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A B S T R A C T 

We use population synthesis modelling to predict the gravitational wave (GW) signal that the Laser Interferometer Space 
Antenna (LISA) will detect from the Galactic population of compact binary systems. We implement a realistic star 
formation history with time and position-dependent metallicity, and account for the effect of supernova kicks on present- 
day positions. We consider all binaries that have a white dwarf (WD), neutron star (NS), or black hole primary in the 
pr esent-day. We pr edict that the summed G W signal fr om all Galactic binaries will alr eady be detectable thr ee months into 

the LISA mission, by measuring the power spectrum of the total GW strain. We provide a simple publicly available code 
t o calculat e such a pow er spectrum from a user-defined binary population. In the full 4 yr baseline mission lifetime, we 
conservatively predict that > 2000 binaries could be individually detectable as G W sour ces. We vary the assumed common 

envelope (CE) efficiency α, and find that it influences both the shape of the power spectrum and the relative number 
of det ectable syst ems with WD and NS progenit ors. In particular, the ratio of individually det ectable binaries with chirp 

mass M < M � to those with M � M � increases with α. We ther efor e conclude that LIS A ma y be able to diagnose the CE 

efficiency, which is currently poorly constrained. 

Key words: gr avitational w aves – binaries (including multiple) : close – stars: neutron – white dwarfs. 
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 INTRODUCTION  

r avitational w aves (G Ws) ar e ripples in space–time that propa-
ate at the speed of light, generated when masses accelerate (e.g. 
. Abbott et al. 2023 ). A key class of G W sour ces ar e compact
bjects, which are dense stellar remnants such as white dwarfs 
WDs), neutron stars (NSs), or black holes (BHs). The field of GW
stronomy became a reality in 2015 with the direct detection of 
 Ws fr om a binary BH merger by LIGO (B. P. Abbott et al. 2016 ).

n the decade since, the Laser Int erferomet er Gravitational Wave 
bservatory (LIGO), Virgo, and Kamioka Gravitational Wave De- 

 ect or (KAGRA) netw ork has det ect ed an ext ensiv e catalogue of 
ompact object binary mergers, including BH–BH, NS–NS, and 

H–NS events (R. Abbott et al. 2023 ). In the 2030s, the E ur opean
pace Agency is set to launch the Laser Interferometer Space 
ntenna (LISA), a space-based GW detector designed to e xplor e 

ow-fr equency G Ws in the 0 . 1 mHz to 1 Hz range (C. J. Moore, R.
. Cole & C. P. L. Berry 2015 ; P. Amaro - Seoane et al. 2017 ). Un-
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ike curr ent gr ound-based det ect ors, which target high-frequency
ignals, LISA will primarily target merging massive BHs, e xtr eme
ass ratio in-spirals, and other potential sources of GWs such as

osmic strings (P. Amaro - Seoane et al. 2023 ). Beyond its primary
argets, LISA will also detect a continuous stochastic GW hum 

rom a symphony of stable compact binary systems throughout 
ur Galaxy, each emitting GWs mainly at twice their orbital fre-
uency, f = 2 f orb (e.g . T. B . Littenberg et al. 2020 ; K. Breivik et al.
020a ; N. Karnesis et al. 2021 ; W. G. J. Zeist, J. J. Eldridge & P. N.
ang 2023 ; V. Korol et al. 2024 ). 
Giv en the expect ed abundance of compact binaries, their col-

ective signal in LISA will form a Galactic for egr ound. This for e-
round is an important source of noise for the transient events
hat form the primary science targets (N. Cornish & T. Robson
017 ), but it also provides rich insights into the binary population
n our own Galaxy. Many studies hav e concentrat ed on WD–

D binaries, which have long been expected to dominate the 
or egr ound signal (L. Barack & C. Cutler 2004 ; A. Stroeer & A.
ecchio 2006 ; A. J. Ruiter et al. 2010 ; V. Korol et al. 2017 ; K.
reivik, C. M. F. Mingarelli & S. L. Larson 2020b ; N. Seto 2022 ;
. Kupfer et al. 2024 ; V. Delfavero et al. 2025 ). R ecently, a grow -
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ng number of studies have been considering other populations.
or example, S. Scaringi et al. ( 2023 ) considered binary systems
onsisting of a WD and a main-sequence (MS) star, and many
tudies have considered NS–NS binaries (S. Yu & C. S. Jeffery
015 ; K. Kyutoku, Y. Nishino & N. Seto 2019 ; J . J . Andrews et al.
020 ; M. Y. M. Lau et al. 2020 ; V. Korol & M. Safarzadeh 2021 ; A.
torck & R. P. Church 2023 ), with others additionally considering
H–BH and BH–NS systems (G. Nelemans, L. R. Yungelson &
. F. Portegies Zwart 2001b ; A. Lamberts et al. 2018 ; A. Sesana,
. Lamberts & A. Petiteau 2020 ; T. Wagg et al. 2022 ). NS–WD
inaries are now also thought to be significant contributors to the
W signal (T. M. Tauris 2018 ; A. J. Ruiter et al. 2019 ; J.-G. He et al.
024 ), and recently even triple systems have been considered (Z.
uan, C. Shariat & S. Naoz 2025 ). Given that LISA will detect

he sum of all GW emission, it is an important st ep t o model
ull Galactic populations rather than isolating particular object
lasses (e.g. K. Breivik et al. 2020a ; W. G. J. Zeist et al. 2023 ). 

The ev olv ed population of compact objects emitting GWs in
he LISA bandpass is highly sensitive to the details of stellar
nd binary evolution theory, meaning that measurements of the
alactic for egr ound will pr ovide unique constraints on currently
oorly understood physics. Among the processes studied are su-
ernova kicks (e.g. V. Korol et al. 2024 ) and common envelope
CE) evolution (e.g. V. Delfavero et al. 2025 ). Indeed, a large frac-
ion of ev olv ed compact binaries in synthetic populations hav e
ypically been through a CE phase, during which the primary
tar’s envelope expands towards the end of its life and engulfs its
ompanion (B. Paczynski 1976 ). GWs could therefore provide a
ew means of probing CE physics across a large population of 
inaries. A key poorly constrained quantity is the CE efficiency,
hich is the efficiency with which the binary orbital energy can
e conv ert ed t o kinetic energy with which t o eject the env elope
rom the system. 

Here, w e ev olv e MS binaries using the population synthesis
ode cosmic (K. Breivik et al. 2020a ) to build realistic synthetic
opulations of compact binaries, including WDs, NSs, and BHs,
nd predict the resulting LISA Galactic foreground signal. We
ccount for realistic star formation history including cosmic evo-
ution of spatial density and metallicity within the Galaxy, as well
s the effect of supernova kicks on the present-day position of 
tellar remnants. We consider both the detection of individual
ources, the detection of the overall population as broad-band
oise, and the ‘unresolvable signal’ left over after the subtraction
f the individually det ect ed sources. We simulate several different
opulations, varying the CE efficiency to study the effect it has
n the predicted signal measurable by LISA. The remainder of 
his paper is structured as follows: Section 2 details the generation
f a Galactic compact binary population. Section 3 describes our
ethods for computing the GW signal, and Section 4 presents our

esults. We discuss our results in Section 5 and make concluding
emarks in Section 6 . 

 GENERATING  A  GALACTIC  COMPACT  

I NA RY  P O P U L AT I O N  

ere we describe our methodology to simulate a synthetic
resent-day Galactic population of binaries. 

.1 Initial stellar population 

e initialize a population of 10 10 zero-age MS binaries. We ran-
omly draw primary masses, m 1 , from a P. Kroupa ( 2001 ) initial
NRAS 546, 1–16 (2026) 
ass function, and we assign secondary masses, m 2 , by dr aw -
ng the mass ratio q = m 2 /m 1 from a uniform distribution, with
 min < q < 1 . Her e, q min ensur es that the secondary’s pre-MS
ifetime does not e x ceed the primary’s full lifetime if it were
v olv ed in isolation, prev enting scenarios where the primary star
ies before the secondary even forms as a MS star. Following H.
ana et al. ( 2012 ), we sample orbital periods P and eccentric-
ties e from power law distributions, with probability densities
 log 10 (P/ day ) −0 . 55 in the range 0 . 15 < log 10 (P/ day ) < 5 . 5 , and
 e −0 . 45 in the range (0,1]. 
By assuming a binary fraction of 50 per cent (P. Kroupa 2001 ;
. Marks, P. Kroupa & S. Oh 2011 ), the 10 10 binaries in our

ample have a total stellar mass (single stars plus binaries) of 
 . 1 × 10 9 M �; w e not e that mor e r ecent work (e.g . M. Moe & R. Di
tefano 2017 ) finds higher binary fractions for massive stars, but
0 per cent is reasonable for the lower mass stars dominating the
 W for egr ound. This mass is an order of magnitude less than the

 otal st ellar mass in the Milk y Wa y (T. C. Licquia & J. A. Newman
015 ). We ther efor e scale all of our r esults by a fact or of 10 t o
xtrapolate our sample up to the true size of the Milky Way. We
hose our sample size to be as large as possible within the bounds
f computational feasibility in order to capture rare systems. 

.2 Milk y Wa y model 

or each binary in our sample, we assign a birth time, an ini-
ial Galactic position (R, θ, z) , and a metallicity according to the
hree-component Milk y Wa y model of T . W agg et al. ( 2022 ),
hich is based upon e.g. P. J. McMillan ( 2011 ), J. Bovy et al.

 2016 ), N. F r ankel et al. ( 2018 ), and J. Bovy et al. ( 2019 ). This
odel is summarized in Table 1 (also see fig. 1 of T. Wagg et al.

022 ). We first assign a birth time for each binary by drawing from
he total star formation history (SFH) shown in Fig. 1 (c). This is
 sum of the bulge, thin disc, and thick disc components (Fig. 1 c;
ashed lines). The bulge SFH is modelled with B(2 , 3) beta distri-
ution, shift ed t o only form stars between 12 and 6 Gyr ago. Both
iscs follow an exponentially decaying SFH with a characteristic
imescale τSFR = 6 . 8 Gyr and a total Milky Way age of τMW 

= 12
yr . W e assume the thick disc formed between 12 and 8 Gyr ago,

fter which star formation transitioned to the thin disc until the
resent-day. 
After selecting the birth time of a binary, we assign it to a
ilk y Wa y component (bulge, thick disc, or thin disc) based on

he relative contribution of each component to the total SFH at
he birth time. We then draw birth radial and vertical Galactic
ositions fr om e xponential functions with parameters depending
n the component (see Table 1 ). The radial scale length of the
xponential, R d , is constant for the bulge and the thick disc,
ut instead evolves with lookback time τ for the thin disc as
 d = R exp (τ ) = 4[1 − 0 . 3(τ/ 8 Gyr )] kpc , which accounts for its

nside–out growth. We sample the birth Galactic azimuthal angle
niformly across [0 , 2 π ) radians, and assign metallicity using

he age-position-metallicity relation of N. F r ankel et al. ( 2018 ,
quation 7). 

.3 Population evolution 

e ev olv e each binary from its selected birth time to present-day
sing the cosmic population synthesis code (v3.6.1; K. Breivik
t al. 2020a ; S. Coughlin et al. 2025 ). cosmic combines the Single
tar Evolution model for single stars (J. R. Hurley, O. R. Pols & C.
. Tout 2000 ) with a modified version of the Binary Star Evolution
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Table 1. Summary of the three-component Milky Way model from T. Wagg et al. ( 2022 ). The semi-empirical SFH of each component is normalized 
to r epr oduce the pr esent-day stellar mass distribution (T. C. Licquia & J. A. Newman 2015 ), with an equal mass split between the discs following O. N. 
Snaith et al. ( 2014 ). Star formation in each component is restricted to its respective star-forming time interval, τ� . The radial and vertical profiles follow 

exponential forms with varying scale lengths R d and z d . For the thin disc, R d ev olv es with time as R exp (τ ) defined in T. Wagg et al. ( 2022 , equation 4). 
Metallicity depends on the age-position-metallicity relation 

[
Fe / H 

]
(R, τ ) described in N. F r ankel et al. ( 2018 , equation 7). 

Component τ� / Gyr SFH Form M/ M � × 10 10 Radial Form R d / kpc Vertical Form z d / kpc Metallicity / Z �

Bulge 6 –12 (τ −
6 Gyr )( 12 Gyr − τ ) 2 

0.9 
R 

R 

2 
d 

exp 
(

− R 

R d 

)
1.5 

1 
z d 

exp 
(

−| z| 
z d 

)
0 . 2 10 0 . 977 

[
Fe / H 

]

Thick Disc 8 –12 exp 
[
− (τMW 

− τ ) 
τSFR 

]
2.6 2.3 0.95 

Thin Disc 0 –8 2.6 R exp 0 . 3 
Total – – 6.1 – – – – –
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ode for binaries (J. R. Hurley, C. A. Tout & O. R. Pols 2002 ). It
mplements an ext ensiv e set of population synthesis parameters, 
hose defaults for this work are summarized in Appendix A and 

etailed in the cosmic documentation. 1 During evolution, cos- 
ic accounts for supernova kicks, orbital shrinking due to GW

mission, mass transfer, tides, and other relevant binary evolution 

r ocesses accor ding to standar d pr escriptions implemented in
opulation synthesis (for details see K. Breivik et al. 2020a ). 
We filter the evolved population to retain only binaries con- 

aining at least one WD, NS, or BH. For subsequent analysis,
e redefine the primary: if only one star is compact, it is taken

s the primary; if both ar e compact, the mor e massive object is
hosen. The final population ev olv ed with the default parameters
see Appendix A ) contains appr o ximately 1 . 5 × 10 8 WD-primary,
 . 3 × 10 6 NS-primary, and 2 . 2 × 10 6 BH-primary binaries, giving
 total of nearly 1 . 6 × 10 8 compact object binaries with orbital
eriods ranging from 2 min to 20 000 yr. These numbers are
caled by a factor of 10 to be more comparable to the full Galactic
ompact binary population (see Section 2.1 ). The distribution of 
rbital periods for this population is shown in Fig. 1 (a) across the
ISA band, with the majority of binaries well within the LISA 

requency band (i.e. where the sensitivity is highest, see Section 

.1 ) being accreting NS–WD systems. The smaller WD-peak at 
3 × 10 −4 Hz mainly contains WD–MS binaries, meaning that 

hese systems correspond to the cataclysmic variables studied by 
. Scaringi et al. ( 2023 ). 

Our present-day population can be further classified into circu- 
ar ( e = 0 ) and eccentric ( e > 0 ) orbits, numbering roughly 5 ×
0 7 and 11 × 10 7 syst ems, respectiv ely. Here, the orbital eccen-
ricity, e , ranges from 0 (perfectly circular) to 1 (parabolic). The
istribution of eccentricities is shown in Fig. 1 (b). WD- and BH-
rimary binaries show an appr o ximately e xponential decr ease in
umber with increasing eccentricity (following the input model; 
ashed line), whereas NS-primary systems have a nearly uniform 

istribution of e aside from a huge peak at e = 0 . We attribute
he flat NS-primary distribution and sharp peak at e = 0 to strong
S natal kicks (see Section 2.4 ), which disrupt most NS-forming
inaries. S ystems which r emain bound ar e those that r eceived
omparatively small kicks and were already circularized by prior 
ass transfer. WD- and BH-primary systems show weaker devi- 

tions from the input distribution because any natal kick is im-
arted by the companion NS rather than the primary. We plot the
econstructed SFH of our filtered binary population in Fig. 1 (c). 

e see that, compared with the input model, there are fewer 
 https://cosmic-popsynth.github.io/docs/ 

m  

b  

z  

w

urviving compact binaries from very early and very late times, 
onsistent with many older systems having merged and many 
 ounger syst ems not y et having ev olv ed int o compact objects. 

.4 Kicks and spatial distribution 

uring evolution, cosmic tracks velocities imparted to binaries 
y both Blaauw (A. Blaauw 1961 ) and natal (see e.g. G. Hobbs
t al. 2005 ) supernova kicks through a combined centre-of-mass
ick. Blaauw kicks arise from mass-loss during the supernova 
xplosion (or direct collapse) shifting the binary centre of mass, 
hile natal kicks are caused by asymmetries in the supernova 
 xplosion. For cor e-collapse supernovae, we set cosmic to draw
ick magnitudes from a Maxwellian distribution with disper- 
ion σ = 265 km s −1 , following G. Hobbs et al. ( 2005 ). Electron-
apture and ultrastripped supernovae receive a lower dispersion 

f 20 km s −1 (K. Breivik et al. 2020a ), while BH kicks are modu-
ated by fallback following C. L. Fryer et al. ( 2012 ). We account
or the effect of these supernova kicks on the position of each
inary by first selecting an isotropically assigned direction for the 
ick (the magnitude is taken from the cosmic run), then evolving
he binary in the Milky Way potential from the birth position to
he time of the supernova to a new position in the present-day.
or binaries that experience two supernovae, we perform this cal- 
ulation twice, evolving the binary position from the time of the
rst supernova to the time of the second supernova, and finally

o present-day. To do this, we use galpy (J. Bovy 2015 ) assuming
 composite Milky Way potential (specifically an implementation 

f the ‘Milk yWa yPotential2022’ from A. M. Price-Whelan 2017 ).
ur pr ocedur e follows V. Kor ol et al. ( 2024 ), wher e a detailed
escription of the assumptions can be found. For computational 
fficiency, w e only int egrat e binaries receiving a kick with or-
ital frequencies above 20 μHz (corresponding to GW frequencies 
 40 μHz and, importantly, within LISA’s band). We note that the 

 ecent cogswor th code (T . W agg et al. 2025 ) extends cosmic
y incorporating full SFHs and performing an orbital-integration 

r ocedur e similar to our approach. 
For each Galactic population we evolve with cosmic , we se-

ect multiple differ ent r ealizations of the present-day binary posi-
ions, so that we can later average our results to smooth out Monte
arlo noise. For non-kicked binaries, we reselect azimuthal angle 
nd height for each r ealization, wher eas each binary keeps the
ame radial position for every realization because this is tied to
etallicity. For each kicked binary, we retain the same R and | z|

ecause these are set by the orbital int egration (i.e. t o randomize
, w e w ould need t o run galpy for each new realization, which
ould be prohibitively computationally expensive), but we re- 
MNRAS 546, 1–16 (2026) 
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M

Figur e 1. Pr operties of the generated compact binary population. (a) 
Orbital period distribution within LISA’s band, split into primary type (i.e. 
WD, NS, or BH) and accreting ( ˙ m � = 0 ) NS–WD systems. The majority of 
the population (not plotted) lies outside LISA’s band towards 10 −10 Hz . 
(b) Eccentricity distribution, split by primary type, compared with the 
input model from H. Sana et al. ( 2012 , dashed line). Given there are 
nearly 5 × 10 6 circular binaries, their peak at e = 0 has been truncated for 
visibility. (c) Star formation history of the full compact binary population 
compared with the theoretical SFH from T . W agg et al. ( 2022 ), showing 
fewer compact binaries from very old and very recent times relativ e t o the 
model. 

d  

t
 

l  

G  

s  

e  

Figure 2. (a) Distance distribution (from Earth) of the generated com- 
pact binary population, showing a peak near 8 kpc at the Galactic bulge. 
Kicked binaries show a deficit near the Galactic centre, as some systems 
are ejected to larger distances. (b) Height above the Galactic plane, | z| , 
for the population pre-kick and post-kick. Both follow an effective scale 
height of z d ≈ 0 . 8 kpc at low | z| , but post-kick systems develop a high- 
| z| tail ext ending bey ond 10 kpc . (c) Sky map of the compact binaries in 
Galactic coordinates, showing the concentration of sources in the bulge 
near the Galactic centre (star) and a disc-like structure. 
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raw the azimuthal angle and randomly flip the sign of z to place
he kicked binary above or below the Galactic plane. 

From the resulting present-day 3D binary positions, we calcu-
ate the distance to Earth by placing Earth at (8 kpc , 0 , 0) in the
alaxy. The resulting distance distribution for one realization is

hown in Fig. 2 (a), peaking near 8 kpc due to the bulge, with
xtended tails from the discs. Focusing on kicked binaries alone
NRAS 546, 1–16 (2026) 
 eveals a r elative decr ease near the Galactic centr e, likely because
ome systems born there were ejected out of the Milky Way.
ig. 2 (b) shows the height-above-plane distribution for this real-

zation befor e (pr e-kick) and aft er (post-kick) orbital int egration.
t low | z| , both follow the vertical exponential profile in Table 1
ith an effective scale height of z d ≈ 0 . 8 kpc (black dashed line),

onsistent with a weighted contribution of the three components’
ndividual profiles. At larger heights, the effect of kicks becomes
ppar ent: pr e-kick binaries remain confined within | z| � 10 kpc ,
hereas post-kick systems develop a high- | z| tail that reaches well
ast 10 kpc for the most strongly kicked or centrally born systems.
 sky map of the same realization in Galactic coordinates is

hown in Fig. 2 (c). 
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.5 Common envelope 

 CE phase occurs when one star’s envelope expands towards 
he end of its life to engulf its companion (B. Paczynski 1976 ).
s the companion spir als inw ard due to friction, orbital energy is

ransferred to the envelope. If sufficient energy is deposited, the 
nvelope will be ejected, leaving behind a tighter post-CE phase 
inary in which mass transfer may subsequently occur. If not 
nough energy is deposit ed, the env elope remains and the two
tars ultimately merge. There are two basic approaches to model 
he CE stage: (1) energy based and (2) angular momentum based. 
n the first approach it is assumed that the orbit shrinks and a
r action of released gr avitational energy is used to unbind the
t ellar env elope. Similarly in the second approach, a fraction of 
rbital angular momentum is used to unbind the stellar envelope. 

The energy-based prescription is often called the α formalism 

or CE. Its key ingredient is CE efficiency defined as (R. F. Web-
ink 1984 ; Z.-Y. Zuo & X.-D. Li 2014 ) 

= 

E bind 

�E orb 
, (1) 

here E bind is the binding energy of the envelope and �E orb is
he change in orbital energy from the reduction of the orbital
eparation during the CE phase. The envelope’s binding energy 
 bind depends on its mass, the Roche Lobe radius of the ev olv ed
tar, and internal structure through a parameter λ. Our cosmic 

uns employ a value of λ that depends on the evolutionary state of 
he star (as described in appendix A of J. S. W. Claeys et al. 2014 ).
he orbital energy change �E orb between the initial and final 
inary separations is calculated using the virial theorem. 

The angular momentum based prescription is usually called 

he γ formalism for CE (G. Nelemans et al. 2000 ). This formal-
sm suggests that the first CE leading to double WD formation
r oceeds differ ently in comparison to the second CE. Recently, 
. Nelemans et al. ( 2025 ) showed that the first mass transfer

ndeed pr oceeds differ ently fr om the second one, but γ -CE does
ot describe it pr ecisely. Her e, we only employ the α formalism
ecause the γ formalism is not implemented in cosmic . 

.6 Population variation 

o e xplor e the impact of varying population synthesis param-
t ers, w e repeat the cosmic method using different values of 
he CE efficiency, α, with all other parameters held constant. 
stimates of α vary (indeed, it is likely that α is not constant; E.
eg ̋os & C. A. Tout 1995 ), with α = 1 fairly typical in literature

e.g . G. N elemans et al. 2001a ), although may be as low as α ∼ 0 . 2
M. Zorotovic et al. 2010 ; M. Zorotovic & M. Schreiber 2022 ) to
s high as α ∼ 5 (T. F r agos et al. 2019 ). Thus, our default runs
mploy α = 1 , and we e xplor e a range of values from α = 0 . 2 to
= 5 . 

 GRAVIT  A  T I O NAL  WAVE  MODELLING  

ISA will consist of three sat ellit es arranged in an equilat eral
riangle with a mean separation of 2.5 million km, following a 
eliocentric orbit trailing behind Earth (P. Amaro - Seoane et al. 
017 ). It will detect GWs by precisely measuring changes in the
istances between its satellites using laser interferometry. The 
easured strain as a function of time is x(t ) = n (t ) + h (t ) , where
 (t ) is the signal (i.e. movement of the arms due to GWs passing
y) and n (t ) is instrumental noise (i.e. movement of the arms for
ny other reason). The power spectral density (PSD) of the strain
s S( f ) = | X ( f ) | 2 , where X ( f ) is the Fourier transform of x(t ) .
n this section, we detail how we calculate the PSD of both the
nstrumental noise and of the signal. 

.1 Instrumental noise 

he PSD of LISA’s instrumental noise (the LISA sensitivity curve) 
s shown in Fig. 3 (black line), calculated from T. Robson, N. J.
ornish & C. Liu ( 2019 , equations 1 , 10, and 11). Note that this

s purely instrumental noise from non-astrophysical effects, and 

hus does not include confusion noise from unresolved astrophys-
cal sources (which we will discuss in Section 4 ). We see that the
oise is lowest in the appr o ximate range 1 mHz to 1 Hz . 
LISA’s noise curve is shaped by different contributions across 

he frequency spectrum (J. Sylvestre & M. Tinto 2003 ). At low
requencies, acceleration noise from forces on the test masses 
nd radiation pr essur e fr om the laser limit sensitivity. At high
r equencies, optical metr ology noise dominat es due t o quantum
uctuations in the laser and Poisson noise from limited photon 

ounts. The oscillations at high frequencies occur due to LISA’s 
rm length affecting the response to signals with shorter wave- 
engths (S. L. Larson, W. A. Hiscock & R. W. Hellings 2000 ). There
s a trade-off in beam power: increasing it reduces high-frequency 
oisson noise but increases low-frequency acceleration noise due 
 o increased phot on pr essur e. To achieve optimal sensitivity for
ts targets, LISA’s laser pow er, t est mass shielding, and spacecraft
onfiguration are carefully tuned. 

.2 Circular binary emissions 

or the Galactic binaries detectable by LISA, the orbital period 

s typically stable on time-scales of years, meaning that their GW
aveforms are much easier to calculate than those of the mergers

hat ground-based det ect ors are sensitive to (e.g. M. Campanelli
t al. 2006 ). For stable circular binary orbits, the strain is simply
 sine wave function of time with frequency f = 2 /P orb , where
 orb is the orbital period. The amplitude, av eraged ov er LISA’s
ky position and binary inclination, is well appr o ximated by A.
rólak, M. Tinto & M. Vallisneri ( 2004 ) and C. M. Will ( 2016 ) 

 = 

4(G M ) 5 / 3 

c 4 D 

√ 

4 
5 

(
2 π
P orb 

)2 / 3 

, (2) 

here G is the gravitational constant, c is the speed of light, D is
he distance to the binary, and M is the chirp mass 

 = 

(
m 

3 
1 m 

3 
2 

m 1 + m 2 

)1 / 5 

. (3) 

As a G W fr om a single binary crosses the det ect or, its pow er at
requency f = 2 /P orb is 

 = A 

2 T obs , (4) 

here T obs is the observing time, which we take by default to be
he nominal LISA mission duration of 4 yr (P. Amaro - Seoane et al.
017 ). The corresponding signal-to-noise ratio (SNR) of a binary 
s 

= A 

√ 

T obs 

S noise ( f ) 
, (5) 

here S noise ( f ) is the LISA noise PSD evaluated at the binary’s
 W fr equency f = 2 /P orb . Sour ces ar e typically consider ed to be
MNRAS 546, 1–16 (2026) 
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Figure 3. Number density of GW signals from binaries per unit log-frequency–log-power area, projected against LISA’s sensitivity curve. The right 
panels split the population by primary type (i.e. WD, NS, or BH), showing most BH-primary systems lie well below the curve. WD-primary binaries 
roughy divide into two groups: lower frequency eccentric systems and higher frequency circular syst ems. A det ectable subset of NS-primary binaries 
clusters near 10 −3 Hz . 
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ndividually detectable if they have ρ > 7 (as in e.g. C. Liu, W.-
. Ruan & Z.-K. Guo 2023 ). How ev er, the abov e equation only

 epr esents the SNR above the instrumental noise. In reality, each
ource also needs to be distinguished from the summed signal
rom all other sources in the sky (i.e. confusion noise), which we
onsider in Section 4.2 . 

.3 Eccentric binary emissions 

s discussed in Section 2.3 , around 70 per cent of the population
s eccentric. While the circular orbit approximation provides a
seful foundation, we must account for eccentricity to capture the

ull GW signal. Eccentric binaries emit GWs across a broad spec-
rum of harmonic fr equencies, f η = η/P orb , wher e η = 1 , 2 , . . . is
he harmonic number. In contrast to circular systems, which emit
nly at the second harmonic, eccentric binaries distribute their
 W power acr oss multiple harmonics, pr oducing this br oader

pectrum. For a stable eccentric binary, the instantaneous GW
mplitude at the ηth harmonic, av eraged ov er LIS A’s sk y position
nd binary inclination, is 

 η = 

4(G M ) 5 / 3 

c 4 D 

√ 

4 
5 

(
2 π
P orb 

)2 / 3 √ 

g(η, e ) 
(η/ 2) 

, (6) 

here e is the orbital eccentricity and the factor 
√ 

g(η, e ) (η/ 2) −1 

escribes the relative amplitude of each harmonic compared to
he circular amplitude. The function g(η, e ) is defined in P. C.
eters & J. Mathews ( 1963 ) as 

(η, e ) = 

η4 

32 

{ (
1 − e 2 

) [ 
J η−2 (ηe ) − 2 J η(ηe ) + J η+2 (ηe ) 

] 2 
+ 

[ 
J η−2 (ηe ) − 2 eJ η−1 (ηe ) + 

2 
η

J η(ηe ) 

+ 2 eJ η+1 (ηe ) − J η+2 (ηe ) 
] 2 

+ 

4 
3 η2 

[ 
J η(ηe ) 

] 2 }
, (7) 

here J n (x) is the Bessel function of the first kind of order n
ith argument x. In the e = 0 limit, every harmonic vanishes
 x cept for the second, with 

√ 

g(2 , 0) (2 / 2) −1 = 1 , returning to the
ir cular r esult as in equation ( 2 ) at frequency f 2 = 2 /P orb . The
NRAS 546, 1–16 (2026) 
orresponding SNR of an eccentric binary is 

= 

√ √ √ √ 

∞ ∑ 

η=1 

A 

2 
η

T obs 

S noise ( f η ) 
, (8) 

here S noise ( f η ) is the LISA noise PSD evaluated at the binary’s
th harmonic frequency. 
In theory, each eccentric binary emits GWs at an infinite series

f harmonics. How ev er, for computation, w e truncat e the sum
t an empirical harmonic cutoff, ηc , chosen such that harmon-
cs with relative amplitudes < 0 . 1 (or < 1 per cent in power) are
 x cluded 

c (e ) = min 

{ ⌈ 

3 + 

(
1 − e + 

e 2 

5 
− e 10 

10 

)−3 ⌉ 

, 331 

} 

. (9) 

Fig. 3 summarizes the GW emission from our synthetic Galac-
ic compact binary population, generated from the default pa-
ameters. Assuming all binaries to have a stable orbital period,
 e calculat e the pow er in each harmonic of each source and the

orr esponding harmonic fr equency. We plot the number density
f harmonics per unit log -fr equency–log -power ar ea, pr ojected
n the LISA sensitivity curve, highlighting where signals cluster
cr oss fr equency-pow er space. We not e that, wher eas cir cular
ources only emit GW power at the second harmonic ( η = 2 ),
ccentric sources emit over several harmonics (with the total
umber of harmonics we consider defined by equation 9 ). The
iagonal features at lower frequencies reflect individual eccentric
inaries whose GW power is distributed across multiple harmon-

cs. 
At low frequencies, all signals lie well below the noise curve

nd are undetectable. This region is dominated by BH-primary
nd eccentric WD-primary binaries, which tend to have longer
rbital periods and weak GW amplitudes. As frequency increases,
he number density decr eases, but G W amplitude gr ows. A sub-
et of the NS-primary and circular WD-primary binaries with
ufficient amplitudes to be det ect ed are clust ered near 10 −3 Hz .
espite the larger number of WD-primary systems, they do not

 otally dominat e. 
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Figure 4. (Left) PSD as a function of G W fr equency for compact object binaries, with the full contribution from eccentric harmonics included. The raw, 
noisy signal is smoothed through geometric re-binning ( c 0 = 1 . 3 ), shown with 1 σ error bars. A detectable signal is clearly above the LISA noise curve. 
(Right) Comparison of GW PSDs split by primary type (WD, NS, or BH). BH systems dominate at low fr equencies, wher eas WD and NS systems govern 
the detectable higher frequencies within LISA’s band. 
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.4 Calculating the total signal 

o compute the combined G W PSD fr om an ensemble of N bin 
inaries, we sum the contributions from all harmonics emitted 

y all systems. The total number of terms in this harmonic sum,
 har , would simply be equal to N bin if all the binaries were circu-

ar; but it is much larger for our population because the eccentric
ources emit GWs at many harmonics. The strain of the n 

th har-
onic is 

 n (t k ) = A n cos (2 π f n t k − φn ) , (10) 

here A n is the harmonic amplitude (equation 6 ), f n is the har-
onic frequency, and φn is the orbital phase. All harmonics of 
 given binary share the same phase, which is drawn uniformly
andom across [0 , 2 π ) . This signal is sampled at discrete times
 k = k d t, where k = 1 , 2 , . . . , N and T obs = N d t is the observing
ime. We use d t = 0 . 5 s for our calculations, which sets a maxi-

um (Nyquist) frequency of 1 Hz . The discrete Fourier transform 

f equation ( 10 ), normalized such that the integral of the PSD
ver all positive frequencies is equal to A 

2 
n , is 

 n ( f j ) = 

1 √ 

d f 
� jn A n e iφn , (11) 

here f j = j d f is the j th Fourier frequency, d f = 1 /T obs is the
r equency r esolution, and � jn = 1 for harmonics with −d f / 2 ≤
f n − f j < d f / 2 , and zero otherwise (see Appendix B for a deriva-
ion). The power from a single harmonic, P n ( f j ) = | H n ( f j ) | 2 is
her efor e a top hat function with width d f and height A 

2 
n /T obs 

and thus the int egral ov er all positiv e frequencies is A 

2 
n , as spec-

fied). We ther efor e see that, the longer LISA observes for, a given
W harmonic will be det ect ed ov er an incr easingly narr ow fr e-
uency range with an increasing peak power. 

The total GW strain is the sum of all harmonics across all bina-
ies, and thus we calculate the total signal PSD of our population
s 

 ( f j ) = | H( f j ) | 2 = 

1 
d f 

∣∣∣∣∣
N har ∑ 

n =1 

� jn A n e iφn 

∣∣∣∣∣
2 

. (12) 

or very large T obs , each harmonic falls into its own separate
r equency bin, r educing the abov e t o a quadrature sum, as is
ssumed by W. G. J. Zeist et al. ( 2023 ). We then scale the PSD by
he factor of 10 discussed in Section 2.1 so that it r epr esents the
xpect ed t otal Galactic signal. Because the raw PSD is e xtr emely
oisy, we apply geometric r e-binning, gr ouping Fourier fr equen-
ies into bins of geometrically increasing size (see e.g. A. R. In-
ram 2012 ). The resulting raw and smoothed PSDs in Fig. 4 (left)
how a clearly detectable signal above LISA’s noise curve, with 

he geometric re-binning parameter set to c 0 = 1 . 3 . Fig. 4 (right)
hows the same summed PSD, broken down into populations of 
inaries with WD, NS, and BH primaries. BH syst ems dominat e
he low-fr equency r egime, wher eas WD and NS systems dom-
nate the high fr equencies, wher e they contribute a detectable
ignal. BH syst ems dominat e low frequencies because GW-driven 

nspiral scales as d f / d t ∝ M 

5 / 3 f 11 / 3 (P. C. Peters 1964 ): heavier
inaries ev olv e fast est, and the st eep f dependence driv es all
ystems rapidly though high frequencies. BHs therefore produce 
tronger strains at low frequencies, allowing them to dominate, 
hile lighter binaries dominate higher frequencies by number. 
Whereas the signal is deterministic, the instrumental noise is 

tochastic, in that the strain time series of the noise will be a
andomized realization of the underlying process defined by the 
ensitivity curve S noise ( f ) . Thus, to simulate the PSD that LISA
ill actually det ect, w e simulat e a random realization of the in-

trumental noise. To do this, for each Fourier frequency f j , we
elect r andom v ariables for the real and imaginary parts of N( f j )
which is the discrete Fourier transform of n (t k ) ) from a Gaussian
istribution with a mean of zero and a variance of S noise ( f j ) / 2 (J.
immer & M. König 1995 ; A. Ingram & M. van der Klis 2013 ).
his pr ocedur e selects random phases for each Fourier frequency
hilst ensuring that the noise PSD is equal to S noise ( f j ) . 
We define the LIS A -det ect ed binary signal as the PSD obtained

y summing the simulated instrumental noise with the total com- 
act binary signal and subtracting the theoretical noise curve (the 
ignal and noise can be summed because they are uncorrelated 

ith each other; M. der Klis 1989 ). Fig. 5 shows the resulting PSD
or T obs = 3 months, 6 months, and 4 yr. The apparent gaps in the
SD near 10 −4 Hz arise from noise realizations that fall below the
ensitivity curve, which become negative after subtraction when 

he signal is also weak. The error bars have increased due to the
nclusion of instrumental noise realizations prior to geometric 
MNRAS 546, 1–16 (2026) 
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Figure 5. The LIS A -det ect ed binary signal, obtained by summing simu- 
lated instrumental noise and the total binary signal, then subtracting the 
theoretical noise, for different mission observation times. Even after just 3 
months, the signal is already strong, and remains so because individually 
detectable binaries are not subtracted here. 
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Figure 6. The LIS A -det ect ed binary signal, fit with an exponentially 
cut off pow er -la w model (equation 14 ). The lighter solid line shows the 
full LIS A -det ect ed binary signal, while the darker solid line highlights 
the frequency range used for the fit. The best-fitting model is shown as 
a dashed line. 
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 e-binning, with e xtr eme values coming from the negative PSD
alues. Ev en aft er just 3 months, the LIS A -det ect ed binary signal
s clearly present and detectable. This PSD does not decrease
ith observation time because here we retain all individually
etectable sources; these grow more resolvable with time, and
heir it erativ e removal is carried out lat er in Section 4.2 . We not e,
ow ev er, that w e hav e assumed w e can av erage ov er a full year
f LIS A’s sk y position and binary inclination (the factor of 

√ 

4 / 5
n equation 2 ), which is of course not possible in practice for less
han a year of observing time. Whether the true signal is greater
han or less than our estimate depends on the details of LISA’s
rbit in the early stages of the mission, which are not yet known.

.5 Chirping binary systems 

n additional appr o ximation we can r efine is the assumption of 
rbital stability. So far, w e hav e assumed binaries to be dynam-
cally stable, with fixed orbital separations and periods. How-
ver, binaries lose orbital energy through emitting GWs, reducing
heir separation and increasing their orbital frequency until they

erge. This is known as chirping . Binaries with rapid orbital
r equency evolution thr ough the LISA band merge quickly and
her efor e contribute little to the steady Galactic for egr ound. 

We estimate the orbital frequency change over the observation
ime by evaluating the GW-driven evolution at the system’s cur-
ent parameters: 

f orb ≈ d f orb 

d t 
T obs = 

3 
2 

f orb 

a 

∣∣∣∣d a 

d t 

∣∣∣∣ T obs , (13) 

here a is the semimajor axis, and d a/ d t is the GW-driven orbital
ecay (P. C. Peters 1964 , equation 5.6). For almost all systems
ithin our Compact binary population, � f orb is small enough

hat the corresponding GW frequencies remain within the same
ourier bins (of width 1 /T obs ) over 4 yr; only < 0 . 003 per cent of 
inaries near bin edges shift to a neighbouring bin. Thus, orbital
requencies ev olv e sufficiently slowly t o be treat ed as stable ov er
ISA’s lifetime, and as such we neglect chirping in subsequent
nalysis. Furthermore, merger time estimates (I. Mandel 2021 ,
quation 5) indicate that terminal G W fr equencies r emain well
utside the LIGO band (10–10 3 Hz ) for the next 10 5 yr, consistent
ith the lack of observed Galactic compact binary mergers. 
NRAS 546, 1–16 (2026) 
 R E S U LT S  

.1 The total PSD 

e first focus on the LIS A -det ect ed binary signal, which is the
 otal noise-subtract ed PSD including all of the Galactic binaries.
tudying this signal provides a fast way to obtain meaningful
arly science results from the LISA mission, and w e hav e made
 simple python code to calculate such a PSD from any user-
efined synthetic binary population publicly available (see the
ata Availability section). Fig. 6 shows the LIS A -det ect ed PSD

alculated for the default cosmic parameters and assuming 4 yr
f observation. To quantify the signal, we fit this PSD with an
xponentially cutoff power -la w function 

 = A c f −γ exp 

[− ( f / f c ) 2 
]
. (14) 

e fit this model across the frequency band 10 −4 –10 −2 Hz . The
est fit is shown as the dashed line in Fig. 6 , and the best fit-
ing parameters are A c = 1 . 4 × 10 −43 Hz −1 , γ = 2 . 0 , f c = 2 . 3 ×
0 −3 Hz . 

We now vary the CE efficiency parameter α, and fit the above
unction to the LIS A -detected PSD calculated for each α value.
ig. 7 shows the best-fitting model for each value of α trialled.
ere, w e hav e select ed 50 differ ent r ealizations of Galactic po-

itions for each α value (as described in Section 2.4 ), and fit the
xponential function to each PSD realization. We then averaged
he resulting fit parameters across realizations: the amplitude was
 eometrically averag ed due t o its spread ov er sev eral orders of 
agnitude, while the cutoff frequency and power -la w index were

rithmetically averaged. We take uncertainties (shaded regions
 epr esent 68 per cent confidence intervals) from the spread across
iffer ent r ealizations, because these e x ceed individual fit err ors. 
We see that the shape and amplitude of the predicted PSD

epends on the assumed α v alue. A t very low efficiency ( α � 0 . 2 ),
he signal is faint and barely detectable above the instrumental
oise (top left). As α increases to ∼0 . 5 , a distinct bump emerges,

hough with significant spread between realizations (top middle).
etween 0 . 5 � α � 2 , the bump str engthens and its spr ead de-
r eases, r eaching maximum visibility near α ∼ 2 (top right and
ot tom left). A t higher α, the bump weakens again and the spread

ncreases (bottom middle), and stabilizes at very large α values
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Figure 7. Fitted LIS A -detected signal from Galactic binaries acr oss differ ent CE efficiency parameters ( α). Each panel shows the mean signal averaged 
over 50 realizations, with shaded regions representing ±1 σ confidence intervals. As CE efficiency increases (left to right, top to bottom), the signal evolves 
significantly. 

Figure 8. Mean power -la w index 〈 γ 〉 of the fitted LIS A -detected PSD 

plotted against the CE efficiency parameter, α. A sudden decrease is ob- 
serv ed follow ed by a smooth increase t owards 7 / 3 (dashed line), with the 
transition centred near α = 0 . 5 . Error bars indicate ±1 σ deviation from 

differ ent r ealizations. 
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bottom right). The physical explanation for this α dependence is 
iscussed in Section 5 and illustrated in Fig. 10 . 
Fig. 8 shows how the best-fitting mean power-law index, 〈 γ 〉 ,

v olv es with α. We see that this parameter undergoes a sharp
ransition near α = 0 . 5 (albeit with large uncertainties), dropping
rom above 3 to below 2, then rising smoothly towards a power-
aw index of 7 / 3 . This final value corresponds to the theoretical
lope expected for the GW PSD of a population of quasi-circular
inaries (N. Cornish & T. Robson 2017 , equation 3). Our results
hus imply that it may be possible to distinguish between very 
ow- and high- α regimes by studying the LISA PSD. We note that,
lthough the results we present assume 4 yr of observation, the
nalysis can be done much earlier in the LISA mission (since
he measurement errors are smaller than the uncertainties intro- 
uced by the spread of different distance realizations). The other 
w o paramet ers ar e r oughly constant with α, with the amplitude
 A c 〉 ∼ 10 −44 Hz −1 and cutoff frequency 〈 f c 〉 ∼ (1 –3) mHz . 

.2 Individually detectable binaries 

e now consider individually detectable binaries. We identify 
etectable binaries from the SNR, 

= 

√ √ √ √ 

∞ ∑ 

η=1 

A 

2 
η

T obs 

S eff ( f η ) 
, (15) 

here S eff is the sum of the simulated instrumental noise and the
inary GW signal. We it erativ ely identify det ectable syst ems by (1)
alculating the effective signal appr o ximated thr ough geometric 
e-binning, (2) identifying and removing binaries with ρ > 7 , and
3) repeating until no further binaries are individually detectable. 
his results in a list of individually detectable binaries and a
 esidual PSD of unr esolvable sour ces that contribute confusion
oise. 
Fig. 9 (a) shows the noise-subtracted unresolvable signal (solid 

ine with error bars) calculated for the default cosmic parame- 
ers and assuming 4 yr of observing time. We see that this lies
elow the total detectable signal (dashed line with error bars), 
nd agrees well with the analytic confusion noise estimate of N.
ornish & T. Robson ( 2017 ). We find that the predicted confusion
oise is not strongly sensitive to the assumed CE efficiency. Ta-
le 2 summarizes the numbers of individually detectable binaries 
hat we predict for different values of α. Here, we have increased
he numbers by the factor of 10 described in Section 2.1 to scale
ur simulated population up to the size of the entire Milky Way,
nd w e hav e av eraged our r esults acr oss ten r ealizations of the dis-
ance model. Errors are given as asymmetric 1 σ intervals corre- 
ponding to the 16th–84th per centile fr om the spread across these
en r ealizations. Wher e no uncertainty is shown, all r ealizations
roduced identical detections. 
MNRAS 546, 1–16 (2026) 
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M

Figure 9. (a) Estimated confusion noise (solid line with error bars) from 

the unresolved Galactic binary population, obtained by filtering out indi- 
vidually detectable sources from the t otal det ectable signal (dashed line 
with error bars), both with noise subtracted. Importantly, the confusion 
noise agrees well with N. Cornish & T. Robson ( 2017 ). (b) Number of indi- 
vidually detectable binaries as a function of the CE efficiency parameter, 
α, separat ed int o syst ems with NS and WD primaries. The low er panel 
shows the ratio R of individually detectable NS- to WD-binaries (trian- 
gular to circular markers), showing a clear trend with α. (c) Number of 
individually detectable binaries split by measured chirp mass, M , above 
and below 1 M �. The lower panel shows the ratio R of binaries with 
M < M � to those with M � M � (triangular to circular markers), which 
increases steadily with α. 
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Fig. 9 (b) shows how the number of individually detectable
inaries varies with α, split into WD- and NS-primary binaries.
hile the absolute counts are uncertain, the ratio R of individ-

ally detectable NS- to WD-primary binaries is mor e r obust and
hows a clear trend: a symmetric peak near α = 1 with R ≈ 0 . 25 ,
nd lower values either side. The asymmetric uncertainties on R
re obtained by propagating the mean-count errors to first order;
imilar results are found when computing R for each realization
NRAS 546, 1–16 (2026) 
nd averaging, supporting its stability as a diagnostic. This ra-
io ther efor e acts as an alt ernativ e diagnostic for α, indicating
hether the CE efficiency is near 1 or in a low/high r egime. B y

ombining this with the power -la w slope 〈 γ 〉 from Fig. 8 , we can
n principle pinpoint the regime. If γ > 7 / 3 , the value lies on the
ow- α side of the R peak, whereas if γ < 7 / 3 , the value lies on the
igh- α side. 
In practice, identifying the source class of each binary may

ot always be observationally feasible. To address this, we also
onsider the measured chirp mass, M , which provides a directly
bservable quantity to some uncertainty (see e.g. V. Korol & M.
afarzadeh 2021 ). To simulate measuring M , we draw a value
or each binary from a Gaussian distribution centred on the true
hirp mass, with a standard deviation estimated from V. Korol &
. Safarzadeh ( 2021 , equation 3). Here, rather than scaling the re-

lization numbers by the factor of 10 described in Section 2.1 , we
nst ead generat e t en independent measurements per individually
etectable binary to r epr esent observational sampling. However,
nly binaries with a fractional chirp mass uncertainty σM 

/ M < 1
r e r etained. Fig . 9 (c) shows the r esulting number of individually
etectable binaries split by measured chirp mass above and be-

ow M = 1 M �. The ratio R of individually detectable binaries
ith M < M � to those with M � M � increases monotonically
ith α, providing a direct and pr actical observ ational probe of 

he CE efficiency. Similarly to R , the asymmetric uncertainties
n R are obtained by pr opag ating the mean-count errors to first
r der; comparable r esults ar e found when computing R for each
ealization and averaging, supporting its stability as a diagnostic.
ogether, these three statistical properties may provide a powerful
iagnostic to infer the underlying CE physics from LISA observa-
ions. 

 DISCUSSION  

e have used binary population synthesis modelling to predict
hat it will be possible to detect the Galactic binary G W for e-
round early in the LISA mission by considering the total strain
SD. Early scientific inferences can already be made at that stage
y fitting the PSD with an analytic function and comparing with
he results of binary population models. Detection of individual
ources will take longer, but will offer qualitatively new informa-
ion. In particular, we find that both the total PSD and the relative
umbers of individually detectable binaries of different classes
epend on the CE efficiency α. We find that the power -la w index

characterizing the PSD is steeper for the lowest values of α,
nd that the ratio of NS primary systems to WD primary systems
hat are individually detectable peaks at α ≈ 1 and drops off for
igher and lower v alues. The lat ter is not a direct observable,
ince in real data we cannot necessarily tell which source class
ach detection belongs to. We ther efor e also consider measured
hirp mass, and find that the ratio of individually detectable bi-
aries det ect ed with M < M � t o those det ect ed with M � M �

ncr eases with α. B y combining the statistical pr operties of the
ndividually detectable binaries and the results of fitting the total
SD, it should be possible to constrain the CE efficiency. The CE
hase is currently very poorly understood. Parameter estimates
re as low as α ∼ 0 . 2 (M. Zorotovic et al. 2010 ; M. Zorotovic &
. Schreiber 2022 ) to as high as α ∼ 5 (T. F r agos et al. 2019 ),

nd it has been shown that sources like X-ray binaries cannot be
sed to constrain CE models (G. Wiktorowicz, K. Belczy ́nski &
. Maccar one 2014 ). Ther efor e this new diagnostic would be very
aluable for our understanding of binary evolution. 
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Table 2. Summary of the estimated average number of individually detectable binaries for each CE efficiency parameter, α. Err ors ar e given as 
asymmetric 1 σ intervals corresponding to the 16th–84th percentile spread across ten realizations per each α value. Where no uncertainty is shown, 
all r ealizations pr oduced identical detections. The binaries are classified by their primary star: WD, NS, or BH, with the secondary specified where 
relevant as main sequence (MS), stripped helium star main sequence (sMS), or another compact object. 

α WD– WD–MS WD–sMS WD–WD NS– NS–MS NS–sMS NS–WD BH– BH–MS BH–NS BH–BH 

0.2 2250 +165 
−169 1041 +42 

−47 – 1193 +127 
−131 19 +7 

−9 6 +4 
−6 4 +6 

−4 26 +4 
−6 2 +4 

−2 – – 2 +4 
−2 

0.5 2442 +130 
−101 156 +21 

−16 700 +31 
−12 1585 +91 

−104 211 +31 
−36 5 +5 −5 6 +4 

−6 200 +31 
−39 – – – –

1.0 2860 +161 
−246 35 +36 

−35 502 +59 
−65 2323 +93 −175 645 +19 

−21 – – 645 +19 
−21 24 +6 

−4 – – 24 +6 
−4 

2.0 5298 +273 
−122 – 6 +4 

−6 5292 +269 
−120 362 +16 

−20 – – 362 +16 
−20 2 +4 

−2 – – 2 +4 
−2 

3.0 4338 +219 −175 13 +13 
−13 37 +13 −17 4287 +203 

−168 33 +17 
−13 16 +10 

−6 – 17 +3 −7 10 – 10 –
4.0 3207 +269 

−271 – 21 +15 −11 3186 +253 
−263 25 +15 −15 10 – 15 +15 −15 20 20 – –

5.0 4674 +161 
−140 – – 4674 +161 

−140 37 +9 −7 14 +6 
−4 – 23 +7 

−3 10 – – 10 

Figure 10. Schematic of the CE phase in binary evolution. As the donor 
star ev olv es and its env elope expands, unstable mass transfer can cause 
the formation of a CE . This ultimately leads to mergers or a tighter binary 
pair. 
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The physical reason for this α dependence is illustrated in 

ig. 10 . For low α, few binary systems survive the CE phase,
esulting in fewer binaries in the present-day and therefore a 
eaker for egr ound G W signal. For very high α, the CE phase is

hort lived as the envelope is ejected before the binary separation
as reduced by much. Many binaries therefore survive the CE 

hase, but their separation is too large for them to be emitting
Ws within the LISA bandpass in the present-day. At interme- 
iate fiducial values ( α ∼ 1 ), there is a sweet spot where enough
ompact binaries survive with sufficiently tight orbits to produce 
 very prominent signal. This balance drives the evolution of 
he fitted power -la w index γ , which drops sharply at α = 0 . 5
nd then rises smoothly towards the theoretical value of 7 / 3 for
 population of circular binaries. The other two parameters of 
he PSD model, the cutoff frequency f c and the amplitude A c , 
r e consistent acr oss all values of α that we trialled. If future
bservations yield a value of γ or f c significantly different from 
his prediction, it would indicate that our population synthesis 
ssumptions must be revised. 

We use the cosmic population synthesis code to evolve a pop-
lation of binaries accounting for a realistic Galactic SFH, and we
redict the GW signal from each binary taking into account the ef-
ect of supernova kicks on the present-day position of binaries by
volving their post-kick positions in the Galactic potential (using 
he code galpy ). The natal kick distributions employed here are
he standard choice for population synthesis and related studies, 
ow ev er, the natal kick distribution of compact objects remains
ubject to much debate. There is growing evidence that BHs may
eceive high-natal kicks, comparable to those applied to NSs (e.g. 
. R epet to, M. B . Davies & S. Sigur dsson 2012 ; C. Dashwood
rown, P. Gandhi & Y. Zhao 2024 ). One cannot easily quantify

he impact that different kick magnitudes would have on the 
esults; it may be that strong natal kicks result in fewer binaries
osting a BH, how ev er disruption rates are not directly correlated

o kick magnitudes (indeed, high-natal kicks are thought to be 
avourable for double compact object mergers; K. Belczy ́nski et 
l. 2016 ). Furthermore, P. Disberg & I. Mandel ( 2025 ) recently
emonstrated that the widely used Hobbs Maxwellian distribu- 
ion (G. Hobbs et al. 2005 ) may ov erestimat e kick v elocities when
orrectly fitted with an additional Jacobian, implying that our 
dopted kick prescriptions could be too e xtr eme. 

Considering all binaries with a BH, NS, or WD primary, we pre-
ict ∼ (2 –5) × 10 3 binaries t o be individually det ectable aft er a 4
r mission (see Table 2 ), with the number of WD primary systems
 oughly incr easing with α and the number of NS primary systems
eaking at α ∼ 1 . Although our overall numbers are lower than
ome other studies (e.g. N. Cornish & T. Robson 2017 ), the trends
r oadly agr ee with earlier work. This is unsurprising because
he total normalization is somewhat uncertain. Two assumptions 
ontribute a simple scaling to our detection numbers. First, we 
ormalize our population size assuming a constant binary frac- 

ion of 50 per cent (i.e. there are as many single stars as there are
inary systems), but in reality, the binary fraction of the Galaxy
epends on stellar-mass and location (H. A. K obulnick y & C. L.
ryer 2007 ; A. K. Gautam et al. 2024 ), increasing to > 80 per cent

n the high-mass r egime. Incr easing the binary fraction to 100
er cent would increase our numbers by a factor of ∼1 . 64 (i.e.
he computed ratio of binaries at 100 per cent to 50 per cent for
he same initial t otal st ellar mass). We also scale our initial pop-
lation to have a total stellar mass of 6 . 1 × 10 10 M �, which is the
 otal measured st ellar mass in the Galaxy today (T. C. Licquia &
. A. Newman 2015 ). T. Wagg et al. ( 2022 ) estimate the initial
t ellar mass t o be a fact or ∼1 . 7 larger than the present-day mass,
MNRAS 546, 1–16 (2026) 
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ince mass has been lost along the way e.g. to stellar winds. The
umbers of predicted individually detectable binaries we present
er e ar e ther efor e r ather conserv ativ e, and could be pot entially

ncreased by a factor of roughly 1 . 64 × 1 . 7 ≈ 2 . 8 . 
Our study considers a greater variety of binary classes than
ost contemporary studies, which have typically focused on a

ubset of classes for computational efficiency. It is ther efor e use-
ul to compare our results on various binary subclasses to sev-
ral other studies. Our results on NS–WD systems are broadly
onsistent with V. Korol et al. ( 2024 ), with the caveat that direct
omparison is made difficult by our use of a slightly different CE
rescription (they assumed a constant λ whereas we assume λ to
epend on evolutionary state and envelope mass following J. S.
. Claeys et al. 2014 ). For their Hobbs kick model (which aligns
ith our assumptions), they predict ∼100 NS–WD binaries for
λ = 0 . 25 and αλ = 2 . These two data points ar e r oughly con-
istent with our results in Table 2 if on average we have λ ≈ 0 . 7
n our calculation. We predict the same rising trend in det ect ed

D–WD systems with increasing α as reported by V. Korol et al.
 2024 ) and V. Delfavero et al. ( 2025 ). Our absolute numbers are
ather smaller, but within the normalization uncertainty of 2.8
iscussed above. We predict that the number of individually de-
 ectable WD–MS syst ems decreases with increasing α (see Ta-
le 2 ). S. Scaringi et al. ( 2023 ) predict that ∼100 cataclysmic vari-
ble stars (CVs) will be det ect ed, using a mock catalogue instead
ased on observed CVs with a space density broadly consistent
ith local estimates from our population ( ρ0 ≈ 5 × 10 −6 pc −3 for
= 1 ). To match these existing observation-based predictions,
e ther efor e should be pr edicting at least 100 det ect ed WD–MS

ystems. This is a conservative estimate, since not all systems will
ecessarily be accreting or as detectable as CVs, but it already

avours α � 1 based upon Table 2 . 
We predict only small numbers of individually detectable BH–

S and BH–BH binaries, and no NS–NS systems (see Table 2 ).
ur simulated population is too small for these numbers to be

een as reliable (after scaling by a factor of 10 to r epr esent the
rue size of the Milky Way better, a prediction of 20 detections
orresponds to just two detections from our sample, meaning that
ur population is too small to capture particularly rare eventual-
ties), but based on our r esear ch we can state that they are small.
hese numbers are smaller than those predicted by T. Wagg et al.
 2022 ), although consistent within the considerable uncertainties
ssociated with predicting such rare objects. Part of this discrep-
ncy reflects our conservative approach to normalizing the pop-
lation size: we adopt a ∼40 per cent lower total stellar mass

han T . W agg et al. ( 2022 ) and a smaller binary fraction than
he simulation datasets of F. S. Br oek g aar den et al. ( 2021 , 2022 ),
hich assume a binary fraction of 100 per cent and employ a
ifferent population synthesis code. We do not e, how ev er, that
 . W agg et al. ( 2022 ) do not account for the effect of supernova
icks on the present-day source position, meaning that they likely
nderestimate distances on average (as supernova kicks tend to
edistribut e syst ems away from their birth sit es t o further dis-
ances; see Fig. 2 a) and thereby slightly ov erestimat e their SNR
elativ e t o the noise. We also predict small numbers ( < 20 ; see
able 2 ) of individually detectable NS–MS and BH–MS sources,
hich could potentially also be detected as X-ray binaries in

uture. 
It is encouraging that the trends with α that w e uncov er here

eem to be consistent with other studies, but the large variety
n total numbers across studies highlights the dependence of 
redictions on a highly complex int erplay of paramet ers and as-
NRAS 546, 1–16 (2026) 
umptions. Although our results show variations in α produce
easurable changes in the LISA PSD, future larger parameter

tudies exploring a wider range of assumptions (e.g. mass trans-
er efficiency, which may produce similar effects) are needed
efore α can be uniquely constrained. This will be highly com-
utationally int ensiv e, but may be enabled by tr aining neur al
etw orks t o act as fast dr op-in r eplacements to comple x popula-

ion synthesis codes (e.g. such as the simulation based inference
pplied t o isolat ed pulsars by V. Graber et al. 2024 ). Ther e ar e
lso many assumptions that are simplifications of more complex
hysics. CE evolution is a good example, since we have simply
ar ametrized our ignor ance of a complex physical process with
n efficiency parameter . W e also not e that w e hav e not considered
riple systems, whereas most BH progenitors are thought to form
n triple systems (H. Sana et al. 2012 ), and thus triple interac-
ions could provide a formation channel to creating ultracompact
 W sour ces involving BHs that our analysis cannot e xplor e (Z.
uan et al. 2025 ). We have also ignored the effects of dynamical

nt eractions, and w e do not include globular clusters (in which
ynamical interactions are important, J. Klencki et al. 2017 ) in
ur population synthesis model. 

These caveats aside, LISA will provide novel constraints on
he binary population that will be even more powerful when
ombined with other multimessenger techniques. Whereas LISA
s most sensitive to close binaries, dir ect astr ometric observations
f BH–MS binaries are most sensitive to wide binaries (M. S. Ya-
aguchi et al. 2018 ). Searches for self gravitational lensing flares

rom ∼edge-on BH–MS and NS–MS binaries (e.g. G. Wiktorowicz
t al. 2021 ) are instead biased to intermediate separations (wider
inaries feature stronger gravitational lenses, but flares from
hem are seen for a narrower range of inclinations). Simultaneous

odelling of all these populations, exploring a wide range of 
imulation parameters, in conjunction with X-ray binaries, CVs,
nd so on, will provide the best constraints on our understanding
f binary evolution. 

 CONCLUSIONS  

e have modelled the G W signal fr om a synthetic population of 
alactic compact binaries and predicted how these signals will

ppear to LISA. We show that the summed GW signal from the
alactic binary population will already be detectable 3 months

nto the LISA mission, via analysis of the PSD of the total GW
train. We provide a simple publicly available python code
 o calculat e such a PSD (see the Data Availability section). We
nd that the shape of the PSD depends on the CE efficiency
arameter α, such that very low values ( α � 0 . 25 ) can in prin-
iple be pr eferr ed or ruled out early in the mission. We find that
he number of individually detectable binaries over the full 4 yr

ission also depends on α. In particular, we predict that the ratio
f individually detectable binaries with chirp mass M < M � to
hose with M � M � increases with α. We therefore conclude
hat it will may be possible to place novel constraints on the
E efficiency by combining infer ences fr om the PSD shape and

tatistics of individually detectable binaries. We conservatively
redict that, during its full 4-yr lifetime LISA will individually
etect thousands of binaries, > 2000 with a WD primary, � 20 with
n NS primary, and ∼(0 –30) with a BH primary. 
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Table A1. Summary of cosmic input parameters, with full descriptions available in the documentation of S. Coughlin et al. ( 2025 ). 

Flag Parameter Description Type Default 

Metallicity zsun Solar metallicity Z � 0.014 
Wind windflag Stellar wind model 3 

eddlimflag Metallicity dependence model 0 
neta Reimers mass-loss efficiency η 0.5 
bwind Binary enhanced mass-loss B w 0.0 
hewind Helium star mass-loss factor (1 − μ) 0.5 
beta Wind velocity model −1 
xi Wind accretion efficiency μw 0.5 
acc2 Bondi–Hoyle accretion factor αw 1.5 

Common 

Envelope 
alpha1 Common envelope efficiency α 1.0 

lambdaf Envelope binding energy model 0 
ceflag Orbital energy model 1 

cekickflag Supernova (SN) separation model 2 
cemergeflag Forced merger model 1 
cehestarflag Roche-lobe overflow (RLO) model 0 

qcflag Mass ratio stability model 1 
qcrit_array Critical mass ratios q crit Critical mass ratios for each stellar 

type 
Kicks kickflag SN kick model 0 

sigma Maxw ellian v elocity dispersion σ/ km s −1 265.0 
bhflag BH kick model 1 

bhsigmafrac BH kick scaling model 1 
sigmadiv Electr on-captur e SN (ECSN) kick model −20 

ecsn Max He-star mass for ECSN M 

+ 
ecs / M � 2.25 

ecsn_mlow Min ECSN mass limit M 

−
ecs / M � 1.6 

aic A ccr etion induced SN kick model 1 
ussn Ultra-stripped SN kick model 1 
pisn P air -instability model −2 

polar_kick_angle SN kick polar opening angle φ/ ◦ 90.0 
natal_kick_array Manual inputs for kicks model Custom SN kick parameters for both 

stars inv olv ed 
Remnants remnantflag NS/BH remnant model 4 

mxns NS/BH mass boundary M xNS / M � 3.0 
rembar_massloss Collapse mass-loss to neutrinos model 1/2 

wd_mass_lim Enforce Chandrasekhar limit model 1 
bhspinflag BH spins model 0 
bhspinmag BH spin magnitude a 0.0 

GR Decay grflag Gr avitational w ave orbital decay model 1 
Mass Transfer eddfac Eddington limit model 1 

gamma Angular momentum (RLO) model −2 
don_lim Donor mass-loss (RLO) model −1 
acc_lim A ccr etion rate limit (RLO) model −1 

Tides tflag Tidal circularization model 1 
ST_tide Tides model 1 

fprimc_array Conv ectiv e tide efficiency f conv Conv ectiv e tide scaling factors for 
each stellar type 

White Dwarfs ifflag WD mass modification model 0 
wdflag WD cooling law model 1 
epsnov Nova mass capture fraction ε 0.001 

Pulsar bdecayfac Magnetic field decay model 1 
bconst Field decay scaling k/ Myr 3000.0 

ck Field decay timescale τB / Myr 1000.0 
Mixing rejuv_fac Main sequence (MS) merger mixing f mix 1.0 

rejuvflag MS mixing model 0 
bhms_coll_flag BH collisions model 0 

Breaking htpmb Magnetic braking model 1 
Misc. ST_cr Conv ectiv e/radiativ e boundary model 1 
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P P E N D I X  B :  D I S C R ET E  FOU R I E R  

RANSFORMS  

e use the following definition of the discrete Fourier transform

( f j ) = 2 
√ 

d t 
N 

N ∑ 

k=1 

h (t k ) e 2 π i jk/N , (B1) 

 (t k ) = 

1 
2 

1 √ 

Nd t 

N/ 2 ∑ 

j= −N/ 2+1 

H( f j ) e −2 π i jk/N . (B2) 
NRAS 546, 1–16 (2026) 

Published by Oxford University Press on behalf of R oy al Astronomical Society. This is an Open
( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, dis
nder this definition, Parseval’s theorem is 
N/ 2 ∑ 

j=1 

| H( f j ) | 2 d f = 

2 
N 

N ∑ 

k=1 

h 

2 ( t k ) , (B3) 

hich states that the power integrated over all positive frequen-
ies is equal to twice the variance of the corresponding time series
which is always real for our application). The variance of a cosine
f amplitude A is A 

2 / 2 . Ther efor e the PSD of a cosine time series
nt egrat ed ov er all frequencies is equal t o A 

2 . 
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