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A B S T R A C T 

Pulsar timing arrays (PTAs) and the Laser Interferometer Space Antenna ( LISA ) will open complementary observational windows 
on massive black hole binaries (MBHBs), i.e. with masses in the range ∼10 

6 –10 

10 M �. While PTAs may detect a stochastic 
gra vitational wa ve background from a population of MBHBs, during operation LISA will detect individual merging MBHBs. 
To demonstrate the profound interplay between LISA and PTAs, we estimate the number of MBHB mergers that one can expect 
to observe with LISA by extrapolating direct observational constraints on the MBHB merger rate inferred from PTA data. For 
this, we postulate that the common signal observed by PTAs (and consistent with the increased evidence recently reported) is 
an astrophysical background sourced by a single MBHB population. We then constrain the LISA detection rate, R , in the mass–
redshift space by combining our Bayesian-inferred merger rate with LISA ’s sensitivity to spin-aligned, inspiral–merger–ringdown 

waveforms. Using an astrophysically informed formation model, we predict a 95 per cent upper limit on the detection rate of 
R < 134 yr −1 for binaries with total masses in the range 10 

7 –10 

8 M �. For higher masses, i.e. > 10 

8 M �, we find R < 2 (1) yr −1 

using an astrophysically informed (agnostic) formation model, rising to 11 (6) yr −1 if the LISA sensitivity bandwidth extends 
down to 10 

−5 Hz. Forecasts of LISA science potential with PTA background measurements should impro v e as PTAs continue 
their search. 

Key w ords: gravitational w aves – methods: data analysis – pulsars: general – galaxies: evolution – galaxies: formation – black 

hole mergers. 
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 I N T RO D U C T I O N  

he formation and evolutionary paths of black holes observed at the 
entres of galaxies are fundamental open problems in astrophysics. 

hile black holes with masses ∼10 9 M � are likely already present at
edshift z � 7.5 (Wang et al. 2021 ) and are essentially ubiquitous in
he cores of galaxies in the local Universe (Kormendy & Richstone 
995 ; Kormendy & Ho 2013 ; Heckman & Best 2014 ), the details of
ow they form, evolve, and interact with their host galaxies are still
argely unclear. 

The mergers of binaries composed of comparable mass black holes 
ith total mass M � 10 6 M � are a prime source for gravitational
ave (GW) detectors to probe astrophysical and cosmological 
ncertainties across cosmic time (Sathyaprakash & Schutz 2009 ; 
ailes et al. 2021 ; Auclair et al. 2022 ; Amaro-Seoane et al. 2023 ). 
Two observ ational windo ws of GWs allo w us to study these
assive black hole binaries (MBHBs): the ultralow ( ∼1 nHz –1 μHz )

nd low ( ∼0 . 1 –100 mHz ) frequency regimes, the focus of pulsar
iming arrays (PTAs; Foster & Backer 1990 ) and Laser Interferom-
ter Space Antenna ( LISA ; Amaro-Seoane et al. 2017 ) observations,
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espectively. Theoretical modelling of sources of interest for PTAs 
nd LISA has generally proceeded separately, as PTA observations are 
ainly sensitive to higher mass ( M ∼ 10 8 –10 10 M �) binaries at low-

o-moderate redshift ( z � 2), whereas LISA will provide information
ainly about lighter ( M ∼ 10 5 –10 6 M �) binaries at high redshift ( z
1–10 and beyond). 
While the peak sensitivities of the two observatories are in mostly

ifferent portions of the mass–redshift parameter space, they still 
 v erlap and can be complementary (see also e.g. Sesana, Vecchio &
olacino 2008 ; Spallicci 2013 ; Ellis et al. 2023 ). More specifically, if
ne assumes that there is a (dominant) cosmic population of MBHBs
panning the full mass range ∼10 6 –10 10 M �, PTAs and LISA will
ointly provide the tightest constraints on its properties. This is 
articularly timely as PTAs may observe a stochastic gravitational 
ave background (SGWB) before LISA is in science operation 

2034 + ). In other words, direct observational results on MBHBs
btainable in the next few years can be used to make falsifiable
redictions once LISA is in orbit. 
To illustrate our point, we consider the recent results from the

TA collaborations, the North American Nanohertz Observatory 
or Gra vitational wa ves (NANOGra v; Arzoumanian et al. 2020 ),
he Parkes PTA (PPTA; Goncharov et al. 2021 ), and the European
T A (EPT A; Chen et al. 2021 ), all of which combine the data
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ithin the umbrella of the International PT A (IPT A; Antoniadis
t al. 2022 ). The y hav e each identified a statistically consistent
ommon red-stochastic signal in the timing residuals of the pulsars
onstituting their arrays of unknown origin. We assume, purely
or the sake of demonstration, that this signal is produced by a
GWB generated by a cosmic population of MBHBs described
y some underlying (phenomenological) model. We show that the
roperties of the MBHB population inferred from the PTA results
irectly translate into predictions for the number of MBHB mergers
and their properties, i.e. masses and redshift – that LISA will

bserve. 
More recently (while this work was under re vie w), the PTA groups

ave announced increased evidence that the observed signal has a
W origin. The reported significance of a GW origin is between 2 σ

nd 4 σ from the EPTA (Antoniadis et al. 2023a ), PPTA (Reardon
t al. 2023 ), NANOGrav (Agazie et al. 2023a ), and the Chinese
T A (CPT A; Xu et al. 2023 ). The nature of the signal is uncertain
nd various sources are being investigated including MBHBs, dark
atter, and the early Universe (e.g. Afzal et al. 2023 ; Agazie et al.

023b ; Antoniadis et al. 2023b ). The analysis presented in this
aper is based on results from the IPTA Data Release 2 (DR2;
ntoniadis et al. 2022 ) that are consistent with the most recent PTA

nnouncements. 
Theoretical estimates of the SGWB amplitude in the PTA band

re uncertain (e.g. Sesana 2013 ; Kelley et al. 2017 ; Chen, Yu & Lu
020 ; Sykes et al. 2022 ). Likewise, the merger rate of MBHBs based
n galactic evolution models is uncertain, mainly due to incomplete
nowledge of galactic formation at high redshift (Sesana 2021 ). LISA
s generally expected to observe between ∼1 and 100 MBHBs per
ear (Rhook & Wyithe 2005 ; Sesana et al. 2011 ; Klein et al. 2016 ;
arausse et al. 2020 ; Katz et al. 2020 ). These merger rates are dom-

nated by binaries in the mass range M ∼ 10 6 –10 7 M � independent
f the uncertainties of the possible formation scenarios (Bonetti et al.
019 ), implying it may be challenging for LISA to observe binaries
ith higher mass, i.e. M � 10 8 M �. 
LISA ’s ability to detect such black holes depends on the physical

ttributes of the detector itself, such as the detector’s lower frequency
imit (Katz & Larson 2019 ), but also on waveform modelling
ssumptions when computing the signal-to-noise ratio (SNR) of
ISA . For example, higher order multipole modes can enter the LISA
etection band at higher frequencies and extend the duration of a very
assive binary signal in the LISA band to increase its accumulated
NR. Although this increase is at best modest, it can make or break

he detection of higher mass binaries that reside on the edge of LISA
etectability . Importantly , using our framework for PTA-constrained
erger rate estimates, we find that the LISA detection rate of higher
ass binaries, i.e. M � 10 8 M �, is sensitive to these instrumental

nd modelling assumptions. 
This paper is organized as follows. In Section 2 , we introduce

he phenomenological models we use to describe the merger rate
f MBHBs. In Section 3 , under the assumptions mentioned abo v e,
e use the PTA observations to place constraints on the MBHB
opulation parameters for the two models used in Middleton et al.
 2021 ) and compute the merger rate of sources of interest to LISA .
n Section 4 , we revisit the LISA sensitivity to MBHBs by including
n the GW radiation modes higher than the dominant � = | m | =
 and account for the (pessimistic) low-frequency limit at 0 . 1 mHZ ,
hich plays a particularly significant role; by combining these results
ith those of Section 3 , we compute the LISA detection rate of

hese binaries. In Section 5 , we randomly draw a few binaries from
he population and use a Bayesian analysis on the full time-delay
nterferometry LISA observables to forecast the information that LISA
NRAS 525, 2851–2863 (2023) 
ill be able to gather from the observations of these systems. Finally,
n Section 6 , we conclude and discuss implications of the results. 

 M O D E L  F O R  T H E  M E R G E R  R AT E  O F  

ASSIVE  BLACK  H O L E  BI NARI ES  

e first briefly re vie w the phenomenological models that we use to
escribe the merger rate of MBHBs. 
Generically, these models represent the merger rate of the MBHB

opulation with a function, F ( λ) (Phinney 2001 ), 

( λ) ≡ d 3 N ( λ) 

d V c d t r d log 10 M 

. (1) 

ere, N is the number of MBHB mergers per unit comoving volume,
 c (source-frame), time, t r , and logarithmic (source-frame) chirp
ass M , where M = ( m 1 m 2 ) 3 / 5 ( m 1 + m 2 ) −1 / 5 for a binary with

ndividual (source-frame) mass components m 1, 2 . The parameter
ector λ in equation ( 1 ) specifies the hyperparameters that describe
he population. Different astrophysical assumptions necessarily pro-
ide different functional forms for equation ( 1 ). 
Here, we are ultimately interested in the number of mergers per

nit observer time t within a redshift–chirp mass shell between z and
 + d z and M and M + d M , 

d 3 N ( λ) 

d t d z d log 10 M 

= 

d 3 N ( λ) 

d V c d t r d log 10 M 

d V c 

d z 

d t r 
d t 

, (2) 

here d V c / d z = 4 πcD 

2 
L /H 0 (1 + z ) 2 E( z ) is the differential comov-

ng volume (Hogg 1999 ; we assume sources are distributed uniformly
n the Universe), d t r /d t = (1 + z) −1 , D L is the luminosity distance be-
ween source and observer, H 0 is the present-day Hubble parameter,
 ( z) = ( �M 

(1 + z) 3 + �� 

) 1/2 for a flat Universe, and �M 

and �� 

re the mass and � density parameters, respectively (Hogg 1999 ).
ntegrating equation ( 2 ) over the rele v ant redshift and mass intervals
rovides the merger rate Ṅ ≡ d N/ d t as measured by an observer. 
We consider the two models used in Middleton et al. ( 2021 ) for the

opulation of MBHBs: the ‘agnostic’ model that imposes minimal
ssumptions (Middleton et al. 2016 ), and a more ‘astrophysically
nformed’ model that accounts for various observational and theo-
etical astrophysics inputs in the model design (see Chen, Sesana &
onselice 2019 ). For complete descriptions of the details of these

wo models, see Middleton et al. ( 2016 , 2018 , 2021 ), Chen et al.
 2017a , 2019 ), and Chen, Sesana & Del Pozzo ( 2017b ). 

In the agnostic model, equation ( 1 ) takes the simple parametric
orm: 

d 3 N ( λ) 

d V c d t r d log 10 M 

= ṅ 0 

( M 

10 7 M �

)−αM 

e −M / M � ( 1 + z ) β e −z/z 0 . 

(3)

he model is characterized by five population hyperparameters λ =
 ̇n 0 , αM 

, M � , β, z 0 } . Here ṅ 0 is the number density of mergers per
nit rest-frame time and comoving volume. The parameters αM 

and
 � describe the slope and cut-off of the distribution of sources in
 , respectively. The parameters β and z 0 provide the equi v alent

unction for the distribution of sources in z. This model assumes that
inaries merge in circular orbits driven by radiation reaction alone.
n Middleton et al. ( 2021 ), it was assumed (somewhat arbitrarily)
hat this model is valid in the redshift range 0 ≤ z ≤ 5 and in the
hirp mass range 10 6 ≤ M ≤ 10 11 M �. In this work, we consider a
otal mass range of 10 6 ≤ M ≤ 10 9 M � (see Section 3 ). We therefore
xtrapolate at the low-mass edge from M = 10 6 to 3 . 7 × 10 5 M �
hat corresponds to total mass M = 10 6 M � for a constant mass ratio
 = 1/3. The model is agnostic in the sense that it allows for a wide
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ange of distributions as broad prior ranges are used for each of the
arameters (see Appendix A ). 
The astrophysically informed model (Chen et al. 2019 ) is described

y 18 population hyperparameters and allows for binaries to have a 
on-zero eccentricity. Of these parameters, 16 are related to astro- 
hysical observables that are informed by priors from observations 
nd simulations. In brief, the number of MBHB mergers is linked 
o the number of galaxy mergers through a M gal –M BH relation (three
arameters). Galaxy mergers are described by the galaxy stellar 
ass function (five parameters), the fraction of galaxies in pairs 

four parameters), which are then assumed to merge within a given 
ime (four parameters). The final two parameters are related to the 
ffects of the environment in which binaries evolve: the eccentricity 
nd a parameter that depends on the stellar density in the galactic
ore and describes the interaction of a binary with the environment. 
he mass range for this model is determined by the galaxy masses
0 9 –10 12 M �, which translates to ≈10 6.3 –10 9 . 3 M � in M . Like the
gnostic model, we extrapolate at the low-mass end to M = 10 6 M �.
n redshift, the astrophysically informed model assumes most PTA- 
ensitive sources are at low redshift z ≤ 1.5. Here we consider it
alid up to redshift z = 5 as was done in Middleton et al. ( 2021 ). 

In both of our MBHB formation models, we assume cosmological 
arameters H 0 = 70 km 

−1 s −1 Mpc −1 , �M 

= 0.3, and �� 

=
.7, which are consistent with those from the most recent Planck 
osmology (Planck Collaboration VI 2020 ). 

 BLACK  H O L E  BINARY  POPULATION  

O N S T R A I N T S  F RO M  PULSAR  TIMING  

R R AY S  

he incoherent superposition of radiation from the cosmic MBHB 

opulation produces an isotropic, Gaussian, unpolarized SGWB with 
 characteristic amplitude (Phinney 2001 ) at GW frequency f , 

 

2 
c ( f ) = 

4 G 

5 / 3 

3 π1 / 3 c 2 
f −4 / 3 

×
∫ 

d M 

∫ 

d z ( 1 + z ) −1 / 3 M 

5 / 3 d 3 N ( λ) 

d z d V c d M 

, (4) 

here G and c are the gravitational constant and speed of light,
espectively. In principle, the rate d 3 N ( λ) / d z d V c d M can be found 
rom equation ( 1 ) in a similar manner as was done for equation ( 2 ). 

Current PTAs are most sensitive to a SGWB o v er a small frequency
nterval spanning the few lowest possible frequency bins associated 
ith the period co v ered by the observations, which at present

s ≈20 yr (see e.g. Arzoumanian et al. 2020 ; Chen et al. 2021 ;
oncharov et al. 2021 ; Antoniadis et al. 2022 ). This implies that

he SGWB characteristic amplitude, regardless of its physical origin, 
s well described o v er this sensitivity range by a power law, 

 c ( f ) = A yr 

(
f 

1 yr −1 

)α

, (5) 

here A yr is the unknown SGWB amplitude at GW frequency f of
 yr −1 and α is the spectral inde x. F or a background produced by
BHBs α = −2/3, cf. equation ( 4 ). 
The most recent observational results from the PTA consortia 

eport statistically consistent evidence of a common stochastic signal 
n the pulsar timing residuals (Arzoumanian et al. 2020 ; Chen et al.
021 ; Goncharov et al. 2021 ; Antoniadis et al. 2022 ). As we have
lready stressed in Section 1 , further work and observations are 
equired to ascertain the origin of the signal. Ho we ver, if we assume
t to be generated by a SGWB, the corresponding median values of
 1 yr reported by each of the PTAs are in the range 1.92–2.95 × 10 −15 .
To illustrate our main contention that PTAs operating now can 
nform future LISA observations, we shall assume that this signal 
s due to a SGWB whose origin is a single cosmic population
f MBHBs. We consider the IPTA DR2 results (Antoniadis et al.
022 ) to infer constraints on the population hyperparameters of the
odels described in Section 2 from which we compute the posterior

robability distributions on the MBHB merger rate. That is, with the
TA data d we e v aluate 

( λ| d) ∝ L ( d| λ) p( λ) , (6) 

here p( λ) are the priors on the population parameters, and the
ikelihood L ( d| λ) is computed from the IPTA DR2 free-spectrum-
nalysis posteriors, which are converted into characteristic amplitude 
 c for α = −2/3, by taking the lowest five frequency bins and
umming the log-likelihoods at those values, as described in the 
ethods in Moore & Vecchio ( 2021 ). The agnostic model assumes

ircular binaries, and therefore requires h c from a single frequency, 
hich we choose to be 1 yr −1 . We assume priors p( λ) as those

onsidered in Middleton et al. ( 2021 ) for both formation models.
ot surprisingly, the posterior distributions on λ we obtain with 

PTA results are very similar to those reported in Middleton et al.
 2021 ), which were computed using the NANOGrav 12.5 yr results,
s the IPTA and NANOGrav results are statistically consistent. We 
se CPNEST (a nested sampling implementation; Veitch & Vecchio 
010 ; Veitch et al. 2022 ) and PTMCMC (a Markov chain Monte Carlo
mplementation; Ellis & van Haasteren 2017 ) for the sampling. For
ompleteness we include the full posteriors in Appendix A . 

F or a giv en formation model, the abo v e procedure pro vides a poste-
ior distribution on the MBHB merger rate, d 3 N ( λ) / d t d z d log 10 M .
sing equation ( 2 ) we convert the intrinsic merger rate to rate in
bserver time and integrate over M or z to derive the posterior
istribution on the merger rate as a function of z, as shown in Fig. 1 ,
r merger rate as a function of (source-frame) total mass, as shown in
ig. 2 . In both figures, the posteriors of the agnostic (astro-informed)
odel are shown in red (blue) provide a set of posterior samples, i.e.
 

3 N ( λ) / d t d z d log 10 M , that corresponds to a MBHB population
istribution. With this distribution, we then either integrate over 
 and t obs (mission duration) to estimate the number of mergers

nticipated by LISA as a function of z, as shown in Fig. 1 , or we
nte grate o v er z and t obs to estimate the number of mergers as a
unction of M , as shown in Fig. 2 . In both figures, the posteriors of
he agnostic (astro-informed) model are shown in red (blue). 

The left-hand, middle, and right-hand panels in Fig. 1 correspond 
o ranges of total mass M = 10 6 –10 7 , 10 7 –10 8 , and 10 8 –10 9 M �,
espectively, where we have assumed a constant mass ratio q =
/3 to convert from M to M . The lowest mass range (left-hand
anel) produces the largest numbers of mergers, consistent with 
revious analysis (Middleton et al. 2021 ). While the agnostic 
odel predicts < 1 high-mass (10 8 –10 9 M �) merger per year per

nit redshift, displayed in the right-hand panel, the astro-informed 
odel affords � 1 yr −1 such mergers. The explanation for these 

ifferences lies in the priors for each model. The priors of the
stro-informed model, shown by the black dotted line, are set by
dditional observational/theoretical astrophysics considerations that 
re not included in the agnostic model (the full set of priors on each
ndividual parameter is shown by the green lines and contours in
ig. A2 in Appendix A ). As a consequence they allow narrower
anges of Ṅ distributions compared to the agnostic model that uses 
niform and uninformative priors over the parameters. 
Additionally, the agnostic model permits realizations with a high 

umber of low-mass binaries around M � 10 6 M � and correspond-
ngly fewer high-mass mergers, scenarios that are disallowed by 
MNRAS 525, 2851–2863 (2023) 
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M

Figure 1. Posterior distributions of the MBHB merger rate per year per unit redshift o v er the range z = 0–5. The three panels correspond to three total 
mass ranges, M = 10 6 –10 7 , 10 7 –10 8 , and 10 8 –10 9 M � for the left-hand, middle, and right-hand panels, respectively. In each panel, data from the agnostic 
(astro-informed) formation model are shown in red (blue), where the solid line marked by crosses (circles) is the median and the dark and light shaded regions 
represent the central 50 per cent and 90 per cent credible re gions, respectiv ely. These merger rates are inferred using the IPTA DR2 results. The black dotted 
line is the 99.5 percentile of the prior distribution for the astro-informed model. 

Figure 2. Posterior distributions of the MBHB merger rate per year per 
unit logarithmic total mass o v er the range M = 10 6 –10 9 M �. As in Fig. 1 , 
the agnostic (astro-informed) model is shown in red (blue), where the solid 
line marked by crosses (circles) is the median and the dark and light shaded 
regions represent the central 50 per cent and 90 per cent credible regions, 
respectively. These merger rates are inferred using the IPTA DR2 results. 
Sources are integrated over a redshift range of 0–5. The black dotted line is 
the 99.5 percentile of the prior distribution for the astro-informed model. 
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he priors of the astro-informed model (see e.g. fig. 3 of Middleton
t al. 2021 ). This key difference between the two models is more
pparent in Fig. 2 . The median of the posteriors of the agnostic
odel vanishes at large M before the median of the astro-informed
odel’s posteriors, which are generally flatter across this mass range,

ue to the astro-informed model’s prior distribution indicated by the
lack dotted line. This highlights how the merger rates calculated
ere are sensitive to population modelling assumptions, in part due
o the weak constraints from PTA results. 

Now that we have established the PTA-constrained estimates for
he merger rates of MBHBs, we turn next to the detectability of

BHBs with LISA to ultimately estimate their detection rates. 
NRAS 525, 2851–2863 (2023) 
 LISA D E T E C T I O N S  O F  BLACK  H O L E  

E R G E R S  

hile PTAs detect (primarily) the contribution from the ensemble
f the MBHB population, LISA will resolve the coalescences of
ndividual MBHBs from the population. Despite naively appearing
o probe separate domains, these detectors are complimentary as
onstraints from one can inform our expectations for the other. In this
ection, we demonstrate how combining PTAs and LISA can provide
seful astrophysical insight. First, let’s examine the waveforms of
BHBs and LISA ’s detection capabilities. 
The strain produced by a MBHB can be represented as a multipole

xpansion with basis functions −2 Y � m ( θ , φ), the spin-weighted
pherical harmonics of spin weight −2, and with coefficients h � m ( t ), 

 ( t) = h + 

( t) − ih ×( t) = 

∑ 

� ≥2 

� ∑ 

m =−� 

h �m 

( t) −2 Y �m 

( θ, φ) , (7) 

here h + , ×( t ) are the polarization amplitudes. Throughout this work,
e use the waveform approximant IMRPHENOMXHM (Garc ́ıa-
uir ́os et al. 2020 ; Pratten et al. 2020 ) to compute equation ( 7 ):

t describes the full inspiral–merger–ringdown radiation produced
y the coalescence of binary systems in which the spins of the black
oles are aligned to the orbital angular momentum of the binary. The
ultipoles h � m are calibrated to numerical relativity for mass ratios
 > 1/18, and the approximant includes the ( � , | m | ) = { (2, 2), (2, 1),
3, 3), (3, 2), (4, 4) } modes. 

A single multipole mode ( �, m ) is itself a complex-valued time
eries, h � m ( t ), which can be expressed via an amplitude A � m and phase
 � m , 

 �m 

( t) = h + 

( t) − ih ×( t) = A �m 

( t) e i � �m ( t) . 

he corresponding frequency of this mode is the rate of change of
he phase angle, 

 �m 

( t) = 

1 

2 π

d 

d t 
� �m 

( t) . (8) 

he top-left (bottom-left) panel of Fig. 3 displays the amplitude
e( h � m ( t )) (frequency f � m ( t )) for three waveforms composed of � =
, � = 3, and � = 4 modes that correspond to the red, green, and blue
olid lines. Although the leading � = 2 modes dominate in amplitude
e( h � m ( t )), the frequency f � m is higher for the subdominant � = 3 and
 modes. 
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Figure 3. The real part of the strain amplitude h � m ( t ) (top-left panel) and the frequency f (bottom-left panel) of gravitational signals composed of the � = 2, 3, 
and 4 modes that correspond to the red, green, and blue solid lines, respectively. The characteristic strain h c ( f ) of each signal (right-hand panel) passes through 
the LISA detection band, i.e. the characteristic noise amplitude of the noise power spectral density h n ( f ), shown by the black solid line. The dotted black line 
is the usual lower frequency limit of LISA , f low = 10 −4 Hz. Each of the three signals assumes the same binary mass ratio q = 1/3, source-frame total mass 
M = 3 × 10 7 M �, luminosity distance 10 5 Mpc, and inclination ι = π/2. 
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The time spent by a GW signal in the detection band of a detector
hat is sensitive to frequencies above f low is approximately 

= 

5 

256 

(
G M 

c 3 

)−5 / 3 

( πf low ) 
−8 / 3 

(
� 

2 

)8 / 3 

. (9) 

or high-mass black hole binaries and a given f low , the leading mode
 = m = 2 spends less time in the LISA detection band compared
o the higher modes � = m = 3, 4. This implies that the higher
odes can impro v e the detectability of higher mass binaries despite

adiating more quietly than the lower modes. 
The characteristic strain of a signal, useful when considering the 

esponse of a GW detector, is defined as [ h c ( f )] 2 = 4 f 2 | ̃  h ( f ) | 2 
Moore, Cole & Berry 2015 ) where ˜ h ( f ) is the strain in the fre-
uency domain, i.e. ˜ h ( f ) = 

∫ ∞ 

−∞ 

h ( t ) exp [ −2 πif t ] d t . Analogously,
 h n ( f )] 2 = fS n ( f ) gives the amplitude that describes the noise of a
etector, where S n ( f ) is the (one-sided) power spectral density of the
oise. The right-hand panel of Fig. 3 shows h c ( f ) for the same three
ets of modes, where the black solid line is the noise amplitude h n ( f )
f the LISA detector assuming S n ( f ) is composed of instrumental
Babak, Hewitson & Petiteau 2021 ) and galactic confusion (Babak 
t al. 2017 ) noises. The oscillations in � = 2 and 3 are due to
ontributions of the (2, 1) + (2, 2) and (3, 2) + (3, 3) subbands,
espectively. Consistent with the bottom-left panel, the right-hand 
anel of Fig. 3 demonstrates how higher modes enter the LISA
etection band at higher frequencies and extends the duration of the 
ignal from a high-mass binary in the LISA band. The low-frequency 
imit of the LISA detector, shown by the dotted black line, plays a
imilar role. 

The presence of radiation multipoles higher than the dominant 
 = | m | = 2 mode is particularly important to take into account
hen considering observations of MBHBs whose total mass–redshift 

ombination produce a signal close to the low-frequency sensitivity 
imit of LISA . These higher modes provide sensitivity to a larger
ortion of the mass–redshift parameter space than only considering 
he � = | m | = 2 mode such as in fig. 3 of Amaro-Seoane et al. ( 2017 ).

oti v ated by this, next we apply the abo v e methodology to explore
he detectability of MBHB mergers with LISA and the impact of
igher modes. 
For an L-shaped GW detector, the SNR is (Moore et al. 2015 ) 

2 = 〈 h | h 〉 = 

∫ ∞ 

−∞ 

[
h c ( f ) 

h n ( f ) 

]2 

d( log f ) , (10) 

here 〈 h | h 〉 denotes the noise-weighted inner product (Cutler &
lanagan 1994 ). The SNR for a LISA -like detector can, in the limit

hat GW wavelengths are much larger than the LISA arm length, be
pproximated as the sum of the SNRs of two L-shaped detectors, each
iven by equation ( 10 ) above, and accounting for the π/3 rather than
/2 angle between the LISA arms, i.e. LISA ’s SNR is ρ2 = 〈 H 1 | H 1 〉
 〈 H 2 | H 2 〉 , where H i = 

√ 

3 ( F i, + 

h + 

+ F i, ×h ×) / 2 are the responses
or two sets of L-shaped arms assuming each measures the same

BHB signal with the same detector noise as in Fig. 3 and F i , + ×
re the beam-pattern coefficients (Barack & Cutler 2004 ). We vary
he MBHB total mass and redshift, and rather than marginalizing o v er
he source spins, orientation, and location, here we assume that the

BHBs are non-spinning, oriented with modest inclination (cos ι = 

.8), directly abo v e the detector with constant azimuth (i.e. θ s = 0,
s = π/4) in the frame that is corotating with the detector, and that

he GW polarization is constant (i.e. ψ = π/6). 
The contours of constant SNR in the left-hand panel of Fig. 4

re computed as functions of the redshift z and source-frame total
ass M and with waveforms (equation 7 ) composed of all the

vailable multipole modes of IMRPHENOMXHM , i.e. ( � ≥ 2, | m |
� ). As lower mass binaries produce longer lived signals in the

ISA detection band, i.e. as shown by the black solid line in the
ight-hand panel of Fig. 3 , much of their accumulated SNR comes
rom the binary inspiral phase. Higher mass binaries spend less of
MNRAS 525, 2851–2863 (2023) 
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Figure 4. Contours of LISA signal-to-noise ratio versus redshift z and source-frame total binary mass M assuming a mass ratio q = 1/3, zero spins, inclination 
cos ι = 0.8, and flat Friedmann–Lemaitre–Robertson–Walker (FLRW) cosmology with cosmological parameters taken from Planck Collaboration VI ( 2020 ). 
The completely (transparently) filled contours in the left-hand panel assume a lower frequency cut-off f low = 10 −4 Hz ( f low = 10 −5 Hz) and are computed 
with the available � = 2, � = 3, and � = 4 modes of the IMRPHENOMXHM waveform approximant. The right-hand panel shows a zoomed-in portion of these 
signal-to-noise ratio contours as solid lines, and the dashed and dotted lines are computed with only the � = 2 and � = 3 modes and only the � = 2 modes, 
respectively. 

t  

w  

o  

f  

v  

t  

a  

a  

b  

s  

t  

m  

d  

s  

i  

d  

m
 

m  

c  

t  

a  

c  

t  

b  

i  

t  

l  

n  

l  

o

 

h  

b  

o  

a  

a  

m  

t  

h  

s
 

v  

b  

t  

l  

n  

d  

2  

a  

P  

r  

1  

c  

r  

o  

a  

i
 

≥  

f  

f  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/2/2851/7244712 by guest on 17 August 2024
heir inspiral in the LISA band, i.e. see equation ( 9 ), and for binaries
ith M � 10 8 M � essentially only the merger and ringdown are
bservable. Such signals are on the cusp of the low-frequency limit
 low of LISA , implying that the value of f low is important for detecting
 ery massiv e binaries. We demonstrate this with two values of f low in
he left-hand panel of Fig. 4 , where the filled contours are computed
ssuming f low = 10 −4 Hz, and the faded contours are computed with
 smaller frequency cut-off f low = 10 −5 Hz. The smaller f low allows
inaries with mass M � 5 × 10 8 M � and redshift z � 2 to have
ignificantly larger SNR than compared to the higher f low , as more of
he inspiral extends into the LISA window. Binaries with even higher

ass are undetectable with the limit f low = 10 −4 Hz, and only become
etectable with smaller f low because these signals are already very
hort lived in the peak of the LISA sensitivity window. This effect
ndicates that utilizing f low ≤ 0.1 mHz will help to maximize the
etection horizon, and hence the constraining power, of the LISA
ission. 
The right-hand panel of Fig. 4 shows how including higher
odes can also modestly increase the SNR of MBHBs. The SNRs

orresponding to the solid lines are identical to the filled contours in
he left-hand panel, i.e. are computed with the � = 2, 3, and 4 modes,
nd are monotonically larger than the corresponding SNR contours
omputed with the � = 2 and � = 3 modes (dashed lines), and with
he � = 2 modes (dotted lines). This effect is essentially negligible for
inaries with low mass ( M � 10 7 ) and close proximity ( z � 2), but
s noticeable for binaries with higher total mass and distance. Again,
his effect is most pronounced for very massive binaries whose short-
ived signals (as seen by LISA ) are extended with higher modes. We
ote that this effect is sensitive to the inclination of the source, i.e. it is
argest for edge-on systems, and we choose a conserv ati ve inclination
f cos ι = 0.8 in Fig. 4 . 
NRAS 525, 2851–2863 (2023) 
Both of the increases in SNR, due to smaller f low or inclusion of
igher modes, can make-or-break detections of higher mass binaries,
ut the former is an instrumental feature of LISA while the latter is an
bservational modelling assumption. On this basis, we conclude that
n optimal LISA detector should utilize as low of a frequency limit
s possible; nevertheless, including higher modes in analysis of very
assive mergers will systematically impro v e LISA ’s ability to probe

hese sources. As we shall see in Section 5 , including higher modes
as the additional benefit of significantly improving the estimation of
ource parameters as it breaks the distance–inclination de generac y. 

Now that we understand how LISA ’s sensitivity depends on these
arious ingredients, we can estimate MBHB detection rates for LISA
y relating the MBHB merger rates from PTAs in Section 3 with
he SNR of LISA . To produce Fig. 4 , we computed SNRs in the
ong-wavelength approximation with a fitted curve for the detector
oise. Instead, here we compute LISA SNRs using the full time-
elay interferometry implementation of BALROG (Buscicchio et al.
021 ; see section 2 of Pratten et al. 2023 for a complete description)
nd the IMRPHENOMXHM approximant (Garc ́ıa-Quir ́os et al. 2020 ;
ratten et al. 2020 ) for the waveforms. We consider binaries with
edshift z = 0–5 in three bins of (source-frame) total mass M =
0 6 –10 7 , 10 7 –10 8 , and 10 8 –10 9 M � labelled low, mid, and high that
orrespond to the left-hand, middle, and right-hand panels of Fig. 1 ,
espectively. The total mass and redshift are randomly drawn from
ur PTA-constrained MBHB populations and the remaining extrinsic
nd intrinsic MBHB parameters are chosen randomly for each binary
n the distribution. We use 10 000 draws for each M range. 

The detection rate R is the number of mergers with LISA SNR
12 yr −1 of observation time, i.e. R ≡ F det Ṅ , where F det is the

raction of detectable mergers and Ṅ is the integrated merger rate
rom equation ( 2 ) for the given mass–redshift bin. The merger rate
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Table 1. The 5th, 50th, and 95th percentiles of the detection rates (per year) R and the corresponding detectable fraction F det of populations of MBHBs 
with LISA for the three mass bins: low M = 10 6 –10 7 M �, mid M = 10 7 –10 8 M �, and high M = 10 8 –10 9 M �. Four combinations of multipole modes 
(i.e. � = 2 or � = 2, 3, 4) and the LISA lower frequency limit (i.e. 10 −4 or 10 −5 Hz) are considered. The detection rates without (with) parenthesis are 
computed with merger rates from the agnostic (astro-informed) model of Section 2 . An entry of 0 indicates that the rate is < 0.1 yr −1 . 

M = 10 6 –10 7 M � M = 10 7 –10 8 M � M = 10 8 –10 9 M �
R 5 R 50 R 95 F det R 5 R 50 R 95 F det R 5 R 50 R 95 F det 

(yr −1 ) (yr −1 ) (yr −1 ) (yr −1 ) (yr −1 ) (yr −1 ) (yr −1 ) (yr −1 ) (yr −1 ) 

� = 2 & 10 −4 Hz 0 (0.1) 75 (5) 82 700 (391) 1 (1) 0 (0.1) 13 (4) 373 (101) 0.8 (0.7) 0 (0) 0 (0) 1 (0) 0.1 (0.0) 
� = 2 & 10 −5 Hz 0 (0.1) 75 (5) 82 700 (391) 1 (1) 0 (0.2) 16 (7) 464 (147) 0.9 (0.9) 0 (0.1) 0.1 (0.8) 5 (7) 0.5 (0.3) 
� ≥ 2 & 10 −4 Hz 0 (0.1) 75 (5) 82 700 (391) 1 (1) 0 (0.2) 15 (6) 434 (134) 0.9 (0.9) 0 (0) 0 (0) 2 (0) 0.2 (0.0) 
� ≥ 2 & 10 −5 Hz 0 (0.1) 75 (5) 82 700 (391) 1 (1) 0 (0.2) 17 (7) 477 (154) 1 (1) 0 (0.1) 0.1 (1) 6 (11) 0.6 (0.4) 
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an be sensitive to the formation model, as shown in Figs 1 and 2 ,
nd can be as large as ∼10 4 and ∼10 2 for the agnostic and astro-
nformed models, respecti vely. Ne vertheless, both models generate 
he most mergers in bin A and fewer mergers in bins B and C
ince the loud, very high-mass binaries that dominate the SGWB are 
utnumbered by the quieter low-mass binaries. Simultaneously, the 
NR of LISA is largest for binaries in the low-mass bin and decreases
early monotonically for higher mass binaries, as shown in Fig. 4 .
herefore, one naiv ely e xpects R to be largest for moderate-mass
inaries (low bin) and smallest for very massive binaries (high bin) 
here modelling and instrumental assumptions will be important for 
BHBs on the cusp of LISA detectability. 
Our detection rates in these three mass–redshift bins are summa- 

ized in Table 1 for both formation models and four combinations 
f multipole modes and the LISA low-frequency limit. We indeed 
nd that R is generally largest in the low bin ( M = 10 6 –10 7 M �),
here the agnostic model predicts � 100 times more detections 

ompared to the astro-informed model at the 95th percentile. The 
normous SNR of LISA in this portion of the parameter space allows
or all mergers to be detected, i.e. F det = 1, in either formation
istory. 
The detectability of MBHBs in the mid ( M = 10 7 –10 8 M �) and

igh ( M = 10 8 –10 9 M �) bins is more sensitive to the LISA low-
requency limit f low and the inclusion of higher multipole modes. 
or the agnostic (astro-informed) formation model in the mid bin, R

s ≈20 per cent ( ≈50 per cent) larger with higher modes included
nd f low = 10 −5 Hz than with only the leading � = 2 modes and
 low = 10 −4 Hz. Importantly, for the high bin, R is similarly boosted
o 6 (11) yr −1 in the agnostic (astro-informed) formation model 
hen higher modes and smaller f low are assumed. The fraction of
ergers that are detectable F det in the high bin is larger for the

gnostic model than the astro-informed model as the latter generates 
ore mergers with higher mass, shown by Fig. 2 . Thus, in our
odel, R is essentially only sensitive to the SNR cut-off in the

igh bin. 
In Table 1 , we use an entry of 0 to indicate R < 0 . 1 yr −1 . For the

gnostic formation model, the 5th percentile R 5 is very small and 
e are only able to place upper limits on R . Ho we ver, the median
 50 ≈ 0 . 1 yr −1 in the high bin, implying that a 10 yr LISA mission
ould detect at least one merger. This is especially rele v ant for the

stro-informed model, where R 5 � 0 . 1 yr −1 in all three bins. We
ote that, in the first and third rows of Table 1 , R is set to 0 for the
stro-informed model in the high bin because F det ∼ 0.01. 

These results demonstrate that not only are PTA constraints of 
he SGWB capable of informing LISA detection rates, but that our 
ramework can also probe the very uncertain formation of the MBHB
opulation. We stress that higher modes and an optimistic value for
 low will aid the viability of such predictions. 
S  
 PARAMETER  ESTIMATION  WI TH  LISA 

astly, we perform a Bayesian parameter estimation study of five 
epresentative MBHBs with the LISA inference tool BALROG (see 
.g. Roebber et al. 2020 ; Buscicchio et al. 2021 ; Klein et al. 2022 ;
inch et al. 2023 ; Pratten et al. 2023 ) to provide an example of the
uality of LISA observations for these systems. 
The five binaries are drawn randomly from the posterior distribu- 

ions of the agnostic model in Section 2 that provides the (source-
rame) total mass M and redshift z of each binary. As the merger
ate posterior for the agnostic model highly disfa v ours high-mass
inaries, but we are still interested in exploring the quality of LISA
bservations for such systems, we force the highest mass draw to be
etectable with M > 10 7 M �. The properties of these systems are
ummarized in Table 2 . 

We compute the LISA noise-orthogonal time-delay interferometry 
bservables as described in section 2 of Pratten et al. ( 2023 ).
onsistent with our analyses abo v e, the signals are injected and

eco v ered using the IMRPHENOMXHM approximant (Garc ́ıa-Quir ́os 
t al. 2020 ; Pratten et al. 2020 ), and we convert between redshift
nd luminosity distance with the same cosmology as in Fig. 4 . The
njected (source-frame) component masses ( m 

inj 
1 , m 

inj 
2 ) and redshifts

 

inj for each of the binaries are shown in the left-hand side of Table 2
long with the corresponding SNR we compute by either assuming 
nly the � = 2 modes or the � = 2, 3, and 4 modes. We inject zero spins
 χ1 = χ2 = 0) and mass ratio q = 1/3 for all five binaries, implying
hat the χ eff priors are centred on 0. The remaining extrinsic and
ntrinsic parameters are identical for each binary and are summarized 
n the caption of Table 2 . We assume a LISA configuration with
 . 5 Mkm arm length and a data duration of 4 yr , and for reco v ery
e use two implementations of nested sampling (Skilling 2006 ): 
YNESTY (Speagle 2020 ; Koposov et al. 2022 ) and NESSAI (Williams
021 ; Williams, Veitch & Messenger 2021 ). 
Fig. 5 shows selected posterior distributions, where the five 

ows (top-to-bottom) correspond to the five binaries, and shows a 
omparison between the two samplers. These results are summarized 
n Table 2 , where the first column provides an ID for each binary, the
e xt fiv e columns specify the injected values and the corresponding
NRs using only the leading modes or all available modes, and

he remaining six columns list the medians and central 90 per cent
redible regions of the recovered posterior distributions. These 
uoted values are computed from equally mixed samples of the 
YNESTY and NESSAI results shown in Fig. 5 . 
The five binaries are listed in Table 2 by decreasing SNRs,

hich span a broad range. Intuitively, Binary 1 with the highest
NR displays the smallest reco v ered parameter uncertainties, and 

s closely followed by Binaries 2 and 3. Binary 4, which was
njected with the furthest distance, has an order-of-magnitude smaller 
NR and corresponding parameters that are reco v ered with larger
MNRAS 525, 2851–2863 (2023) 
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Table 2. Summary of results of our Bayesian parameter estimation for five binaries. The first column provides an ID for each binary, and the second, third, 
and fourth columns show the source-frame component masses m 

inj 
1 , m 

inj 
2 and redshift z inj , respectively. Consistent with earlier sections, we assume a mass 

ratio q = 1/3. All other parameters are identical for the five binaries: dimensionless spin magnitudes χ1 = χ2 = 0, ecliptic longitude l = 2.0, sin of ecliptic 
latitude sin b = 0.3, inclination angle cos ι = 0.8, polarization ψ = 0.5, initial orbital phase φ = 0.0, and merger time at t c = 31 536 000 s from the start 
of the data. The fifth and sixth columns summarize the SNR for these binaries with different multipole modes. The final six columns are the reco v ered 
posteriors for each binary, where m 1 , m 2 are the source-frame component masses, z is the redshift, χ eff is the aligned ef fecti ve spin parameter, �90 is the 
90th percentile of the (elliptical) sky area, and � t c is the recovered time of merger centred at the injected value. The values quoted with uncertainties are 
computed with all multipole modes, i.e. � ≥ 2, and represent the median and central 90 per cent credible region for each parameter. Note that binaries 3 and 
4 have multimodal sky locations. Equal numbers of posterior samples from the NESSAI and DYNESTY analyses are used. 

ID m 

inj 
1 m 

inj 
2 z inj SNR ( f low = 0.1 mHz) m 1 m 2 z χ eff �90 � t c 

(10 6 M �) (10 6 M �) � = 2 � ≥ 2 (10 6 M �) (10 6 M �) ( deg 2 ) (s) 

1 1 .1 0 .4 0.8 7194 7260 1 . 1252 + 0 . 0004 
−0 . 0003 0 . 3749 + 0 . 0001 

−0 . 0001 0 . 8000 + 0 . 0004 
−0 . 0004 −0 . 0002 + 0 . 0003 

−0 . 0004 0 .0049 0 . 1 + 0 . 3 −0 . 3 

2 0 .9 0 .3 2.3 2269 2595 0 . 900 + 0 . 001 
−0 . 002 0 . 3000 + 0 . 0004 

−0 . 0003 2 . 299 + 0 . 003 
−0 . 003 −0 . 001 + 0 . 001 

−0 . 001 0 .04 0 + 1 −1 

3 1 .4 0 .5 3.2 745 1068 1 . 3506 + 0 . 0042 
−0 . 0042 0 . 4499 + 0 . 0012 

−0 . 0012 3 . 20 + 0 . 01 
−0 . 01 −0 . 001 + 0 . 003 

−0 . 003 25 .7 1 + 4 −3 

4 1 .7 0 .6 4.3 276 383 1 . 73 + 0 . 01 
−0 . 02 0 . 574 + 0 . 005 

−0 . 005 4 . 30 + 0 . 04 
−0 . 04 −0 . 001 + 0 . 006 

−0 . 005 1 .4 0 + 8 −9 

5 52 .5 17 .5 2.0 8 78 53 + 4 −3 17 + 2 −1 2 . 0 + 0 . 2 −0 . 2 0 . 0 + 0 . 1 −0 . 1 13 784 174 + 658 
−848 
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ncertainties. Nevertheless, its masses and spins are still precisely
easured. While we are confident in the sky locations of these

inaries, i.e. the panels in the third column of Fig. 5 , these sky
aps are complicated as they can suffer from degeneracies and as
ore time spent in the LISA band can suppress secondary sky modes

Pratten et al. 2023 ), and investigating them further is beyond the
cope of this work. Still, the sky areas of these four binaries will
e sufficiently small to support realistic electromagnetic follow-up
ampaigns (Mangiagli et al. 2022 ). 

Importantly, Binary 5 stands out among the others as it has
he largest injected total mass, and hence the lowest SNR. In the
ontext of the three mass–redshift bins of Table 1 , this is the only
inary of the five that lies in a higher mass region (mid bin),
mplying its SNR may be sensitive to the modelling and instrumental
ssumptions we explored earlier. Indeed, we find that its SNR is
early insufficient, i.e. ≈8, to be detectable unless we include higher
odes, as shown in the fifth and sixth columns of Table 2 , or assume
 smaller LISA low-frequency limit than 10 −4 Hz. Consequently,
ompared to the other binaries, its reco v ered parameters suffer from
ignificantly larger uncertainties and its sky location is burdened by
ultimodality, i.e. see the panel in the fifth row and third column

f Fig. 5 . 
These results demonstrate LISA ’s exceptional potential to measure

he properties of MBHBs. 

 C O N C L U S I O N S  A N D  DISCUSSION  

he future GW detector LISA will observe MBHBs with remarkable
recision due to the high SNR it will achieve across large ranges
f redshift and mass. In this work, we have demonstrated how PTA
easurements of the SGWB can inform the potential of detecting
BHBs with LISA . To do this we constrained MBHB formation
odels to obtain estimates of the merger rates of the MBHB popu-

ation, and then we computed the SNR of these MBHBs to arrive at
heir LISA detection rates. We also performed a parameter estimation
tudy of a handful of such binaries to showcase the tremendous
onstraining power of LISA . Our findings are summarized in these
ey conclusions. 

(i) Despite primarily probing different portions of the parameter
pace of MBHBs, PTAs and LISA can jointly provide robust predic-
ions for MBHBs. 
NRAS 525, 2851–2863 (2023) 
(ii) The astrophysical assumptions of the two formation models
e consider can lead to different predictions for the merger rate, and
ence detection rate, of MBHBs. 

(iii) Our LISA detection rates R for binaries with mass M �
0 6 M � decrease monotonically with increasing M , which parallels
he SNR of LISA , and are boosted by higher modes and a small LISA
ow-frequency limit. 

(iv) Binaries with higher mass, i.e. M � 10 7 M �, and near the
dge of the LISA horizon can be undetectable without these boosting
ffects, e.g. R ≈ 0(0 . 1) –6(11) yr −1 for agnostic (astro-informed)
odels at central 90 per cent credible interval, but R can quickly

anish with a pessimistic LISA low-frequency limit. 
(v) A long mission duration for LISA helps to ensure detection of

igh-mass binaries when R ∼ 0 . 1 yr −1 . 
(vi) LISA ’s ability to adequately measure the parameters of high-
ass binaries will rely heavily on modelling assumptions (such as

ncluding higher modes) and instrumental assumptions (such as the
ow-frequency limit). 

Although the MBHB formation models we consider are uncertain
nd despite the current challenges with PTA measurements of the
GWB, constraints on MBHB merger rates with PTAs can be used

o make meaningful predictions for LISA observations. This work is a
roof of principle that multiband studies of MBHBs are advantageous
nd offer a viable probe of the MBHB population. 

Precise sky location estimates from GWs are of particular im-
ortance for multimessenger, i.e. joint GW and electromagnetic,
bservations of MBHBs (see e.g. Piro et al. 2023 ). As higher
odes are known to break degeneracies and provide multimodal

ky localizations (Marsat, Baker & Canton 2021 ; Pratten et al.
023 ), including higher modes will be important for multimessenger
etections, e.g. of bright quasars with high mass M � 10 8 M � and
edshift z � 6 (Volonteri, Habouzit & Colpi 2021 ). 

There are a few caveats in our analysis worth discussion. We
ant to emphasize that, to illustrate the point concerning the synergy
etween PTAs and LISA , we used an ansatz of assuming the common
ed-stochastic signal observed in PTA data is due to a SGWB from

BHBs. The nature of this signal is currently unknown, and there
s no statistically significant evidence that it is due to a SGWB,
.g. see Arzoumanian et al. ( 2020 ), Goncharov et al. ( 2021 ), Chen
t al. ( 2021 ), and Antoniadis et al. ( 2022 ) for detailed discussions.
oreo v er, if a SGWB is detected by PTAs in the future, the
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Figure 5. Density estimation of the posterior distributions for the five binaries in our Bayesian parameter estimation of Section 5 . The DYNESTY ( NESSAI ) results 
are indicated by the solid green (dashed orange) lines. Each row corresponds to one of the binaries, i.e. binaries 1–5 from top to bottom, and the four columns 
correspond to the reco v ered source-frame component masses m 1 and m 2 , the mass ratio q and aligned ef fecti ve spin χ eff , the ecliptic longitude l and latitude b , 
and the redshift z, respectively. 
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hysical source of the signal would need to be identified, such as an
strophysical population of MBHBs or some other (possibly more 
xotic) process in the early Universe (see e.g. Arzoumanian et al. 
021 ; Moore & Vecchio 2021 ; Xue et al. 2021 ). These are highly
on-trivial problems that we do not consider here. Ho we ver, under
he assumption of a ‘universal’ MBHB population in the Universe, 
he results of the LISA surv e y may provide the strongest clue in this
irection and further the relationship between PTAs and LISA . 
Throughout this work we have assumed that the MBHBs are non- 

pinning. Although we do not explore it here, we expect that our
BHBs detection rates will be most sensitive to the spin magnitudes 
nd directions in the high-mass regime, i.e. M � 10 7 M �, as their
ISA SNR is more sensitive to higher modes than lower mass
inaries. Lastly, the detection rates that we compute are limited by the
ncertainties of the two formation models that we consider. Probing 
strophysical observables is challenging with present PTA data sets 
Chen et al. 2019 ), and further work is needed in the modelling of

BHB populations. 
Frameworks such as ours that attempt to forecast the science 

otential of LISA using SGWB measurements from PTAs should 
mpro v e in the near future as PTAs continue the search for this
ignal. Indeed, several PTA consortia have very recently announced 
MNRAS 525, 2851–2863 (2023) 
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merging evidence for a GW signal at the 2 σ–4 σ level (Agazie
t al. 2023a ; Antoniadis et al. 2023a ; Reardon et al. 2023 ; Xu et al.
023 ), and although the source of the signal remains uncertain, the
ro wing e vidence for detection adds support to a primary assumption
f our framework and invites more detailed studies. Equally, once
perational, LISA ’s observations of individual MBHBs at lower
asses will aid PTAs in constraining the MBHB population at

igh masses, even if difficulties in detecting a SGWB from MBHBs
ersist. These complementary observations, as well as those at high
ISA frequencies (Klein et al. 2022 ), will help enable a multiband
ra of GW astrophysics. 
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PPENDI X  A :  POSTERI OR  DI STRI BU TIO NS  

N  T H E  POPULATI ON  H Y P E R PA R A M E T E R S  

n this appendix, we show full corner plots for the population
yperparameters for the two models of the MBHB populations 
escribed in Sections 2 and 3 . 
The marginalized posterior distributions for the five agnostic 
odel parameters given the IPTA DR2 results are shown in Fig. A1 .
e use flat priors in the ranges: log 10 

ṅ 0 
Mpc 3 Gyr 

∈ [ −20 . 0 , 3 . 0], βz 

 [ −2.0, 7.0], z 0 ∈ [0.2, 5.0], αM 

∈ [ −3 . 0 , 3 . 0], and log 10 
M � 

M � ∈
10 6 , 10 9 ]. As in previous analysis, the only constraint from the
gnostic model is on ṅ 0 . 

The marginalized posterior distributions for the 18-parameter 
strophysically informed model are shown in Fig. A2 . The priors
re marked in green and are identical to the extended prior ranges
isted in table I in Chen et al. ( 2019 ). 
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Figur e A1. Mar ginalized posterior distributions for the agnostic model. The contour plots show the two-dimensional posterior distributions for each parameter 
combination, where the contours indicate the central 50 per cent and 90 per cent credible regions. The histograms show the one-dimensional posterior distributions 
for each parameter. 
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Figure A2. Identical to Fig. A1 , but for the astro-informed model, i.e. the 50 per cent and 90 per cent contours in the two-dimensional plots and the 5, 50, and 
90 percentiles in the one-dimensional plots. The green contours and histograms represent the astrophysical prior on the two-dimensional and one-dimensional 
distributions, respectively. 
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