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ABSTRACT

We study the Laser Interferometer Space Antenna (LISA) sources that arise from isolated binary evolution, and how these
depend on age and metallicity, using model stellar populations from BPASS. We model these as single-aged populations which
are analogous to star clusters. We calculate the combined gravitational wave (GW) spectrum of all the binaries within these
model clusters, including all types of compact binaries as well as those with living stars. These results allow us to evaluate the
detectability of star clusters with LISA. We find at late times the dominant sources are WD—WD binaries by factors of 50-200,
but at times between 10% and 10° yr we find a significant population of NS—~WD and BH-WD binaries (2—40 per 10° M), which
is related to the treatment of mass transfer and common-envelope events in BPASS, wherein mass transfer is relatively likely to
be stable. Metallicity also has an effect on the GW spectrum and on the relative dominance of different types of binaries. Using
the information about known star clusters will aid the identification of sky locations where one could expect LISA to find GW

sources.

Key words: gravitational waves —binaries: close —binaries: general —stars: black holes — stars: neutron — white dwarfs.

1 INTRODUCTION

Ever since the first direct detection of gravitational waves (GWs) in
2015 (Abbott et al. 2016), the observation of GWs by the LIGO-
Virgo—-KAGRA (LVK) Collaboration has proven a highly fruitful
venture. As of the end of its third observing run in 2020, this
collaboration has detected the 90 GW transients (The LIGO Scientific
Collaboration 2021), each originating from a binary merger of black
holes (BHs) or neutron stars (NSs), including multiple individually
notable events such as GW170817 (Abbott et al. 2017a), a binary
NS merger for which an associated gamma-ray burst and optical
transient were also detected (Abbott et al. 2017b), opening up
a new field of astronomical research known as multimessenger
astronomy.

However, the currently operating GW observations have a limi-
tation in that they cannot detect GWs at frequencies below about
10 Hz, which is in part because they are located in contact with the
surface of the Earth, and thus also pick up seismic vibrations, which
contribute noise to the detectors at low frequencies (Saulson 1984;
Hughes & Thorne 1998), and because the intrinsic sensitivity of an
interferometric GW detector drops when the wavelength becomes
much longer than its arms. As a result, there are many types of
potential GW sources that the detectors of the LVK Collaboration
could not observe, such as those from white dwarf (WD) binaries or
from mergers of (super)massive BHs.

To survey events below the ground-based detectors’ frequency
range, a space-based GW observatory called the Laser Interferometer
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Space Antenna (LISA) is being developed, expected to be launched
in the 2030s. LISA will consist of three satellites in a triangular
formation with a separation of 2.5 million km, with the system as
a whole following Earth’s orbit but trailing by approximately 20
degrees (Amaro-Seoane et al. 2017; Cornish & Robson 2017). The
three satellites will comprise a system of three overlapping double-
arm interferometers.

The frequency range in which LISA will be able to detect GWs
spans roughly from 10~ to 1 Hz. Within this range, aside from the
aforementioned compact object binaries and massive BH mergers,
there are also numerous other potential GW sources that have been
theorized, such as extreme mass-ratio inspirals, which involve a
stellar-mass object falling into a massive BH (Amaro-Seoane et al.
2007); or systems of a living star (i.e. a star with nuclear fusion as the
main source of energy production) being envelope-stripped by a WD
or NS, which could also be X-ray sources (Yungelson 2008; Gotberg
et al. 2020). A detailed analysis of astrophysical sources potentially
visible to LISA can be found in Amaro-Seoane et al. (2023); there are
also potential cosmological sources, which are discussed in Auclair
et al. (2022).

Apart from LISA, there are several other planned space-based GW
observatories which would also survey the milli-Hz range, including
TianQin (Luo et al. 2016) and Taiji (Hu & Wu 2017). One proposed
detector in particular that we will look at is pAres, which would
use a similar design and technology to LISA, but with arm lengths
of 100 million km instead, lying within the orbit of Mars (Sesana
et al. 2021). This detector, which is in the early stages of design
and may be launched in the decades following LISA, would have
a frequency range overlapping that of LISA but extending down to
10~® Hz, which would include wider compact object binaries but
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also particularly more living—compact binaries, which tend to lie at
the lower end of LISA’s frequency range due to physical limits on
their separation.

Understanding the signals that would be received by LISA
necessitates modelling the sources that could contribute to the
LISA GW signal. There have been many analyses that model the
compact binary population within the Milky Way (e.g. Portegies
Zwart & Yungelson 1998; Nelemans, Yungelson & Portegies Zwart
2001; Lamberts et al. 2018, 2019; Breivik, Mingarelli & Larson
2020). However, within this population there will be many stellar
clusters containing binaries that can be detected by LISA. Previous
studies have considered binaries formed by dynamical interactions
(e.g. Portegies Zwart & McMillan 2000; Benacquista, Portegies
Zwart & Rasio 2001; Ivanova et al. 2006; Lorén-Aguilar et al. 2009;
Nelemans 2009; Benacquista & Downing 2013; Kremer et al. 2018);
however, not all clusters will have high densities that drive dynamical
interactions. So, a study of sources that arise from isolated interacting
binary evolution is important to understand the majority of LISA
sources.

In particular, we make a distinction between two types of stellar
clusters, open and globular clusters. Open clusters have a relatively
low mass and density, which means that separate stellar systems
in the cluster will not interact with each other frequently, and
thus can be modelled quite closely by isolated binary evolution.
Globular clusters have more mass and thus more potential GW
sources, but because of their high density there will be dynam-
ical interactions between systems, and thus the assumption of
isolated binary evolution is less accurate. An overview of pre-
dictions of LISA sources in both types of clusters can be found
in section 1.3.2 of Amaro-Seoane et al. (2023) and references
therein.

In this paper, we study the LISA sources that arise from isolated
binary evolution, and how these depend on the age and metallicity
of the simple stellar population. We include all combinations of
BHs, NSs, and WDs, but also living binaries and living—compact
binaries like those of Gotberg et al. (2020). To do this, we use
model stellar populations of various ages and metallicities from
the population synthesis code suite Binary Population and Spectral
Synthesis (BPASS; Eldridge et al. 2017; Stanway & Eldridge 2018),
and calculate the combined GW spectra of all the binaries within
these populations. We focus on sources in the LISA frequency range,
with some discussion of pAres.

Our work is analogous to the many studies that predict electro-
magnetic (EM) spectra for unresolved simple stellar populations.
These have a long history of being used to understand these stellar
populations (e.g. Tinsley 1968; Wofford et al. 2016; Stanway &
Eldridge 2018).

The BPASS stellar populations we are using consist of sys-
tems formed in a single starburst and therein resemble a stellar
cluster where dynamical interactions are rare. We use our mod-
els to investigate whether a stellar population similar in mass
and distance to a globular cluster would be detectable by LISA
and what the dominant sources in the stellar population would
be.

The outline of this paper is as follows: in Section 2, we outline our
method of simulating GWs and producing the model populations; in
Section 3, we present our GW population synthesis and the results
in terms of frequency spectra, importance of the different types of
binaries, the effect of age and metallicity on the stellar population,
and how realistic these predictions may be; in Section 4, we illustrate
our results with example calculations for real clusters; and in Section
5, we discuss the results and present our conclusions.
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2 METHODS OF GRAVITATIONAL WAVEFORM
SYNTHESIS

2.1 Simulating gravitational waves

Identifying GW signals in data requires template models of what
these waveforms would be expected to look like. The mathematical
theory that is used in simulations of GWs is based upon the Einstein
field equations, which are difficult to solve both analytically and
numerically. Consequently, models and simulations of GWs use
approximations and numerical methods to simplify the problem and
reduce the difficulty of solving the Einstein equations while retaining
as much accuracy as needed.

When simulating the gravitational waveforms from mergers of
BHs or NSs that would be detectable by LIGO, particular methods
of simplification that are commonly used include post-Newtonian
approximations and limited numerical relativity. Such methods are
used, for example, in LIGO’s code suite LALSUITE (LIGO Scientific
Collaboration 2018), our own GW simulation package RIRORIRO
(van Zeist, Stevance & Eldridge 2021; Ghodla et al. 2022), and the
LISA-targeted package LEGWORK (Wagg, Breivik & de Mink 2022a,
b).

However, binaries in the frequency range of LISA have signif-
icantly wider orbits than those detectable by LIGO, so a simpler
waveform model can be used, as the periods of these binaries
effectively do not evolve over the time of observation. Furthermore,
because we do not need to simulate the process of the binaries
merging there are fewer relativistic effects that need to be taken
into account.

Our method we use to create our simulations of LISA-detectable
binaries is as follows. First, the (dimensionless) instantaneous am-
plitude of the GW signal of a binary in the frequency range of LISA
can be written as a single equation (Krélak, Tinto & Vallisneri 2004;
Shah, van der Sluys & Nelemans 2012):

_ 4(GMchirp)%
- ctd

In this equation, G is the gravitational constant, c is the speed of
light, d is the distance between the binary and the observer, fis the
GW frequency of the binary (equal to twice the orbital frequency),
and M_prp is the chirp mass of the binary:

A (7 f)3. (1)

(mymy)3
(my + mz)% '

From this, we can compute the binary’s characteristic strain, a
simple way to evaluate the strain accumulated by a binary as it is
observed over time (Moore, Cole & Berry 2015; Kupfer et al. 2018):

he = v/ fTops A 3)

Here, Tops is the length of time for which the binary is observed.
Another common parameter used to evaluate a GW signal observed
over time is the strain power spectral density (PSD), which is as
follows (Moore et al. 2015):

2
Sh = hfc = (7bs-'42- (4)
f

The characteristic strain and the PSD both have properties which
make them advantageous as indicators of the ‘loudness’ of a GW
signal in a detector: a source’s characteristic strain over frequency
can be plotted against a detector’s sensitivity curve, and the height
between these curves is then directly related to the signal-to-noise
ratio of that GW in that detector; while a source’s PSD, integrated

(@3]

M chirp =
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over frequency, gives the mean square amplitude in the detector
(Moore et al. 2015). The characteristic strain is dimensionless, while
the PSD has units of f~!.

In this paper, we will use the PSD as the primary method to
quantify strain in our plots, but we will also show the equivalent
plots with characteristic strain in the appendix.

The calculation of instantaneous amplitude in equation (1) as-
sumes that the binary has an optimal inclination angle; to account
for arbitrary inclinations, the amplitude can be averaged over all
possible inclinations, giving the following multiplication factor for
A? (Robson, Cornish & Liu 2019):

1t ra+x2r 4
5/_1(74 —I—x)dx_g. ®)

Therefore, when we calculate the strain of a binary using equation
(3) or 4, we multiply A by /4/5.

We treat all binaries as having zero eccentricity when estimating
their strain, using the assumption that these binaries would likely
circularize quickly during their evolution. For systems where the
second compact object formed is a WD, there is no SN and therefore
the eccentricity will be low. For systems where the second compact
object is a BH or NS, for systems in the LISA frequency range the
periods would be short enough that the SN must have had a low
ejecta mass and the object would have received a low natal kick, and
therefore we assume that the orbit would not have been significantly
affected and the eccentricity would be low (Richards et al. 2023).

We note that Lau et al. (2020) and Wagg et al. (2022c) show
that some NS and BH binaries may retain some non-negligible
eccentricity. However, highly eccentric systems can merge much
quicker than those with circular orbits and the emission of GWs
typically circularizes the orbit faster than the period of the orbit
decreases (Peters 1964). However, non-negligible eccentricities, e ~
0.1 x few, may remain and would alter the expected signal from the
binaries. We do not consider these in our work and this should be
reviewed in future.

2.2 Sensitivity of LISA

To evaluate the detectability of a GW signal with LISA, one needs
to compare it to LISA’s sensitivity, which is limited by instrument
noise, confusion noise, and its anisotropic detector response function.
Specifically, a prediction of the GW sensitivity of LISA with respect
to frequency, in units of PSD (Hz™!) is given by the following
equation (Robson et al. 2019):

10 (£ 2P 6 (1Y
S= 50 (POMS+ (1 oo (7)) (hf)“) (l "0 <7> ) ©)

In this equation, L is the arm length of LISA (2.5Gm), f; is
a quantity called the transfer frequency which is defined by f, =
c/(2r L) and is equal to 19.09 mHz for LISA, and Poys is the (high-
frequency) single-link optical metrology noise (Robson et al. 2019;
Babak, Hewitson & Petiteau 2021):

_3\ 4
Pows = (3 x 1072) <1 T (%) ) . %)

And P, is the (low-frequency) single-test-mass acceleration
noise:

= mom (1 (22) (i)

®

Both Poyms and P, are given in units of Hz L.
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Detector noise is not the only factor limiting the sensitivity of a
GW detector, as this is also affected by the instrument not being
equally sensitive in all directions. This anisotropy, referred to as the
antenna beam pattern, is quantified by a detector response function,
which also takes into account the detector’s rotation over time.

While the beam-pattern equations for LISA (Cutler 1998) are
broadly similar to those used for ground-based detectors like LIGO
(Finn 1996; Belczynski et al. 2013, 2014), there are different
conventions in how these are used. In LIGO literature, the detector
response function is applied to the amplitude of the signal and not to
the sensitivity curve, which contains only the detector noise; but in
LISA literature this factor is applied to the sensitivity curve instead
(Robson et al. 2019). Equation (6) includes a factor of the sky- and
polarization-averaged detector response, and so we do not need to
take the detector response into account separately so long as we
assume that each binary in our population has a random polarization
and the sky location of our population is also random. It is worth
noting that, were one to look at an individual binary with a specific
sky location and polarization, then this averaged response would
not apply; for information on how to calculate the detector response
function of an individual source, see Cutler (1998), Cornish & Larson
(2003), and Krdlak et al. (2004).

The sensitivity curve described by equation (6) solely includes
noise sources related to the instrument itself, but LISA will also
experience effective noise from unresolved Galactic binary sources.
This confusion noise, in units of PSD (Hz™!) is described by the
following equation (Cornish & Robson 2017; Robson et al. 2019):

Se(f) = (9 x 10) f=3e~ I HBICNM Ltanh(y (fi — F]. (9)

In this equation, «, B, k, y, and f; are fit parameters, which
depend on the duration of the mission, given in table 1 of Cornish &
Robson (2017). A “full’ sensitivity curve including both instrument
and sensitivity noise is obtained by summing equations (6) and (9).

2.3 BPASS stellar population models

In order to simulate GWs from stellar populations, we require data
describing such a population to use as input. For this we use the BPASS
code suite, which simulates the evolution of a population of binary
and single-star systems from a wide range of initial conditions. We
use v2.2.1 stellar models (Eldridge et al. 2017; Stanway & Eldridge
2018) with a modified version of the GW population synthesis code
TUl, first discussed in Ghodla et al. (2022). This is the computer
programme that calculates the birth and evolution (via gravitational
radiation) of the population of GW sources and transients in the
BPASS code suite.

In creating the population, we use the fiducial BPASS parameters,
that is, an initial mass function (IMF) based on Kroupa, Tout &
Gilmore (1993). This has a minimum mass of 0.1 Mg, with an IMF
slope of —1.30 up to 0.5 Mg, where the slope steepens to —2.35 up
to a maximum stellar mass of 300 M. The initial binary parameters
are taken from Moe & Di Stefano (2017) (see their table 13). This
has a binary star fraction of 94 per cent above an initial primary mass
of 16 Mg, which drops to 40 per cent for solar-mass stars. The period
and mass-ratio distributions for the orbits are observationally derived
and too complex to summarize here (for full details, see table 13 of
Moe & Di Stefano 2017).

The binary stellar evolution is as described in Eldridge et al. (2017)
and Stanway & Eldridge (2018). All orbits during the stellar evolution
of the binaries are here taken to be circular. This is a reasonable
approximation as binaries with similar semilatera recta have similar
evolutionary outcomes (Portegies Zwart & Verbunt 1996; Hurley,
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Tout & Pols 2002). The remnant masses are determined by the
standard prescription from Eldridge & Tout (2004). When a star
undergoes a supernova, we use a Maxwellian velocity distribution
from Hobbs et al. (2005), which is adjusted to a momentum
distribution for BHs, to simulate the resulting kick.

For the GW source calculations, we search through all our stellar
models at a certain metallicity, determining the chirp mass and orbital
frequency for such systems and recording them, either when both
stars are living, or when one has experienced a supernova and we
now have a binary with a compact remnant. When both stars in
a binary have formed a compact remnant, we assume that only
gravitational radiation drives the further evolution and integrate
the equations of Peters (1964) to determine the chirp mass and
frequencies of the double compact object evolution. If the orbit after
the second supernova becomes eccentric, we do model the evolution
of eccentricity and period together.

The resulting outputs are a data set of GW sources distributed
in chirp mass, frequency, and time since birth of the stars on the
zero-age main sequence. These can then be combined with the above
modelling of the GW signals to produce the expected results from a
simple stellar population (i.e. one that contains only single stars and
isolated binaries).

3 GRAVITATIONAL WAVE SPECTRA OF
STELLAR POPULATIONS

In this section, we discuss the concept of ‘GW spectral synthesis’,
the simulation of GWs from aggregated stellar populations generated
by a population synthesis code, and show various results from
these simulations for stellar populations with an initial mass of
10° M, formed in a single starburst, of various ages and metallicities,
observed at 1 kpc for a duration of 4 yr.

3.1 Gravitational wave spectral synthesis

The concept of GW spectral synthesis involves calculating the total
frequency spectrum of the GWs of each binary (at a given age and
metallicity) in a data set describing a stellar population, such as
the previously discussed BPASS model data set, added together. This
gives the cumulative GW spectrum of a stellar population, analogous
to the EM spectral synthesis already performed by BPASS, wherein
cumulative EM spectra of stellar populations are constructed. In both
cases, looking at the spectra of stellar populations as a whole gives
insights when it is not possible to resolve individual sources within
them.

For each binary model in the data set from BPASS, we calculated the
GW strain using equations (3) and (4). To create a cumulative GW
spectrum from these individual strain values, we sorted the systems
for each age and metallicity in the BPASS data set into bins based
on frequency. Within each bin, we summed the individual strains in
quadrature (instead of linearly, which would only be valid if all of the
binaries in the bin are in phase with each other). The resulting sum
gives the strain amplitude for that bin. When we need to calculate
the strain power, we square this value.

3.2 Spectra of different types of compact binaries

Fig. 1 shows the aggregate GW spectra of compact binaries from a
stellar population with an initial mass of 10° M, formed in a single
starburst at metallicity Z = 0.020, at different ages. For these plots
and all subsequent ones, the distance between the observer and the
stellar population is set as 1 kpc and the duration of observation is
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set as 4 yr. Fig. 2 shows the number of systems in each frequency
bin for each type of binary and age shown in Fig. 1. The frequency
bins have a width of 0.2 dex. Fig. 1 uses units of strain PSD, and
the equivalent plots for characteristic strain are shown in Fig. Al.
Alternative arrangements of Figs 1 and 2, with each panel showing
an individual age as opposed to an individual binary type, are shown
in Figs B1 and B2, respectively.

General trends over age can be seen for each of the binary types:
within the LISA frequency band from approximately 10~ to 10° Hz,
the strain increases until a peak and gradually decreases after that,
while at lower frequencies the evolution of the spectrum is less
regular but for most plots the strain is still increasing at 10! yr.

The age at which strain PSD in the LISA band (or characteristic
strain overall) is maximal depends on the types of objects in the
binaries, occurring later for the less-massive remnants: it is at around
107 yr for the BH-BH and BH-NS binaries, at 10 yr for the BH-
WD, NS-NS, and NS-WD binaries, and at 10'° yr for WD-WD
binaries. No WD-WD binaries have yet formed in the earliest time
bin at 107 yr, while BH-WD and NS-WD binaries occur over a
limited range of frequencies at this age.

This pattern with respect to binary types is as expected from stellar
evolution, given that for NSs there is a greater delay time from stellar
birth until the formation of the compact remnant than for BHs, and
longer still for WDs.

For the majority of the binary types, the frequency at which the
peak strain occurs shifts lower in frequency as the population ages.
This is because for the binaries formed by at least one SN, new
systems are not formed after about ~100 Myr. Thus, the shortest
period binaries evolve out of the population, shifting the peak to
lower frequencies. The exception is for the WD—WD binaries (which
do not undergo SN), for which there is no clear trend. For these, the
population is continually replenished by new WDs, so the evolution
is less obvious.

The relative strain power of the different binary types is fairly
even at most of the shown ages, with one major exception. The BH—
BH and BH-NS binaries have maximal strain PSD values between
10~37 and 1073 Hz~!, while the BH-WD, NS—-NS, and WD-WD are
somewhat higher at most ages, with maximal strain of around 1073
Hz~' each. However, the NS—-WD binaries (panel E in Fig. 1) have
a significantly higher peak value that is between 1073* and 10733
Hz™!, and from 10® yr onward they have the highest strain PSD in
the LISA frequency range (and highest characteristic strain overall)
until 10'° yr, after which the WD-WD binaries have a comparable
strain.

At 107 yr, the NS—-WD binaries already have a high strain, but it is
limited to a narrow frequency range around 10~* Hz. This property is
shared with the BH-WD binaries, which is something we will return
to later in this section. After 10% yr, the rate of decrease of strain in
the LISA frequency band is faster for the NS—WD and BH-WD than
other types of binaries.

The discrepancy between the NS—WD binaries and the other
types persists if, instead of looking at the GW strain, we look
at the raw number of predicted systems in each frequency bin.
This indicates that it is not caused by the NS-WD systems being
treated differently to other binaries by the GW strain calculation
code, but rather originates from the BPASS population that is used
as input. In Fig. 2, we see that in the LISA frequency range
only the WD-WD binaries (panel F) are more numerous, and
only at the 10'°-10'"" yr time bins, while from 10% yr onward
the number of NS-WD binaries (panel E) exceeds that of any
of the remaining four types by at least two orders of magnitude.
The NS-WD binaries are also second highest in total number
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(B) BH-NS GW spectrum, Z = 0.020
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Figure 1. Gravitational wave spectra of different types of compact binaries for a stellar population with an initial mass of 10° Mg, at a distance of 1 kpc and Z
= 0.020. Each panel shows a different binary type, and each line a different point in time after the initial starburst. The dotted lines show an approximation of

the LISA frequency range.

across the whole modelled frequency range, behind the WD-
WD.

There are various pathways in the BPASS population synthesis
that produce these BH-WD and NS-WD binaries. The broad
range of orbital frequencies in the population comes from binary
systems where the primary star forms an NS in a tight orbit.
The remnant then interacts with its companion while the latter

MNRAS 524, 2836-2856 (2023)

is still on the main sequence. This leads to stable mass trans-
fer, which causes little change in the orbit. However, for some
cases, we find that enough mass transfer occurs to produce a
BH by accretion-induced collapse of the NS. However, these tend
to only lead to orbits with lower frequencies up to 107® Hz
but as we can see there is a significantly higher peak at 107*
Hz.
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Figure 2. Number of systems per bin for different types of compact binaries for a stellar population with an initial mass of 10° Mg at Z = 0.020. Each panel
shows a different binary type, and each line a different point in time after the initial starburst. The dotted lines show an approximation of the LISA frequency

range.

This higher frequency peak comes from an unusual pathway.
These arise from binary systems where the primary star forms an
NS or BH at core collapse. In some of these systems, significant
mass is transferred to the companion and the systems are difficult
to unbind with the first supernova kick at the companions have
effective initial masses from 20 to 120Mg. The orbit after the
first core collapse also has a relatively tight initial orbital period

from 1 to 4 d. The stellar wind mass-loss rates at the more massive
end of this distribution are significant and the mass of the star
changes at a similar rate as the nuclear evolution in the core. This
leads to the stellar core being exposed relatively rapidly. At this
point, and for the initially less-massive stars, Roche lobe overflow
and in many cases common-envelope evolution also occurs, further
increasing the mass-loss rates. This leads the stellar model to rapidly
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evolve towards a WD in the very tight orbits at the peak we
seek.

During this common-envelope evolution, our BPASS prescription
leads to the initially massive star evolving to a WD, orbiting a BH
or NS that has not accreted significant mass in a very short orbit.
These systems would effectively appear as ultraluminous or low-
mass X-ray binaries with short-period orbits, depending on which
phase of evolution they are in. At the end of evolution, the binary
has a BH that is still relatively close to its initial mass (between
3 and 7M;) in an extremely short period of around 10~* Hz. In
some cases, the companion quickly becomes a low-mass star that has
already experienced significant hydrogen fusion but may continue to
experience nuclear burning on a time-scale longer than the orbital
evolution by GWs.

This peak is metallicity-dependent because at lower metallicities
the mass range at which this evolution occurs shifts to lower initial
masses, removing the very massive stars, and so the mass range of
stars that leads to this evolution moves into the 10-25 Mg, range. As
a result, those binaries appear at later times and more spread out in
time compared to the sharp peak at higher metallicities.

This evolutionary path to form NS/BH-WD binaries is somewhat
uncertain and may just be a spurious evolutionary pathway due to
the implementation of stellar winds, mass transfer, and common-
envelope evolution within BPASS. It does however reveal that new and
important LISA sources may occur that are not predicted by other
binary population synthesis codes. These stars will also be difficult to
observe electromagnetically as they are faint, subsolar stripped stars
orbiting around a BH in orbital periods of hours. However, there
are known NS—WD binaries within the Galaxy (e.g. van Kerkwijk &
Kulkarni 1999; Tauris & Sennels 2000; catalogued in e.g. Manchester
et al. 2005). We also note that Abdusalam et al. (2020) predict that
40 per cent of NS—WDs in the LISA band have as progenitors X-ray
binaries with super-Eddington accretion that could be detectable in
EM as ultraluminous X-ray sources (Misra et al. 2020).

Of course the large population of these predicted binaries might
be only possible in the BPASS binary evolution algorithm and may
not be robust, but even if LISA reveals this pathway does not exist
it is important to be prepared for sources in the eventual LISA data
that we have not yet predicted.

We note that the intermittent empty bins in the NS—WD and WD-
WD spectra (panels E and F of Figs 1 and 2) are not physical in origin,
but an artefact resulting from the BPASS data set not containing any
systems to populate those bins because of the finite resolution of the
grid of initial system parameters.

3.3 Spectra of living versus compact binaries

Fig. 3 compares the spectra of all compact binary types added
together, those of binaries of two living stars and those of one living
star and one compact remnant, for the same stellar population as Fig.
1. Also plotted is the total GW spectrum of the population, consisting
of the living-living, living—compact, and compact—compact spectra
added together. Each subplot shows the spectra at a different age,
from 10° to 10'° yr. Fig. 3 uses units of strain PSD, and the equivalent
plots for characteristic strain are shown in Fig. A2.

We note that the living—compact binaries with periods less than
a day would be interacting binaries that may be observable electro-
magnetically. BH-WD and NS—WD binaries at sub-minute periods
may also be interacting due to the WD filling its Roche lobe, but we
have not included this in our modelling.

The spectra of the living and compact binaries are clearly distinct:
the strain power of the living binaries is largely within the range of
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10719107 Hz, the living—compact binaries are similar but extend
to somewhat higher frequencies at 10~* Hz, while compact binaries
are found over the entire modelled frequency range up to 10° Hz as
discussed in Section 3.2. In the characteristic strain plots, one can
see distinct peaks formed by the living binaries between 10~ and
1073 Hz and the compact binaries between 10~ and 10~2 Hz, though
the latter is less prominent in the strain PSD plots.

The reason that living binaries are not found beyond the cutoff
around 107°-10* Hz is that, at higher frequencies, the orbital radius
would be sufficiently small that the stars’ envelopes would interact
with each other, the end result of which would be either the two stars
merging or the orbit being widened due to mass-loss.

The spectra of the living and compact binaries are also different
in terms of their evolution over time: the living binaries have their
highest strain at 10° yr, an age at which no double compact binaries
have even formed yet, and consistently decrease in strain over time,
while the compact binaries form later and have comparable strain
power (and greater characteristic strain) from around 108-10° yr.
This pattern is as expected based on the evolution of living stars to
compact remnants.

We note that the living—compact binaries’ maximum frequency of
10~% Hz matches the peak of the NS—WD and BH-WD binaries we
discussed above. This indicates that the peak in those populations
is a result of these binaries, which would likely to be observed as
low-mass X-ray binaries before the companion becomes a WD.

The highest strain power in Fig. 3 overall is for the living binaries
at the youngest ages (panel A), with a strain power between 10~
and 1072 Hz~! (characteristic strain between 10~'® and 10~7) at
10° yr. However, this peak occurs at 10~ Hz, a frequency too low
for LISA to detect. The highest strain of double compact binaries is
between 10~3* and 1073 Hz~! (characteristic strain between 10~
and 107'8) from 10® to 10° yr (panels C and D), which corresponds
to the predominant NS—WD binaries discussed in Section 3.2.

Because the compact and living binaries peak at different fre-
quencies and which of these classes is predominant changes as
the population grows older, the overall GW spectrum of the stellar
population changes over time. We investigate this in more detail in
Section 3.4.

3.4 Evolution of spectra over time and for different metallicities

Fig. 4 shows the total (living and compact) GW spectrum of a 10° M,
stellar population over a range of ages: each line is a different age,
going from 10° yr (blue) to 10'%3 yr (red) in steps of 0.1 dex. Each
subplot shows the spectra at a different metallicity, from Z = 0.001
to Z = 0.020. Fig. 4 uses units of strain PSD, and the equivalent plots
for characteristic strain are shown in Fig. A3.

The high resolution in age allows us to see the changes in the
spectrum over time more clearly. For all metallicities, we can see
a peak between 10 and 10~ Hz that has its highest amplitude
when the population is youngest and loses prominence over time,
while there is a broad region of strain in the LISA frequency range
between 10~* and 10° Hz which appears between 107 and 10® yr,
rapidly rising to a maximum strain and then slowly declining.

The shape of the spectrum is similar for all metallicities, but there
are several differences that can be observed. First, the strain below
the LISA frequency range (dominated by living binaries) is higher
for lower metallicities (panels A and B), though there is little effect
on the strain power within the LISA frequency range.

Another distinction is that, at higher metallicities (panels D and
E), we can see the appearance of a sharp peak at 10~* Hz at around
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(B) 107 yr GW spectrum, Z = 0.020
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Figure 3. Gravitational wave spectra of living and compact binaries for a stellar population with an initial mass of 10° M, at a distance of 1 kpc and Z = 0.020,
at different ages. ‘L + L’ are binaries of two living stars, ‘L. + C’ are binaries with one living star and one compact remnant, and ‘C + C’ are double compact
binaries. The black dashed line shows the total spectrum of the population at each age. The dotted lines show an approximation of the LISA frequency range.

107 yr, which exists for several time bins before spreading out into
the broad strain across the LISA frequency range. This relates to
the formation of NS—WD and BH-WD binaries discussed in Section
3.2. The sharp peak consists of these binaries as they are initially
formed, and these are then smeared out over higher frequencies as
they evolve under gravitational radiation.

At low metallicities, we do not observe a sharp peak at
10~* Hz prior to the appearance of the broad region of strain
from compact binaries, as described in Section 3.2. However,
a bump does appear in the spectrum at the same frequency
much later, after 10'© yr, which is not observed at higher
metallicities.
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(A) GW spectrum over ages, Z = 0.001
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(C) GW spectrum over ages, Z = 0.008
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Figure 4. Total GW spectrum of a stellar population with an initial mass of 10® Mg, at a distance of 1kpc, at ages from 10° yr (blue) to 1

093 yr (red) in steps

of 0.1 dex, for several different metallicities. The dotted lines show an approximation of the LISA frequency range.

3.5 Comparing spectra to LISA sensitivity

Fig. 5 shows the total (living and compact) GW spectrum of a 10° M,
stellar population at 1 kpc, at several different ages, compared to
the LISA sensitivity curve. The sensitivity curve is shown in two
versions, one with only instrumental noise (equation 6) and one
with added confusion noise for four years of observation (equation
9). The two subplots show the strain PSD and characteristic strain,
respectively.
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It can be seen that, from 107 yr onward, the spectrum lies
above the sensitivity curve from a frequency of roughly 10738
Hz, up to between 107! and 10° Hz depending on the age. At
1072 Hz, around the maximum sensitivity of LISA, the spec-
tra are several orders of magnitude above the noise, for both
methods of quantifying the strain. This suggests that this stellar
population would be clearly detectable by LISA from 107 yr
onward.
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Figure 5. Comparison of total GW spectrum at different ages to LISA sensitivity curve, for a stellar population with an initial mass of 10® M, at a distance of
1 kpec and Z = 0.020, in PSD and characteristic strain units.

Table 1. Number of binaries of each remnant type within two specific frequency ranges, at several ages, for
a stellar population of 10° Mg, at 1 kpc and two different metallicities.

Age (yr) BH-BH BH-NS BH-WD NS-NS NS-WD WD-WD Total
Z = 0.020 for LISA sensitivity
107 25x107% 8.0x 107 0.015 6.5 x 107* 4.7 0 47
108 30x107% 3.0x 1073 0.29 0.11 14 0 15
10° 14x107% 14x103 63 x1073 0.046 1.6 0 1.6
1010 45%x 1075 32x107% 44x107* 89x 1073  0.033 2.6 2.7
101 45%x107° 24 x 107 0 47 x 107%  0.021 0.73 0.75
Z = 0.001 for LISA sensitivity
107 25x107% 22x107* 1.9 2.6 x 10711 0 0 1.9
108 45 x 10~ 0.083 49 0.23 34 0 39
10° 2.8 x 1074 0.032 0.43 0.087 2.2 14 17
100 92 x 1075 62 x 1073 0.11 0.015 0.052 2.8 3.0
101 22x107° 38x107% 1.7x1073 67x107*  0.012 2.3 2.3
Z = 0.020 for pAres sensitivity
10’ 12x 107 0013 0.71 0.010 5.1 0 59
108 27 x 1072 0.094 0.66 3.1 26 20 50
10° 3.8 x 1073 0.079 0.27 23 14 17 x 10 1.8 x 10%
10'° 43x 107 0.044 0.079 L1 18 2510 2.7 x 107
101! 1L1x107% 68x107° 0.011 0.11 1.4 24 x10° 24 x10°
Z =0.001 for pAres sensitivity
107 12x1073 39x1073 4.3 6.7 x 10711 0 0 43
108 9.0 x 1073 2.8 17 6.1 49 21 96
10° 0.017 23 12 45 67 3.0x 102 3.9 x 10?
1010 0.022 12 74 1.9 19 28 x 102 3.1 x 102
101 9.3 x 1073 0.13 0.87 0.16 1.1 6.0 x 10> 6.0 x 10?

However, that statement has a major caveat: as can be seen in Fig.
2, for frequencies above around 10~* Hz, the expected number of
systems in each frequency bin is relatively low, with the number per
bin being less than one for each of the binary types, and at the highest
frequencies several orders of magnitude less.

To illustrate this in more detail, Table 1 shows a rough estimate
of the number of binaries of each type that would be detectable by
LISA over a range of ages and two different metallicities, Z = 0.020
and Z = 0.001. This estimate was made by summing the number
of systems in each frequency bin down to 10~3# Hz, this frequency
being used as an approximation of the lowest frequency, where the

GW spectra exceed the LISA noise. The same data are also shown
graphically (with more intermediate ages) in Fig. 6.

Using this approximation of LISA sensitivity, we see that, for Z =
0.020 (panel A), the total number of detectable systems is greater than
1 for all ages except 10'! yr, but for the individual types only NS—-WD
and WD-WD binaries have a predicted number greater than 1 in any
time bin. For Z = 0.001 (panel B), the total numbers exceed those of
Z = 0.020 for all ages except 107 yr, and the total is greater than 1
for all ages. At this metallicity, the number of BH-WD binaries also
exceeds 1 in some time bins. It is worth noting that at Z = 0.001, the
BH-WD binaries are mostly within one order of magnitude of the
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(A) No. of systems in LISA frequency range, Z = 0.020

—— BH-BH
10° 1 BH-NS
—— BH-WD
—— NS-NS

—
o
L

o NS-wD /\\/
2 —— WD-WD
E /\/\
@
8 7‘X\\
g 1 \
£ 10734
E iy
1 \—\_\
1075 4 ‘
1077 1= v T v .
6 7 8 9 10 11
log(age/yr)
(C) No. of systems in uAres frequency range, Z = 0.020
103 4
o 101 4
o
f=
e
@
E 1071 4
[¥)
8
[
o
£ 1073
S
=
1075 4
1077 4= T T r T T
6 7 8 9 10 11
log(age/yr)

W. G. J. van Zeist, J. J. Eldridge, and P. N. Tang

(B) No. of systems in LISA frequency range, Z = 0.001
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Figure 6. Number of binaries of each remnant type within two specific frequency ranges, at several ages, for a stellar population of 10° Mg, at 1kpc and two

different metallicities, as in Table 1.

NS-WDs in number, unlike at Z = 0.020 where they are two orders
of magnitude less frequent than the NS-WDs at most ages.
Something that can be learned from these relatively low total
numbers is that, for a globular cluster which may have an initial mass
of around 10 M, the individual spectrum of the cluster in the LISA
frequency range likely would not be smooth as in Fig. 5, but rather
consists of a number of distinct peaks, which would be above the
averaged curve and so probably individually detectable. However, for
an object like the Large Magellanic Cloud (LMC), with a stellar mass
on the order of 10°~10'° M, (van der Marel et al. 2002; McConnachie
2012) and a distance of approximately 50kpc (Pietrzyriski et al.
2019), the spectrum may approach a smooth curve, although the
LMC is sufficiently large on the sky that it might be possible to
resolve individual sources within it (Korol et al. 2020; Roebber et al.
2020; Keim, Korol & Rossi 2023). Note that strain of a population is
proportional to square root of the number of binaries (and therefore
the square root of the total mass) and inversely proportional to the
distance, so assuming the mass and distance stated previously the
strain of the LMC would be comparable to that of our population.

3.6 Comparing spectra to gAres sensitivity

For comparison, in Table 1 and Fig. 6 we also calculate the numbers
of detectable systems for the proposed detector pAres (Sesana et al.
2021). The frequency range that pAres could observe overlaps with
that of LISA but extends down to around 10~ Hz; for our calculation,
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we have made a conservative estimate and taken pAres as being able
to detect GWs to one order of magnitude in frequency lower than
LISA, i.e. to 10~*8 Hz.

The total number of detectable systems in our approximation of
the frequency range of ptAres is close to that of LISA in the earliest
time bins, but grows more quickly over time (as expected because
the range is wider) and by 10° yr is more than an order of magnitude
greater. For Z=0.020 (panel C), for NS-NS, NS-WD, and WD-WD
binaries have a predicted number greater than 1 for pAres, and for
Z = 0.001 (panel D) this is true for all remnant binary types except
for BH-BHs. Note also that pAres might just be able to detect the
peak of living binaries around 10~ Hz, but we have included only
double compact binaries in this analysis.

As in Figs 1 and 2, the intermittent empty bins in Fig. 6 are a
result of the finite resolution of the grid of initial system parameters
in BPASS, which causes there to be some time bins where there are no
models of a certain type that are formed at that time or carried over
from the preceding time bin.

4 GALACTIC CLUSTERS AS LIKELY SOURCES
FOR LISA

In this section, we calculate the expected number of binaries in the
LISA frequency range for catalogued open and globular clusters, to
illustrate the implications of the results in Section 3 for real clusters.
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4.1 Open clusters

Open clusters are highly suitable as real world examples to illustrate
our calculations, as due to their relatively low density compared to
globular clusters, dynamical interactions do not have a significant
effect upon their stellar populations. To calculate the expected
number of binaries in the LISA frequency range — defined, as in
Table 1, as those binaries with frequencies greater than 10733 Hz
(and less than 10° Hz) — we need to consider their age, metallicity,
and initial mass. Note that, as in Table 1, this is only a calculation
of how many binaries are present within the frequency range, and
does not take into account the distance of the clusters or evaluate the
detectability of the binaries.

We perform these calculations for the objects in two catalogues
of Galactic open clusters, Piskunov et al. (2008) and Cordoni et al.
(2023). These catalogues provide the current mass of each cluster
while we require the initial mass, so we compute the latter from
the former using BPASS surviving stellar mass files (Eldridge et al.
2017; Stanway & Eldridge 2018). These files give the total stellar
mass at different ages given an initial mass of 10° M, for the stellar
population. Additionally, Piskunov et al. (2008) do not specify
the metallicities of its clusters, so we assume that these have a
metallicity close to solar (Z = 0.014) as they are in the Galactic
disc.

In Table C1, we present the data for each of the clusters in Piskunov
et al. (2008) and Cordoni et al. (2023) that have an expected number
of binaries of at least 0.1.

From these results, we can see that open clusters do not tend
to have high numbers of binaries in the LISA frequency due to
their relatively low mass. Only one of the open clusters in the two
catalogues has an expected number of binaries greater than one.
However, the sum of the expected numbers for the nine clusters
in Table C1 is 3.09, which indicates that, even though most of
these clusters are individually unlikely to contain binaries, when
considering them as an ensemble it is probable that a few of these
clusters will have binaries. Across the 236 clusters in Piskunov
et al. (2008) for which the mass is given, there are 4.23 expected
binaries in total, and for the 78 clusters in Cordoni et al. (2023)
the total is 1.18 (note that there are some clusters which appear in
both catalogues, though none of these have more than 0.1 expected
binaries).

The majority of the open clusters that have at least 0.1 binaries are
between 10 and 100 Myr old. Younger clusters will not have formed
many compact binaries yet (as shown in e.g. Fig. 6) and older open
clusters tend to lose stars to cluster evaporation. Given these ages,
we can see by comparison to the data in e.g. Fig. 6 or Table 1 that
any binaries that do appear in open clusters would be most likely
NS—WD binaries, or possibly BH-WD.

One particularly interesting cluster amongst those listed in Ta-
ble C1 is Melotte 20 (also known as the Alpha Persei Cluster), which
has the third-highest expected number of binaries at 0.31 and is
significantly closer to Earth than most of the clusters at 190 pc, so if
this cluster does contain a binary in the LISA frequency range, it is
quite likely to be detectable.

We note that our list of open clusters based on Piskunov et al.
(2008) and Cordoni et al. (2023) is non-exhaustive, and as more
clusters are found by Gaia our understanding of where GW sources
may exist will increase. For example, there are known young clusters
with large numbers of red supergiants that suggest they could be
massive, but as they are behind large amounts of extinction towards
the Galactic Centre, their total mass and age are uncertain (e.g
Eldridge, Beasor & Britavskiy 2020).
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4.2 Globular clusters

For globular clusters, as opposed to open clusters, there are effects of
dynamical interactions that would affect the stellar population as it
evolves. Therefore, our BPASS model populations based upon isolated
binary evolution would be less accurate for globular clusters than for
open clusters. However, for globular clusters BPASS can still be used
as a first-order approximation as long as we remain aware of these
uncertainties.

In Table C2, we present the data for the 20 most massive clusters
located within 10 kpc of Earth from the catalogue of Baumgardt &
Hilker (2018) and Baumgardt & Vasiliev (2021), and references
therein.

Compared to the open clusters, we see that the globular clusters
on average contain more binaries in the LISA frequency range, due
to their higher masses and older ages. 14 clusters have at least one
expected binary, and 6 have at least two. w Centauri, the most massive
of the clusters in our sample, has approximately 12 expected binaries.
An observation of multiple binary GW sources from the same cluster
would aid in identifying these sources as being associated with the
cluster.

The total number of expected binaries in the LISA frequency
across the 20 clusters in Table C2 is 42.5. As these globular clusters
are all at least 10'” yr old, we can see by comparison to the data in
e.g. Fig. 6 or Table 1 that these would be mostly WD-WD binaries.

5 DISCUSSION AND CONCLUSIONS

We have presented here a first attempt at producing a synthetic GW
spectrum for a simple stellar population. As in any research, we
have had to make caveats and simplifications in our work. First, our
results depend on the predictions of the BPASS binary stellar evolution
models. These have been verified against many observations of stellar
systems (Wofford et al. 2016; Eldridge et al. 2017; Stanway &
Eldridge 2018; Eldridge, Stanway & Tang 2019; Xiao et al. 2019;
Byrne, Stanway & Eldridge 2021; Massey et al. 2021). However,
there are clear indications that the models are not complete and need
revision (Briel, Stevance & Eldridge 2023). There is also physics
missing for some of the closest binaries: for example, magnetic wind
braking (Rappaport, Verbunt & Joss 1983; Hameury et al. 1987;
Mestel & Spruit 1987; McDermott & Taam 1989) is not yet included
in the evolution of WD binaries. Therefore, our WD-WD source
population may need to be revised to have more short-period binaries.

We have also assumed throughout this work that the stellar binaries
evolve isolated from each other and no dynamical interactions modify
the binary star population. In reality, in the most massive and
densest globular clusters dynamical interactions lead to a significant
hardening of the binary population (Heggie 1975; Ivanova et al.
2006, 2008; Portegies Zwart, McMillan & Gieles 2010), as well as
the destruction of some binaries. Our predicted number of sources
could therefore vary of the order of a few as the result of such effects,
which should be investigated in the future. However, other than this
our results are relatively robust. With population synthesis, there is
always the risk that one spurious stellar model with a significant
weight could create an erroneous prediction. We have checked our
models and find that all significant features are the result of 10—-1000s
of stellar models with moderate weights within the population. Thus,
uncertainty in our results is dominated by the input physics of the
stellar evolution and binary interactions, as well as ignoring the
possible dynamical interactions.

We can see from Table 1 and Fig. 6 that different types of compact
objects are predominant at different ages, such as NS—WD binaries
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between 107 and 10® yr and WD-WD binaries after 10° yr. One
overall conclusion that we can draw is that the total number of
expected GW sources in a star cluster peaks at the ages of 105
10° yr. This implies that if a star cluster is identified to be a source
of GWs, then this fact could provide an extra constraint on its age.
Alternatively, if the age is known then the mass or metallicity of the
cluster could be estimated.

Our predicted numbers of WD-WD binaries detectable by LISA is
of the order of a few at late ages. It is difficult to assess whether this is
an underestimate or not. There are several physical processes that are
not currently include in the BPASS population that may increase our
predicted population if they were included. As previously mentioned,
BPASS does not yet simulate magnetic wind braking. Secondly, older
stellar clusters are typically globular clusters, wherein dynamical
interactions would increase the number of WD-WD binaries in the
LISA frequency range. Finally, the greater stability of mass transfer
in BPASS and our unique treatment of common-envelope events (CEE;
for details, see Briel et al. 2023) are uncertain and may increase or
decrease the number of any compact remnant binaries by causing
fewer or more stellar mergers, respectively.

There are no confirmed EM observations of BH-WD binaries,
although these would be difficult to observe due to the faintness
of the components. Accretion in BH-WDs could lead to X-ray
emission, in particular that of ultracompact X-ray binaries (UCXBs;
van Haaften et al. 2012); the fact that BH-WDs have not been
observed while UCXBs with NSs have (Nelemans & Jonker 2010),
could be because of the difficulty of classifying the components
from EM observations alone, which would not be the case for
GW observations (Sberna, Toubiana & Miller 2021). Particularly,
violent accretion that could occur in BH-WDs has also been
proposed as a possible source of gamma-ray bursts (Dong et al.
2018).

However, as mentioned in Section 3.2, there have been numerous
confirmed EM observations of NS—WD binaries. For example, both
Desvignes et al. (2016) and Fonseca et al. (2016) detail a number
of binaries that have a millisecond pulsar within a binary system.
Nine of these have sub-day orbital periods, the shortest being for
J03484-0432, which has a period of 2.45 h; that is, a GW frequency
of 0.23 mHz, which is at the peak frequency in our predictions for
such systems. For systems where the period is greater than a day, the
distribution extends up to periods of order of 150d, thus covering
the full range of frequencies we predict in Fig. 2. This gives us
confidence that, while uncertainties in our predictions remain, the
general picture does match with expectations from observed NS—-WD
binaries.

The mergers of BH-WD and NS-WD binaries may produce
EM transients or sources, depending on the structure of the WD
and the mass ratio of the two remnants. For example, the tidal
disruption of a WD by a companion BH or NS could produce
transients broadly similar to those of subluminous Type I supernovae
(Metzger 2012). Or for the specific case of a BH-WD binary with
an additional stellar-mass BH companion causing tidal disruption
of the WD, high-energy X-ray transients or gamma-ray transients
similar to long GRBs (Fragione et al. 2020) could be produced.
These systems could also produce longer lasting low-mass X-ray
binaries (e.g. Bahramian et al. 2017) or even become Thorne—
Zytkow objects, which may still have some detectable GW emission
in the LIGO frequency range (DeMarchi, Sanders & Levesque
2021).

We have also taken a sample of relatively nearby and well-studied
massive star clusters in the Milky Way, predicting the number of GW
sources within these from their masses, ages, and metallicities where

MNRAS 524, 2836-2856 (2023)

W. G. J. van Zeist, J. J. Eldridge, and P. N. Tang

available. For younger (open) clusters, we find that only a small
fraction have a high chance of containing GW transients, with those
with the greatest number generally being between 107 and 10® yr in
age. The chance of a source being in each individual cluster is low
but over all there is a high probability that at least three of the open
clusters we examined should have GW sources.

Comparatively, for the older globular clusters we investigated,
each in our list is more likely to contain one to several sources because
of their significant masses. We estimate these predictions are within
an order of magnitude of the number of sources expected, because
of the dynamical processes that occur within globular clusters.
However, our results still indicate that these systems may harbour
large numbers of GW sources detectable by LISA.

We have plotted the sky location of these clusters in Fig. C1. As
we would expected, the open clusters lie primarily in the Galactic
plane, while the globular clusters are scattered more widely, though
centred on the Galactic Centre. LISA’s sensitivity response function
is complex, but as it orbits about the Sun it will on average be most
sensitive approximately in the plane of the ecliptic. This is plotted in
Fig. C1 and we see that a grouping of clusters lie within this expected
most sensitive region and are thus prime targets for analysis of the
LISA signal.

This suggests that studying clusters with EM and GW observations
together will allow strong constraints on binary evolution. Here, we
predict the GW signals that could be seen; for clusters of known mass
and age, we could compare their observed GW spectra from LISA
to these predictions. If the observed GWs were to be different from
the predictions, then either our understanding of binary evolution
is wrong, or dynamical effects in clusters dominate isolated binary
evolution. Future work will be to create a list of clusters in the Milky
Way and Magellanic Clouds where this method could be employed.
We note another reason to use known clusters is that, as shown
by Finch et al. (2023), knowing the sky locations of potential GW
sources can significantly aid data analysis of the LISA signal.

This work is part of the broader project within the BPASS collab-
oration to understand GW sources (e.g. Ghodla et al. 2022; Briel
et al. 2023; Richards et al. 2023). This article is the first where we
have begun to predict the sources expected to be observed by LISA.
While here we have concentrated on individual star clusters in Tang
et al. (in preparation), we have utilized these same BPASS predictions
with a model of the Milky Way Galaxy to make a prediction for
the total source population. Given that BPASS has several features
that set it apart from other binary population synthesis codes, most
importantly following the evolution of the stars in a detailed stellar
evolution code, the predictions we present and those in future provide
an important contribution to the growing work on understanding the
GW sky for future GW observatories.

In summary, we draw the following conclusions:

(1) Various types of GW sources contribute to the spectrum of a
simple stellar population like that of a stellar cluster. The relative
strengths of these sources can vary depending on the population’s
age and metallicity.

(i1) The most populous sources are WD—WD binaries, followed by
BH/NS-WDs. Both of these categories could contribute O(10-100)
sources for an initial stellar population of 10® M, albeit at different
times in the evolution. Other remnant types are less populous (less
than 1 expected for 10° M) and similar in number; of these, NS-NS
are the most populous, although these will depend on the magnitude
of NS natal kicks.

(iii) The sources in the LISA band are mostly NS—WD binaries at
young ages, and later WD-WDs.
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(iv) BH/NS-WD systems may be important sources of GWs.
Within BPASS a formation pathway including CEE during early
evolution of the BH/NS binary leads to formation of a low-mass
WD around the BH/NS in a short orbit that will be a significant
source of GWs.

(v) There are also many living—compact remnant binaries, which
could be X-ray bright, that may be observed by LISA. The study of
such systems is important as they may be strong LISA GW sources
even before both stars become compact remnants.

(vi) Metallicity has a significant impact on binary evolution and
thus the eventual GW sources, with different types of binaries being
more or less dominant depending on metallicity, and overall more
sources being formed at low metallicities.

(vii) Individual clusters could have their age and mass constrained
by GW observations, especially for clusters with ages around 103
10° yr, and masses over 10° M.

(viii) Using the information known about star clusters within our
Galaxy will allow the identification of sky locations where one could
expect to find GW sources that LISA may observe.

(ix) While LISA will concentrate on the double compact remnant
binaries, uAres will potentially find more of the living—compact
remnant systems and living binaries.
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APPENDIX A: CHARACTERISTIC STRAIN
PLOTS

Included in this appendix are alternative versions of several plots in
the main body of the paper, with GW strain quantified in units of
characteristic strain rather than strain PSD.
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Figure Al. Same as Fig. 1, but with characteristic strain plotted instead of strain PSD.
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(A) 108 yr GW spectrum, Z = 0.020
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Figure A2. Same as Fig. 3, but with characteristic strain plotted instead of strain PSD.
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Figure A3. Same as Fig. 4, but with characteristic strain plotted instead of strain PSD.
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APPENDIX B: ALTERNATIVE ARRANGEMENTS
OF COMPACT BINARY TYPE PLOTS

Included in this appendix are alternative arrangements of the fig-
ures on different compact binary types, with each panel showing an
individual age as opposed to an individual binary type.
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Figure B1. The same data as Fig. 1, but arranged with each panel showing a different point in time after the initial starburst, and each line a different binary
type. The black dashed line shows the spectrum of all the compact remnant types added together. The dotted lines show an approximation of the LISA frequency
range.
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APPENDIX C: DATA ON OPEN AND GLOBULAR
CLUSTERS

Included in this appendix are tables and a sky location plot showing
the data on the real examples of open and globular clusters discussed
in Section 4.

log(frequency/Hz)

Figure B2. The same data as Fig. 2, but arranged with each panel showing a different point in time after the initial starburst, and each line a different binary
type. The black dashed line shows the numbers of all the compact remnant types added together. The dotted lines show an approximation of the LISA frequency
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Figure C1. Sky locations of the open clusters in Table C1 and the globular clusters in Table C2, along with the Galactic and ecliptic planes.

Table C1. Data of open clusters from (a) Piskunov et al. (2008) and (b) Cordoni et al. (2023), showing those that have an
expected number of binaries in the LISA frequency range of at least 0.1.

Name Ref. Distance (pc) log(Age/yr) log(Mcurren/M@e)  Metallicity Expected no.
Cep OB3 a 700 7.44 4.072 0.014% 0.12
Melotte 20 a 190 7.55 4.186 0.014% 0.31
Ruprecht 94 a 3400 7.19 4.463 0.014x% 0.13
VDB 113 a 3470 7.50 4.655 0.014% 0.65
ASCC 88 a 1900 7.17 4.798 0.014x% 0.29
Sco OB5 a 3310 6.86 5.770 0.014% 0.12
Nor OB5 a 1800 7.11 5.778 0.014x% 1.22
Trumpler 29 b 1350 7.728 3.710 0.020 0.12
Haffner 26 b 2520 8.769 4.163 0.010 0.13

Table C2. Data of globular clusters from Baumgardt & Hilker (2018) and Baumgardt & Vasiliev (2021) and references
therein, showing the 20 most massive clusters located within 10 kpc of Earth. Data retrieved from https://people.smp.uq.edu.
au/HolgerBaumgardt/globular/ on February 2023.

Name Distance (kpc) log(Age/yr) log(Mcurrent/Mg) Expected no.
w Cen 5.43 10.08 6.56 12.09
Terzan 5 6.62 10.08 5.97 3.11
Liller 1 8.06 10.08 5.96 3.04
47 Tuc 4.52 10.07 5.95 2.97
M19 8.34 10.10 5.84 2.32
M62 6.41 10.06 5.79 2.03
Mi14 9.14 10.06 5.77 1.97
M13 7.42 10.08 5.74 1.81
NGC 6440 8.25 10.05 5.69 1.38
M22 3.30 10.10 5.68 1.58
M5 7.48 10.06 5.60 1.31
M92 8.50 10.10 5.55 1.17
NGC 6380 9.61 10.08 5.52 1.11
M9 8.30 10.08 5.51 1.07
M28 5.37 10.12 5.48 0.99
NGC 6541 7.61 10.10 5.47 0.97
NGC 6553 5.33 10.11 5.45 0.95
NGC 362 8.33 10.07 5.45 0.94
NGC 6752 4.12 10.10 5.44 0.92
NGC 5927 8.27 10.03 5.44 0.78
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