015 .) 

.8 Chi-squared calculation 

 or a giv en run, we first phase fold the simulated Roman light curve
nto n bins = Round[ P orb /d t ] phase bins with centres linearly spaced
n phase on a grid φ′ 

orb ∈ [0 , 0 . 5], where we fold about the mid-point
f the light curve φorb ≡ mod[ t / P orb , 1]: 

′ 
orb = 

{
φorb φorb ≤ 0 . 5 
1 − φorb φorb > 0 . 5 

. (3) 

Folding about the mid-point of the light curve picks out sin-
ike variation, because we expect the variation from eclipses and
llipsoidal variation to be sin-like. Note that our folding strategy
ssumes the initial phase of the binary can be ef fecti vely fit. Each
ample is then placed in the phase bin whose centre is closest to the
hase at the mid-point of the exposure, and the χ2 is calculated: 

2 = 

n bins ∑ 

i= 0 

(
N̄ i − N̄ 

)2 

σ 2 
i 

, (4) 

here N̄ i is the mean number of electrons in the i th phase bin and N̄ is
he mean number of electrons o v er the entire light curve. The variance

2 
i can be estimated in n samp 

i exposures out of n exp total exposures
ith electron the electron count in each sequential exposure given
 α: 

2 
i = 

σ 2 
lc 

n 
samp 
i 

= 

1 

n 
samp 
i 

[ 

1 

n exp 

n exp ∑ 

α= 0 

(
N α − N̄ 

)] 

. (5) 

Using this estimator of σ 2 
i corresponds mathematically to testing

he null hypothesis that the variation in the light curve is stochastic.
or a strongly signal dominated light curve, it will overestimate

he variance compared to other possible estimators, such as the
heoretically expected variance in a bin with n samp 

i electrons. How-
ver, because using the empirical variance absorbs all experimental

https://www.astro.princeton.edu/~draine/dust/dustmix.html
https://github.com/mtpenny/wfirst-ml-figures/fields/GonzalezExtinction.txt
https://github.com/mtpenny/wfirst-ml-figures/fields/layout_7f_3.chips
https://wfirst.gsfc.nasa.gov/science/201907/WFIRST_WIMWSM_throughput_data_190531.xlsm
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ources of variance in the count rate, it is more robust than using a
heoretical variance. 

We then e v aluate the significance according to a χ2 distribution,
ith the number of degrees of freedom k = n ′ bins − 1, where n ′ bins is

he number of bins with n samp 
i > 0. n ′ bins can be less than n bins due

o aliasing, although aliasing can be mitigated by a v oiding exactly
eriodic visits as described in Section 3.7 . 

.9 Selecting binaries 

e count a system as detectable by LISA when the 4-yr sky and
nclination averaged S/N ≥ 7, as defined by (Robson, Cornish & 

iug 2019 ). This condition is approximate, but should be sufficient 
o estimate the population of detectable binaries. We assume the 
requenc y evolution o v er the course of the mission is small enough
hat it can be ignored for the purposes of calculating the S/N. 

We count a system as detected by Roman when p < 10 −10 , based
n the χ2 discussed in Section 3.8 . The small p cut-off is necessary to
 v oid false positives due to the large number of pixels being searched.
n order to be conserv ati ve, we calculate the detectability of a system
iven only a single 72 d Bulge viewing season; including the full
ampaign would increase the detection efficiency. 

In a more theoretically optimal treatment, one could use the LISA
ky localizations of high S/N LISA sources to reduce the trials factor
or the Roman search, allowing detection with a less conservative 
 cut-off. For this purpose, we are most interested in sources that
an be detected with reasonable high significance before LISA 

aunches, to facilitate using longer time baselines for computing 
eriod deri v ati ves and electromagnetic characterization. Ho we ver, 
ISA characterization will impro v e significantly even if only the 
osition of a faint electromagnetic counterpart can be determined. 
herefore, Roman archi v al data can facilitate ongoing impro v ement

n the localizations of some LISA systems even if the Roman 
BTDS fails to detect them at sufficiently high significance on its
wn. 

.10 Trials factor 

o compute the trials factor, we assume the search runs o v er linearly
paced frequency bins of width � f = 1/(2 t season ) ≈ 8 × 10 −8 Hz from
 min = 10 −4 Hz to f max = 1/(2 t exp ) ≈ 9.6 × 10 −3 Hz, resulting in n f =
18 387 possible frequency bins. Each frequency bin is divided into 
hase bins of width �φ = Round[ t exp f ], resulting in a total of n bins 

 1090 156 frequency + phase bins. The seven GBTDS fields will
ontain n pix = 2.016 × 10 9 pixel locations to search. Therefore, 
he total number of trials will be n trials ≈ 2.2 × 10 15 . Because
e report single season detection efficiencies, candidate binaries 

n the first GBTDS season can be verified in the second season;
herefore, in two seasons the expected number of false positives 
s given 

〈
n fp,2 

〉 ≈ 2 . 2 × 10 15 p 
2 
cut,1 , where p cut,1 is the threshold for

dentifying a candidate detection in one season. If < n fp,2 > = 10 −4 

s the maximum tolerable number of false positives, then we require 
 cut,1 ≈ 2.1 × 10 −10 . 

.11 Calculating detection efficiency 

o calculate the detectability of a system in Roman output by our
ach realization of a binary system is given a uniformly random initial 
hase, as well as a pixel background noise as described in Section
.6 and a dust extinction as described in Section 3.5 . All binaries in
he Roman GBTDS fields get the same realization of the variation 
n exposure timing described in Section 3.7 . For each binary, we
alculate the f detected ( i ) at each point on a grid of n incl inclination bins
inearly spaced in cos i ∈ [0, 1]. 

We then integrate to obtain the probability of detection: 

 detected = 

∫ 1 

0 
f detected ( i ) d cos i . (6) 

For each inclination bin, we do n run realizations of the systems to
ompute f detected ( i ). 

 KNOWN  SYSTEMS  

s of this writing, ZTF J153932.16 + 502738 (J1539), SDSS 

065133.338 + 284423.37, and ZTF J2243 + 5242 (J2243) are the
hree shortest period known detached white dwarf binaries (Brown 
t al. 2011 , 2020 ; Hermes et al. 2012 ; Burdge et al. 2019 , 2020a , b ).
ll three will have LISA S/N � 90 at their observed spectroscopic
istances of d 
 2.3 kpc, d 
 1.0 kpc, and d 
 2.1 kpc, respectively
Littenberg & Cornish 2019 ). Because S/N ∝ 1/ d , all three would
till be easily detected as LISA sources (S/N > 7) in the Galactic
ulge at d 
 8 kpc. J1539 and J0651 sources are believed to
e He–CO binaries. For J0651, the He white dwarf is hotter,
nd consequently the primary by luminosity, and the system is 
etected primarily by the eclipses of the He white dwarf by the
O secondary. J2243 is most likely a He–He binary. For J1539,

he CO white dwarf primary is extremely hot ( T eff 
 48 900 K)
nd is detected due to both very strong reflection/reprocessing of 
ight by the otherwise unseen secondary, and total eclipses of the
rimary. 
Even after artificially adding our tidal heating prescription in 

ost-processing, the physics encoded by COSMIC cannot produce 
 short-period He–CO binary with a superheated CO white dwarf 
rimary such as J1539. At present, it is impossible to know for
ertain how representative J0651, J2243, and J1539 are of the 
eneral binary white dwarf population. Because Nature actually 
roduced these systems, they represent useful benchmarks for 
he detectability with Roman . It is of course possible that the
ocally observed white dwarf binary population could be quite 
ifferent from the old stellar population in the Galactic Bulge. 
e do note ho we ver that the location of J1539, 1.8 kpc from the
alactic Plane (Burdge et al. 2019 ), is consistent with an older
alo population (the other possibility being that J1539 is much 
ounger and experienced a large kick due to mass ejection in a
inary interaction; e.g. L ̈u et al. 2020 ). In this work, we consider
he detectability of J0651, J2243, and J1539-like sources in more 
etail. 
For J1539, reflection presents an additional complication because 

he spectrum for a T eff 
 48, 900 K white dwarf is very blue.
he measured CHIMERA g ′ -band reflective heating coefficient is 
eat 2 = 3 . 851 + 0 . 159 

−0 . 147 (Burdge et al. 2019 ). Because heat 2 > 1, most of
he light is actually reprocessed UV light, rather than true reflected
ight, and the reprocessing is wavelength dependent. Modelling the 
hysics of such reprocessing is beyond the scope of this work.
herefore, to give a sense of the range of plausible Roman F 146

ight curves for J1539, we present two scenarios: one with the best-
tting g ′ -band reflection coefficient, heat 2 = 3.851, and one with no
eflection, heat 2 = 0. 

Additionally, we sample a grid of possible inclinations for both 
ources, evenly spaced on cos i ∈ [0, 1]. For each point on the grid
f inclinations, we then generate 100 000 random realizations of 
he light curves with as described in Section 3 . The other binary
arameters are set to the appropriate values from Hermes et al. ( 2012 )
nd Burdge et al. ( 2019 ). 
MNRAS 525, 393–401 (2023) 
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M

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 o v erall trend in 
the top middle is a population of systems with very young (age < 5 Myr), hot 
secondaries. 

Figure 2. Roman detection probability versus period for our fiducial run with 
tides enhanced to match the temperatures of the J0651 system, with estimated 
LISA S/N shown in colour. For a given period, approximately 95 per cent of 
He–He binaries fall abo v e the dashed line. In this model, all He–He binaries 
with P f � 680 s 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 
P f � 475 s have a > 0 . 3 per cent chance of being detectable by Roman . 

5

I  

s  

b  

a  

m  

f  

fi  

h  

w  

9

f
W
d

Figure 3. Roman detection probability versus period for our fiducial run with 
tides enhanced to match the temperatures of the J0651 system, with estimated 
LISA S/N shown in colour. For a given period, approximately 95 per cent of 
He–He binaries fall abo v e the dashed line. In this model, all He–He binaries 
with P f � 950 s 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 P f � 475 s have a > 0 . 3 per cent chance of being detectable by Roman . 
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 RESULTS  

n Figs 1 , 2 , and 3 , we present the results from our fiducial run,
ummarized in Table 1 . The most detectable single system generated
y any run of our models is a P orb = 224.4 s He–He binary with
 41 000 K primary and a 39 000 K secondary generated in by our
odel with artificially enhanced tidal heating, which would have
 detected 
 57 per cent if it were in one of the Roman GBTDS
elds. 9 No individual system with an orbital period P orb > 370 s
as f detected > 25 per cent . Collectively the large number of systems
ith individually low f detected are the dominant contributions to the
NRAS 525, 393–401 (2023) 

 This particular system could be close to Roche lobe o v erflow due to inflation 
rom the heating, so it may or may not be realistic to consider it detached. 

hether o v erflow happens depends on the details of at what layer the heat is 
eposited. We thank the referee for pointing out this possibility. 

c  

B  

G  

p  

a  

i

xpectation values quoted in Table 1 . The typical masses of the
etectable systems in each surv e y are summarized in Table 2 . 

.1 Benchmark systems 

ur forecasts for the Roman detectability of our three benchmark
ystems as a function of inclination are shown in Fig. 4 . All three
ystems have a substantial probability of being detectable if they
ere present at the distance of the Galactic Bulge in the Roman
BTDS fields. The detectability is strongest at high inclinations.
hese systems are more detectable than the sources that contribute to

he rate estimates presented in Table 1 . If these benchmark sources are
epresentative of typical sources in the Galactic Bulge, the prospects
or joint detections could be much better than reflected in the rate
stimates. 

Overall, our model of the He–He binary J2243 has an inclination-
veraged Roman detection probability of ∼ 31 per cent at the
ssumed distance of the Galactic Bulge of 8000 pc, and the He–
O binary J0651 has an inclination averaged detection probability
f ∼ 17 per cent . The J1539-like system has an inclination averaged

70 per cent probability of detection including our reflection
odel, and ∼ 34 per cent including only ellipsoidal variation and

clipses. 

 DISCUSSION  

n this work, we have only considered statistical false positives due
o Poisson fluctuations in background light and detector readout
oise. We ha ve endea v oured to set an aggressive single-season p
alue requirement of p < 2.1 × 10 −10 to guarantee that virtually
o statistical false positives will remain as candidate detached white
warf binaries after two GBTDS seasons. This requirement is likely
ery conserv ati ve and represents candidate binaries that should be
uickly and straightforwardly identified and likely represent the best
andidates for follow-up with other instruments. A more optimized
ayesian analysis of a simulated data set for the entire Roman
BTDS w ould lik ely return a higher expected number of true
ositives while maintaining a low rate of statistical false positives,
lthough such candidates may be more difficult to validate with other
nstruments. 
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Table 1. Expectations values for number of binaries detected with P orb 

< 3000 s computed based on 20 Monte Carlo realizations of the seven 
GBTDS fields. 10 The quoted 1 σ 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. 

Type Tide model Roman LISA 

Roman + 

LISA 

Total No tides 3.07 ± 0.08 50.3 ± 1.6 0.43 ± 0.04 
Total Basic tides 4.33 ± 0.12 50.3 ± 1.6 1.54 ± 0.10 
Total Enhanced tides 6.23 ± 0.18 50.3 ± 1.6 2.89 ± 0.16 
He–He No tides 2.99 ± 0.08 26.2 ± 1.1 0.42 ± 0.04 
He–He Basic tides 3.91 ± 0.11 26.2 ± 1.1 1.20 ± 0.09 
He–He Enhanced tides 5.50 ± 0.16 26.2 ± 1.1 2.24 ± 0.14 
He–CO No tides 0.05 ± 0.01 19.9 ± 1.0 0.01 ± 0.00 
He–CO Basic tides 0.38 ± 0.05 19.9 ± 1.0 0.33 ± 0.05 
He–CO Enhanced tides 0.70 ± 0.08 19.9 ± 1.0 0.64 ± 0.08 

10 Expected total number of systems from 20 realizations of the GBTDS is 
approximated using 〈 n 〉 
 

∑ 

i f 
i 
detected / 20, with 1 σ statistical error on the 

mean approximated using σn 
 

√ ∑ 

i 

(
f i detected 

)2 
/ 20. 

Table 2. The mean masses of the He–He and He–CO white dwarf binaries 
detected in each surv e y 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. 

〈 m 1 〉 〈 m 2 〉 〈 m tot 〉 〈 m chirp 〉 
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 
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Validation with other instruments is an essential consideration 

igure 4. Roman detection probability versus inclination for our three 
enchmark systems at the distance of the Galactic Bulge. J1539 is shown
oth with and without the observed reflection effect, to give an idea of how
uch the reflection contributes to the detectability. For inclinations where it 
ould be eclipsing, the candidate He–He white dwarf binary J2243 is the most 
etectable system. The He–CO binaries exhibit more ellipsoidal variations 
nd therefore are detectable to lower inclinations, especially if reflection is 
lso enabled. 

ecause the bulk of high S/N false positives in the actual Roman
BTDS will likely be astrophysical. There are several other types 
f astrophysical signals that could masquerade as binaries with a 
omparable period. Rotating stars with spots could exhibit light- 
urve variations on similar periods, as could asteroseismology or 
ulsations. While such systems may be interesting in their own right,
hey are contaminants for the purposes of this study. Forecasting the
umber and period distribution of such systems identifiable with the 
oman GBTDS is beyond the scope of this paper. In most cases,
ISA itself will be able to validate the identification of a periodic
ource as a binary, especially for periods � 900 s where virtually all
inaries of white dwarf mass objects will be detectable by LISA
t 8 kpc. Other electromagnetic instruments, especially those with 
igher resolution or larger collecting areas, such as next-generation 
xtremely large telescopes, could follow up candidate binaries to 
ake a more definitiv e classification. F ollow-ups can also provide

dditional valuable scientific information of value to multimessenger 
tudies, such as colours and temperatures. Sources that can be 
dentified by both multiple electromagnetic instruments and LISA 

re appealing multimessenger science targets. 

 CONCLUSION  

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

hat their evolutionary properties can be compared. 
In addition to uncertainties in the temperatures, uncertainties in 

opulation synthesis as a whole are very large (Korol et al. 2022 ), and
ill not be substantially reduced until future generations of surv e ys
egin and place observational constraints on formation channels. 
ecause the Galactic Bulge is a different stellar population from the

ocal population where the bulk of currently known detached short- 
eriod white dwarf binaries have been detected, multimessenger 
etections of sources there have the potential to impro v e our
nderstanding of binary formation channels and stellar astrophysics. 
ndeed, sev eral observ ed short-period binaries are not well predicted
y existing temperature models (L ̈u et al. 2020 ), and as shown in
ection 5.1 , the detectability of those systems would be quite high in

he Roman GBTDS. Consequently, it is not possible to make a precise
orecast of the number of detached white dwarf binary systems that
ill be detectable by Roman . We have attempted to capture some of

his uncertainty by presenting three artificial models of tidal heating, 
hich produce results representing a range of point estimates within 

he realm of plausibility. 
The planned Roman GBTDS is not optimized to detect short- 

eriod white dwarf binaries. To detect short-period periodic sources, 
t would be more efficient to conduct a continuous series of exposures
n each field, rather than spending a significant fraction of the total
urv e y time slewing and settling. The data gaps associated with the
urv e y cadence also introduce aliasing effects that cause the surv e y
MNRAS 525, 393–401 (2023) 
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o lose efficiency at certain periods. Aliasing effects can also be
itigated by taking a continuous series of exposures on a single
eld. Such considerations could moti v ate using a small fraction of

he GBTDS time allocation to conduct such a series of exposures,
hich might also be valuable for other scientific purposes within

he surv e y. A surv e y campaign specifically optimized for identifying
ultimessenger science targets in the Galactic Bulge could also be

roposed and conducted in a possible Roman extended mission after
he primary mission has been completed. Observations conducted
n the first few planned Roman GBTDS seasons will be useful for
onstructing a better calibrated forecast of the number of systems an
ptimized surv e y campaign would be capable of finding. 
We did not conduct any detailed LISA instrument modelling in

his work, including modelling the effect of the time variability of the
alactic stochastic background, which can be a significant effect for

ources close to the Galactic Centre (Digman & Cornish 2022b ). A
ore detailed analysis of the impact of combining LISA and Roman

ata could better illuminate the effect of mutual detection of sources
n the LISA global fit. 
Multimessenger science is an exciting and rapidly expanding field.

lanned surv e y instruments will be capable of identifying valuable
ultimessenger targets. Early identification of some of those targets
ith Roman will be a scientifically valuable tool to predict and
ptimize the multimessenger science yield achie v able in concert with
ISA. 

CKNOWLEDGEMENTS  

e would like to thank Matthew Penny for useful discussion and
ro viding man y of the files related to the Roman GBTDS, and
amaya Nissanke for useful discussions. MCD and CMH were
upported by the Simons Foundation aw ard 60052667, NASA aw ard
5-WFIRST15-0008, and the U.S. Department of Energy award DE-
C0019083. MCD was also supported by NASA LISA Foundation
cience Grant 80NSSC19K0320. The computations in this paper
ere run on the CCAPP condo of the Pitzer Cluster at the Ohio
upercomputer Center (Ohio Supercomputer Center 2018 ). 

ATA  AVAILABILITY  

he data underlying this article will be shared on reasonable request
o the corresponding author. 

EFERENCES  

dams M. R. , Cornish N. J., 2010, Phys. Rev. D , 82, 022002 
dams M. R. , Cornish N. J., 2014, Phys. Rev. D , 89, 022001 
keson R. et al., 2019, preprint ( arXiv:1902.05569 ) 
lthaus L. G. , Serenelli A. M., Panei J. A., Corsico A. H., Garcia-Berro E.,

Scoccola C. G., 2005, A&A , 435, 631 
maro-Seoane P. et al., 2017, preprint ( arXiv:1702.00786 ) 
rmano M. et al., 2016, Phys. Rev. Lett. , 116, 231101 
isco v eanu S. , Kremer K., Thrane E., 2023, ApJ , 949, 95 
oileau G. , Lamberts A., Christensen N., Cornish N. J., Meyer R., 2021,

MNRAS , 508, 803 
oileau G. , Jenkins A. C., Sakellariadou M., Meyer R., Christensen N., 2022,

Phys. Rev. D , 105, 023510 
onetti M. , Sesana A., 2020, Phys. Rev. D , 102, 103023 
reivik K. et al., 2020a, ApJ , 898, 71 
reivik K. , Mingarelli C. M. F., Larson S. L., 2020b, ApJ , 901, 4 
rown W. R. , Kilic M., Hermes J. J., Allende Prieto C., Kenyon S. J., Winget

D. E., 2011, ApJ , 737, L23 
NRAS 525, 393–401 (2023) 
rown W. R. , Kilic M., B ́edard A., Kosakowski A., Bergeron P., 2020, ApJ ,
892, L35 

urdge K. B. , et al., 2019, Nature , 571, 528 
urdge K. B. , et al., 2020a, ApJ , 905, 32 
urdge K. B. , et al., 2020b, ApJ , 905, L7 
amisassa M. E. , C ́orsico A. H., Althaus L. G., Shibahashi H., 2016, A&A ,

595, A45 
arvalho G. A. et al., 2022, ApJ , 940, 90 
ornish N. J. , 2001, Class. Quantum Gravity , 18, 4277 
ornish N. J. , 2002, Class. Quantum Gravity , 19, 1279 
ornish N. J. , Crowder J., 2005, Phys. Rev. D , 72, 043005 
ornish N. J. , Robson T., 2017, J. Phys. Conf. Ser. , 840, 012024 
rowder J. , Cornish N., 2007, Phys. Rev. D , 75, 043008 
utler C. , 1998, Phys. Rev. D , 57, 7089 
igman M. C. , Cornish N. J., 2022a, preprint ( arXiv:2212.04600 ) 
igman M. C. , Cornish N. J., 2022b, ApJ , 940, 10 
dlund J. A. , Tinto M., Krolak A., Nelemans G., 2005, Phys. Rev. D , 71,

122003 
dwards M. C. , Maturana-Russel P., Meyer R., Gair J., Korsakova N.,

Christensen N., 2020, Phys. Rev. D , 102, 084062 
uller J. , Lai D., 2013, MNRAS , 430, 274 
eorgousi M. , Karnesis N., Korol V., Pieroni M., Stergioulas N., 2023,

MNRAS , 519, 2552 
irardi L. , Groenewegen M. A. T., Hatziminaoglou E., da Costa L., 2005,

A&A , 436, 895 
irardi L. et al., 2012, in Astrophysics and Space Science Proceedings, Red

Giants as Probes of the Structure and Evolution of the Milky Way. Spinger,
Berlin, p. 165 

onzalez O. A. , Rejkuba M., Zoccali M., Valenti E., Minniti D., Schultheis
M., Tobar R., Chen B., 2012, A&A , 543, A13 

ould A. , Huber D., Penny M., Stello D., 2015, J. Korean Astron. Soc. , 48,
93 

eggie D. C. , 1975, MNRAS , 173, 729 
ermes J. J. et al., 2012, ApJ , 757, L21 
urley J. R. , Shara M. M., 2003, ApJ , 589, 179 
urley J. R. , Tout C. A., Pols O. R., 2002, MNRAS , 329, 897 

ohnson S. A. , Penny M., Gaudi B. S., Kerins E., Rattenbury N. J., Robin A.
C., Calchi Novati S., Henderson C. B., 2020, AJ , 160, 123 

ohnson P. T. et al., 2021, preprint ( arXiv:2112.00145 ) 
ordan S. , 2008, Astron. Nachr. , 329, 875 
arnesis N. , Babak S., Pieroni M., Cornish N., Littenberg T., 2021, Phys.

Rev. D , 104, 043019 
oester D. , 2010, Mem. Soc. Astron. Ital., 81, 921 
orol V. et al., 2020, A&A , 638, A153 
orol V. , Belokurov V., Moore C. J., Toonen S., 2021, MNRAS , 502, L55 
orol V. , Hallakoun N., Toonen S., Karnesis N., 2022, MNRAS , 511, 5936 
roupa P. , 2001, MNRAS , 322, 231 
upfer T. et al., 2018, MNRAS , 480, 302 
amberts A. , Blunt S., Littenberg T. B., Garrison-Kimmel S., Kupfer T.,

Sanderson R. E., 2019, MNRAS , 490, 5888 
aureijs R. et al., 2011, preprint ( arXiv:1110.3193 ) 
awlor T. M. , MacDonald J., 2006, MNRAS , 371, 263 
evi M. et al., 2013, preprint ( arXiv:1308.0847 ) 
i Z. , Chen X., Chen H.-L., Li J., Yu S., Han Z., 2020, ApJ , 893, 2 
ittenberg T. B. , 2018, Phys. Rev. D , 98, 043008 
ittenberg T. B. , Cornish N. J., 2009, Phys. Rev. D , 80, 063007 
ittenberg T. B. , Cornish N. J., 2019, ApJ , 881, L43 
ittenberg T. B. , Yunes N., 2019, Class. Quantum Gravity , 36, 095017 
ittenberg T. , Cornish N., Lackeos K., Robson T., 2020, Phys. Rev. D , 101,

123021 
SST Dark Energy Science Collaboration , 2012, preprint ( arXiv:1211.0310 )
 ̈u G. , Zhu C., Wang Z., Liu H., Li L., Xie D., Liu J., 2020, ApJ , 890, 69 
arsh T. R. , 2011, Class. Quantum Gravity , 28, 094019 
asci F. J. et al., 2019, PASP , 131, 018003 
axted P. F. L. , 2016, A&A , 591, A111 
estel L. , 1952, MNRAS , 112, 583 
ukherjee S. , Silk J., 2020, MNRAS , 491, 4690 
issanke S. , Vallisneri M., Nelemans G., Prince T. A., 2012, ApJ , 758, 131 

http://dx.doi.org/10.1103/PhysRevD.82.022002
http://dx.doi.org/10.1103/PhysRevD.89.022001
http://arxiv.org/abs/1902.05569
http://dx.doi.org/10.1051/0004-6361:20041965
http://arxiv.org/abs/1702.00786
http://dx.doi.org/10.1103/PhysRevLett.116.231101
http://dx.doi.org/10.3847/1538-4357/acc585
http://dx.doi.org/10.1093/mnras/stab2575
http://dx.doi.org/10.1103/PhysRevD.105.023510
http://dx.doi.org/10.1103/PhysRevD.102.103023
http://dx.doi.org/10.3847/1538-4357/ab9d85
http://dx.doi.org/10.3847/1538-4357/abab99
http://dx.doi.org/10.1088/2041-8205/737/1/L23
http://dx.doi.org/10.3847/2041-8213/ab8228
http://dx.doi.org/10.1038/s41586-019-1403-0
http://dx.doi.org/10.3847/1538-4357/abc261
http://dx.doi.org/10.3847/2041-8213/abca91
http://dx.doi.org/10.1051/0004-6361/201628857
http://dx.doi.org/10.3847/1538-4357/ac9841
http://dx.doi.org/10.1088/0264-9381/18/20/307
http://dx.doi.org/10.1088/0264-9381/19/7/306
http://dx.doi.org/10.1103/PhysRevD.72.043005
http://dx.doi.org/10.1088/1742-6596/840/1/012024
http://dx.doi.org/10.1103/PhysRevD.75.043008
http://dx.doi.org/10.1103/PhysRevD.57.7089
http://arxiv.org/abs/2212.04600
http://dx.doi.org/10.3847/1538-4357/ac9139
http://dx.doi.org/10.1103/PhysRevD.71.122003
http://dx.doi.org/10.1103/PhysRevD.102.084062
http://dx.doi.org/10.1093/mnras/sts606
http://dx.doi.org/10.1093/mnras/stac3686
http://dx.doi.org/10.1051/0004-6361:20042352
http://dx.doi.org/10.1051/0004-6361/201219222
http://dx.doi.org/10.5303/JKAS.2015.48.2.93
http://dx.doi.org/10.1093/mnras/173.3.729
http://dx.doi.org/10.1088/2041-8205/757/2/L21
http://dx.doi.org/10.1086/374637
http://dx.doi.org/10.1046/j.1365-8711.2002.05038.x
http://dx.doi.org/10.3847/1538-3881/aba75b
http://arxiv.org/abs/2112.00145
http://dx.doi.org/10.1002/asna.200811065
http://dx.doi.org/10.1103/PhysRevD.104.043019
http://dx.doi.org/10.1051/0004-6361/202037764
http://dx.doi.org/10.1093/mnrasl/slab003
http://dx.doi.org/10.1093/mnras/stac415
http://dx.doi.org/10.1046/j.1365-8711.2001.04022.x
http://dx.doi.org/10.1093/mnras/sty1545
http://dx.doi.org/10.1093/mnras/stz2834
http://arxiv.org/abs/1110.3193
http://dx.doi.org/10.1111/j.1365-2966.2006.10641.x
http://arxiv.org/abs/1308.0847
http://dx.doi.org/10.3847/1538-4357/ab7dc2
http://dx.doi.org/10.1103/PhysRevD.98.043008
http://dx.doi.org/10.1103/PhysRevD.80.063007
http://dx.doi.org/10.3847/2041-8213/ab385f
http://dx.doi.org/10.1088/1361-6382/ab0a3d
http://dx.doi.org/10.1103/PhysRevD.101.123021
http://arxiv.org/abs/1211.0310
http://dx.doi.org/10.3847/1538-4357/ab6bcc
http://dx.doi.org/10.1088/0264-9381/28/9/094019
http://dx.doi.org/10.1088/1538-3873/aae8ac
http://dx.doi.org/10.1051/0004-6361/201628579
http://dx.doi.org/10.1093/mnras/112.6.583
http://dx.doi.org/10.1093/mnras/stz3226
http://dx.doi.org/10.1088/0004-637X/758/2/131


LISA Galactic binaries 401 

O

P
P
P  

R  

R  

R
S
S
S
S

S
T
T
T
V  

W
W
W
W
X  

Y

T

©
P

hio Supercomputer Center , 2018, Pitzer Supercomputer, available at: http: 
// osc.edu/ ark:/19495/hpc56htp 

an Z. , Yang H., 2020, Class. Quantum Gravity , 37, 195020 
enny M. T. et al., 2013, MNRAS , 434, 2 
enny M. T. , Gaudi B. S., Kerins E., Rattenbury N. J., Mao S., Robin A. C.,

Calchi Novati S., 2019, ApJS , 241, 3 
icker G. R. et al., 2014, in Oschmann Jacobus M. J., Clampin M., Fazio G. G.,

MacEwen H. A.eds, Proc. SPIE Conf. Ser. Vol. 9143, Space Telescopes 
and Instrumentation 2014: Optical, Infrared, and Millimeter Wave. SPIE, 
Bellingham, p. 914320 

obson T. , Cornish N. J., Liug C., 2019, Class. Quantum Gravity , 36, 105011
oebber E. et al., 2020, ApJ , 894, L15 
aito R. K. et al., 2012, A&A , 537, A107 
berna L. , Toubiana A., Miller M. C., 2021, ApJ , 908, 1 
eto N. , 2022, Phys. Rev. Lett. , 128, 041101 
torck A. , Church R. P., 2023, MNRAS , 521, 2368 
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
troeer A. , Vecchio A., 2006, Class. Quantum Gravity , 23, S809 
he Dark Energy Surv e y Collaboration , 2005, preprint(astro-ph/0510346) 
impano S. E. , Rubbo L. J., Cornish N. J., 2006, Phys. Rev. D , 73, 122001 
into M. , Dhurandhar S. V., 2005, Living Rev. Relativ. , 8, 4 
anhollebeke E. , Groenewegen M. A. T., Girardi L., 2009, A&A , 498,

95 
ang Z. , Zhao J., An Z., Shao L., Cao Z., 2022, Phys. Lett. B , 834, 137416 
eingartner J. C. , Draine B. T., 2001, ApJ , 548, 296 
ilson R. E. , 1979, ApJ , 234, 1054 
olz A. , Yagi K., Anderson N., Taylor A. J., 2021, MNRAS , 500, L52 
ie N. , Zhang J.-d., Huang S.-J., Hu Y.-M., Mei J., 2022, Phys. Rev. D , 106,

124017 
u H. , Weinberg N. N., Fuller J., 2020, MNRAS , 496, 5482 

his paper has been typeset from a T E 
X/L A T E 

X file prepared by the author. 
MNRAS 525, 393–401 (2023) 
D
ow

nloaded from

 https://academ

ic.oup.com
/m

nras/article/525/1/393/7238497 by Vanderbilt U
niversity user on 01 N

ovem
ber 2024

http://osc.edu/ark:/19495/hpc56htp
http://dx.doi.org/10.1088/1361-6382/abb074
http://dx.doi.org/10.1093/mnras/stt927
http://dx.doi.org/10.3847/1538-4365/aafb69
http://dx.doi.org/10.1088/1361-6382/ab1101
http://dx.doi.org/10.3847/2041-8213/ab8ac9
http://dx.doi.org/10.1051/0004-6361/201118407
http://dx.doi.org/10.3847/1538-4357/abccc7
http://dx.doi.org/10.1103/PhysRevLett.128.041101
http://dx.doi.org/10.1093/mnras/stad663
http://dx.doi.org/10.1088/0264-9381/23/19/S19
http://dx.doi.org/10.1103/PhysRevD.73.122001
http://dx.doi.org/10.12942/lrr-2005-4
http://dx.doi.org/10.1051/0004-6361/20078472
http://dx.doi.org/10.1016/j.physletb.2022.137416
http://dx.doi.org/10.1086/318651
http://dx.doi.org/10.1086/157588
http://dx.doi.org/10.1093/mnrasl/slaa183
http://dx.doi.org/10.1103/PhysRevD.106.124017
http://dx.doi.org/10.1093/mnras/staa1858

	1 INTRODUCTION
	2 THE SURVEYS
	3 METHODS
	4 KNOWN SYSTEMS
	5 RESULTS
	6 DISCUSSION
	7 CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

