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ABSTRACT
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 ∼ 106 − 1010 M⊙ . While PTAs may detect a stochastic gravitational-wave
background from a population of MBHBs, during operation LISA will detect individual merg-
ing 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 popu-
lation. 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%
upper limit on the detection rate of R < 134 yr−1 for binaries with total masses in the
range 107 − 108 M⊙ . For higher masses, i.e., > 108 M⊙ , we find R < 2 (1) yr−1 using an
astrophysically-informed (agnostic) formation model, rising to 11 (6) yr−1 if the LISA sen-
sitivity bandwidth extends down to 10−5 Hz. Forecasts of LISA science potential with PTA
background measurements should improve as PTAs continue their search.

Key words: black hole mergers – gravitational waves – methods: data analysis – pulsars:
general – galaxies: evolution – galaxies: formation.

1 INTRODUCTION

The formation and evolutionary paths of black holes observed at the
centers of galaxies are fundamental open problems in astrophysics.
While black holes with masses ∼ 109 M⊙ are likely already present
at redshift 𝑧 ≳ 7.5 (Wang et al. 2021) and are essentially ubiqui-
tous in the cores of galaxies in the local Universe (Kormendy &
Richstone 1995; Kormendy & Ho 2013; Heckman & Best 2014),
the details of how they form, evolve, and interact with their host
galaxies are still largely unclear.

The mergers of binaries composed of comparable mass black-
holes with total mass 𝑀 ≳ 106 M⊙ are a prime source for
gravitational-wave (GW) detectors to probe astrophysical and cos-
mological uncertainties across cosmic time (Sathyaprakash &

★ Contact e-mail: nsteinle@star.sr.bham.ac.uk

Schutz 2009; Bailes et al. 2021; Auclair et al. 2022; Amaro-Seoane
et al. 2023).

Two observational windows of GWs allow us to study these
massive black-hole binaries (MBHBs): the ultra-low (∼ 1 nHz −
1 𝜇Hz) and low (∼ 0.1 mHz − 100 mHz) frequency regimes, the
focus of pulsar timing arrays (PTAs) (Foster & Backer 1990) and
Laser Interferometer Space Antenna (LISA) (Amaro-Seoane et al.
2017) observations, respectively. Theoretical modelling of sources
of interest for PTAs and LISA have generally proceeded separately,
as PTA observations are mainly sensitive to higher mass (𝑀 ∼ 108–
1010 M⊙) binaries at low-to-moderate redshift (𝑧 ≲ 2) whereas
LISA will provide information mainly about lighter (𝑀 ∼ 105–
106 M⊙) binaries at high redshift (𝑧 ≈ 1–10 and beyond).

While the peak sensitivities of the two observatories are in
mostly different portions of the mass-redshift parameter space, they
still overlap and can be complementary (see also, e.g.’s, Sesana

© 2023 The Authors
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et al. 2008; Spallicci 2013; Ellis et al. 2023). More specifically,
if one assumes that there is a (dominant) cosmic population of
MBHBs spanning the full mass range ∼ 106–1010 M⊙ PTAs and
LISA will jointly provide the tightest constraints on its properties.
This is particularly timely as PTAs may observe a stochastic GW
background (SGWB) before LISA is in science operation (2034+).
In other words, direct observational results on MBHBs obtainable
in the next few years can be used to make falsifiable predictions
once LISA is in orbit.

To illustrate our point, we consider the recent results from the
pulsar timing array collaborations, the North American Nanohertz
Observatory for Gravitational waves (NANOGrav; Arzoumanian
et al. 2020), the Parkes PTA (PPTA; Goncharov et al. 2021), and the
European PTA (EPTA; Chen et al. 2021), all of which combine the
data within the umbrella of the International PTA (IPTA; Antoniadis
et al. 2022). They have each identified a statistically consistent
common red-stochastic signal in the timing residuals of the pulsars
constituting their arrays of unknown origin. We assume, purely for
the sake of demonstration, that this signal is produced by a SGWB
generated by a cosmic population of MBHBs described by some
underlying (phenomenological) model. We show that the properties
of the MBHB population inferred from the PTA results directly
translate into predictions for the number of MBHB mergers – and
their properties, i.e. masses and redshift – that LISA will observe.

More recently (while this work was under review), the PTA
groups have announced increased evidence that the observed sig-
nal has a GW origin. The reported significance of a GW origin
is between 2𝜎 and 4𝜎 from the EPTA (Antoniadis et al. 2023a),
PPTA (Reardon et al. 2023), NANOGrav (Agazie et al. 2023b), and
the Chinese PTA (CPTA, Xu et al. 2023). The nature of the signal
is uncertain and various sources are being investigated including
MBHBs, dark matter and the early Universe (e.g. Antoniadis et al.
2023b; Agazie et al. 2023a; Afzal et al. 2023). The analysis pre-
sented in this paper is based on results from the IPTA second data
release (Antoniadis et al. 2022) which are consistent with the most
recent PTA announcements.

Theoretical estimates of the SGWB amplitude in the PTA band
are uncertain (e.g., Sesana 2013; Kelley et al. 2017; Chen et al.
2020; Sykes et al. 2022). Likewise, the merger rate of MBHBs
based on galactic evolution models are uncertain, mainly due to
incomplete knowledge of galactic formation at high redshift (Sesana
2021). LISA is generally expected to observe between ∼ 1 − 100
MBHBs per year (Rhook & Wyithe 2005; Sesana et al. 2011; Klein
et al. 2016; Katz et al. 2020; Barausse et al. 2020). These merger
rates are dominated by binaries in the mass range 𝑀 ∼ 106 −
107 M⊙ independent of the uncertainties of the possible formation
scenarios (Bonetti et al. 2019), implying it may be challenging for
LISA to observe binaries with higher mass, i.e., 𝑀 ≳ 108 M⊙ .

LISA’s ability to detect such black holes depends on the phys-
ical attributes of the detector itself, such as the detector’s lower
frequency limit (Katz & Larson 2019), but also on waveform mod-
elling assumptions when computing the signal-to-noise ratio (SNR)
of LISA. For example, higher order multipole modes can enter the
LISA detection band at higher frequencies and extend the duration
of a very massive binary signal in the LISA band to increase its
accumulated SNR. Although this increase is at-best modest, it can
make or break the detection of higher mass binaries that reside on
the edge of LISA detectability. Importantly, using our framework for
PTA-constrained merger rate estimates, we find that the LISA de-
tection rate of higher mass binaries, i.e., 𝑀 ≳ 108 M⊙ , is sensitive
to these instrumental and modelling assumptions.

This paper is organised as follows. In Section 2 we introduce

the phenomenological models we use to describe the merger rate
of MBHBs. In Section 3, under the assumptions mentioned above,
we use the PTA observations to place constraints on the MBHB
population parameters for the two models used in Middleton et al.
(2021) and compute the merger rate of sources of interest to LISA. In
Section 4, we revisit the LISA sensitivity to MBHBs by including in
the GW radiation modes higher than the dominant ℓ = |𝑚 | = 2 and
account for the (pessimistic) low-frequency limit at 0.1 mHZ, which
plays a particularly significant role; by combining these results with
those of Section 3 we compute the LISA detection rate of these
binaries. Finally, in Section 5, we randomly draw a few binaries
from the population and use a Bayesian analysis on the full time-
delay-interferometry LISA observables to forecast the information
that LISA will be able to gather from the observations of these
systems. In Section 6 we conclude and discuss implications of the
results.

2 MODEL FOR THE MERGER RATE OF MASSIVE
BLACK HOLE BINARIES

We first briefly review the phenomenological models that we use to
describe the merger rate of MBHBs.

Generically, these models represent the merger rate of the
MBHB population with a function, F (𝝀) (Phinney 2001),

F (𝝀) ≡ d3𝑁 (𝝀)
d𝑉cd𝑡rd log10 M

. (1)

Here, 𝑁 is the number of MBHB mergers per unit co-moving vol-
ume, 𝑉c, (source-frame) time, 𝑡r, and logarithmic (source-frame)
chirp mass M, where M = (𝑚1𝑚2)3/5 (𝑚1 + 𝑚2)−1/5 for a binary
with individual (source-frame) mass components 𝑚1,2. The param-
eter vector 𝝀 in Eq. (1) specifies the hyper-parameters that describe
the population. Different astrophysical assumptions necessarily pro-
vide different functional forms for Eq. (1).

Here, we are ultimately interested in the number of mergers
per unit observer time 𝑡 within a redshift-chirp mass shell between
𝑧 and 𝑧 + d𝑧 and M and M + dM,

d3𝑁 (𝝀)
d𝑡d𝑧d log10 M

=
d3𝑁 (𝝀)

d𝑉𝑐d𝑡rd log10 M
d𝑉c
d𝑧

d𝑡r
d𝑡

(2)

where d𝑉𝑐/d𝑧 = 4𝜋𝑐𝐷2
L/𝐻0 (1 + 𝑧)2𝐸 (𝑧) is the differential co-

moving volume (Hogg 1999) (we assume sources are distributed
uniformly in the Universe), d𝑡r/d𝑡 = (1+ 𝑧)−1, 𝐷L is the luminosity
distance between source and observer, 𝐻0 is the present-day Hubble
parameter, 𝐸 (𝑧) = (Ω𝑀 (1 + 𝑧)3 + ΩΛ)1/2 for a flat Universe, and
Ω𝑀 and ΩΛ are the mass and Λ density parameters, respectively,
Hogg (1999). Integrating Eq. (2) over the relevant redshift and mass
intervals provides the merger rate ¤𝑁 ≡ d𝑁/d𝑡 as measured by an
observer.

We consider the two models used in Middleton et al. (2021)
for the population of MBHBs: the “agnostic” model which im-
poses minimal assumptions (Middleton et al. 2016), and a more
“astrophysically-informed” model which accounts for various ob-
servational and theoretical astrophysics inputs in the model design,
see (Chen et al. 2019). For complete descriptions of the details of
these two models, see Middleton et al. (2016, 2018, 2021); Chen
et al. (2017a,b, 2019).

In the agnostic model, Eq. (1) takes the simple parametric
form:

d3𝑁 (𝝀)
d𝑉cd𝑡rd log10 M

= ¤𝑛0

(
M

107M⊙

)−𝛼M
𝑒−M/M★ (1 + 𝑧)𝛽 𝑒−𝑧/𝑧0 .
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Figure 1. Posterior distributions of the MBHB merger rate per year per unit redshift over the range 𝑧 = 0 − 5. The three panels correspond to three total
mass ranges, 𝑀 = 106–107 M⊙ , 107–108 M⊙ , and 108–109 M⊙ for the left, middle, and right panels, respectively. In each panel, data from the agnostic
(astro-informed) formation 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% and 90% credible regions, respectively. 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.

(3)

The model is characterised by five population hyper-parameters
𝝀 = { ¤𝑛0, 𝛼M ,M★, 𝛽, 𝑧0}. Here ¤𝑛0 is the number density of mergers
per unit rest-frame time and co-moving volume. The parameters𝛼M
and M★ describe the slope and cut-off of the distribution of sources
in M, respectively. The parameters 𝛽 and 𝑧0 provide the equivalent
function for the distribution of sources in 𝑧. This model assumes that
binaries merge in circular orbits driven by radiation reaction alone.
In Middleton et al. (2021) it was assumed (somewhat arbitrarily) that
this model is valid in the redshift range 0 ≤ 𝑧 ≤ 5 and in the chirp
mass range 106 M⊙ ≤ M ≤ 1011 M⊙ . In this work, we consider
a total mass range of 106 M⊙ ≤ M ≤ 109 M⊙ (see Section 3). We
therefore extrapolate at the low mass edge from M = 106 M⊙ to
3.7 × 105 M⊙ which corresponds to total mass 𝑀 = 106 M⊙ for a
constant mass ratio 𝑞 = 1/3. The model is agnostic in the sense that
it allows for a wide range of distributions as broad prior ranges are
used for each of the parameters (see Appendix A).

The astrophysically-informed model (Chen et al. 2019) is de-
scribed by 18 population hyper-parameters and allows for binaries
to have a non-zero eccentricity. Of these parameters, 16 are related
to astrophysical observables which are informed by priors from ob-
servations and simulations. In brief, the number of MBHB mergers
is linked to the number of galaxy mergers through a 𝑀gal − 𝑀BH
relation (three parameters). Galaxy mergers are described by the
galaxy stellar mass function (five parameters), the fraction of galax-
ies in pairs (four parameters), which are then assumed to merge
within a given time (four parameters). The final two parameters are
related to the effects of the environment in which binaries evolve:
the eccentricity and a parameter that depends on the stellar density
in the galactic core and describes the interaction of a binary with the
environment. The mass range for this model is determined by the
galaxy masses 109–1012 M⊙ , which translates to≈ 106.3–109.3 M⊙
in M. Like the agnostic model, we extrapolate at the low mass end
to 𝑀 = 106 M⊙ . In redshift, the astrophysically-informed model as-
sumes most PTA-sensitive sources are at low redshift 𝑧 ≤ 1.5. Here
we consider it valid up to redshift, 𝑧 = 5 as was done in Middleton
et al. (2021).

In both of our MBHB formation models, we assume cosmo-
logical parameters 𝐻0 = 70 km−1s−1Mpc−1, Ω𝑀 = 0.3, and

ΩΛ = 0.7, which are consistent with those from the most recent
Planck cosmology (Planck Collaboration et al. 2020).

3 BLACK HOLE BINARY POPULATION CONSTRAINTS
FROM PULSAR TIMING ARRAYS

The incoherent superposition of radiation from the cosmic MBHB
population produces an isotropic, Gaussian, unpolarized SGWB
with a characteristic amplitude (Phinney 2001) at GW frequency 𝑓 ,

ℎ2
c ( 𝑓 ) =

4𝐺5/3

3𝜋1/3𝑐2 𝑓 −4/3 ×∫
dM

∫
d𝑧 (1 + 𝑧)−1/3 M5/3 d3𝑁 (𝝀)

d𝑧d𝑉𝑐dM , (4)

where 𝐺 and 𝑐 are the gravitational constant and speed of light,
respectively. In principle, the rate 𝑑3𝑁 (𝝀)/𝑑𝑧𝑑𝑉𝑐𝑑M can be found
from Eq. (1) in a similar manner as was done for Eq. (2).

Current PTAs are most sensitive to a SGWB over a small
frequency interval spanning the few lowest possible frequency bins
associated with the period covered by the observations, which at
present is ≈ 20 yr, see e.g. Arzoumanian et al. (2020); Goncharov
et al. (2021); Chen et al. (2021); Antoniadis et al. (2022). This
implies that the SGWB characteristic amplitude, regardless of its
physical origin, is well described over this sensitivity range by a
power-law,

ℎc ( 𝑓 ) = 𝐴yr

(
𝑓

1yr−1

)𝛼
, (5)

where 𝐴yr is the unknown SGWB amplitude at GW frequency 𝑓 of
1 yr−1 and 𝛼 is the spectral index. For a background produced by
MBHBs 𝛼 = −2/3, cfr. Eq. (4).

The most recent observational results from the PTA consor-
tia report statistically consistent evidence of a common stochastic
signal in the pulsar timing residuals (Arzoumanian et al. 2020; Gon-
charov et al. 2021; Chen et al. 2021; Antoniadis et al. 2022). As
we have already stressed in Section 1, further work and observa-
tions are required to ascertain the origin of the signal. However, if
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we assume it to be generated by a SGWB, the corresponding me-
dian values of 𝐴1yr 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
inform future LISA observations, we shall assume that this signal
is due to a SGWB whose origin is a single cosmic population
of MBHBs. We consider the IPTA DR2 results (Antoniadis et al.
2022) to infer constraints on the population hyper-parameters of the
models described in Section 2 from which we compute the posterior
probability distributions on the MBHB merger rate. That is, with
the PTA data 𝑑 we evaluate,

𝑝(𝝀 |𝑑) ∝ L(𝑑 |𝝀) 𝑝(𝝀) , (6)

where 𝑝(𝝀) are the priors on the population parameters, and the
likelihood L(𝑑 |𝝀) is computed from the IPTA DR2 free-spectrum-
analysis posteriors, which are converted into characteristic ampli-
tude ℎ𝑐 for 𝛼 = −2/3, by taking the lowest five frequency bins and
summing the log-likelihoods at those values, as described in the
Methods in Moore & Vecchio (2021). The agnostic model assumes
circular binaries, and therefore requires ℎ𝑐 from a single frequency,
which we choose to be 1 yr−1. We assume priors 𝑝(𝝀) as those con-
sidered in Middleton et al. (2021) for both formation models. Not
surprisingly, the posterior distributions on 𝝀 we obtain with IPTA
results are very similar to those reported in Middleton et al. (2021),
which were computed using the NANOGrav 12.5 year results. as
the IPTA and NANOGrav results are statistically consistent. We
use cpnest (a nested sampling implementation Veitch & Vecchio
2010; Veitch et al. 2022) and ptmcmc (a Markov Chain Monte Carlo
implementation Ellis & van Haasteren 2017) for the sampling. For
completeness we include the full posteriors in Appendix A.

For a given formation model, the above procedure pro-
vides a posterior distribution on the MBHB merger rate,
d3𝑁 (𝝀)/d𝑡d𝑧d log10 M. Using Eq. 2 we convert the intrinsic merger
rate to rate in observer time and integrate over M or 𝑧 to derive the
posterior distribution on the merger rate as a function of 𝑧, as shown
in Fig. 1, or merger rate as a function of (source-frame) total mass,
as shown in Fig. 2. In both figures, the posteriors of the agnostic
(astro-informed) model are shown in red (blue). provides a set of
posterior samples, i.e., d3𝑁 (𝝀)/d𝑡d𝑧d log10 M, that correspond to
a MBHB population distribution. With this distribution, we then
either integrate over M and 𝑡obs (mission duration) to estimate the
number of mergers anticipated by LISA as a function of 𝑧, as shown
in Fig. 1, or we integrate over 𝑧 and 𝑡obs to estimate the number of
mergers as a function of M, as shown in Fig. 2. In both figures, the
posteriors of the agnostic (astro-informed) model are shown in red
(blue).

The left, middle, and right panels in Fig. 1 correspond to ranges
of total mass 𝑀 = 106 −107 M⊙ , 107 −108 M⊙ , and 108 −109 M⊙ ,
respectively, where we have assumed a constant mass ratio 𝑞 = 1/3
to convert fromM to 𝑀 . The lowest mass range (left panel) produces
the largest numbers of mergers, consistent with previous analysis
Middleton et al. (2021). While the agnostic model predicts < 1
high-mass (108 − 109 M⊙) merger per year per unit redshift, dis-
played in the right panel, the astro-informed model affords ≳ 1 yr−1

such mergers. The explanation for these differences lies in the priors
for each model. The priors of the astro-informed model, shown by
the black dotted line, are set by additional observational/theoretical
astrophysics considerations which are not included in the agnostic
model (the full set of priors on each individual parameter are are
shown by the green lines and contours in Fig. A2 in Appendix A). As
a consequence they allow narrower ranges of ¤𝑁 distributions com-

106 107 108 109

M [M�]
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100

102

104

d
Ṅ
/d

lo
g 1

0
M

[y
r−

1
]

Redshift range: 0–5agnostic
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Figure 2. Posterior distributions of the MBHB merger rate per year per
unit logarithmic total-mass over the range 𝑀 = 106 − 109 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% and 90% credible regions, respectively.
These merger rates are inferred using the IPTA DR2 results. Sources are
integrated over a redshift range of 0 to 5. The black dotted line is the 99.5
percentile of the prior distribution for the astro-informed model.

pared to the agnostic model which uses uniform and uninformative
priors over the parameters.

Addditionally, the agnostic model permits realisations with a
high number of low-mass binaries around 𝑀 ⪆ 106 M⊙ and corre-
spondingly fewer high-mass mergers, scenarios that are disallowed
by the priors of the astro-informed model (see e.g., Fig. 3 of Mid-
dleton et al. 2021). This key difference between the two models
is more apparent in Fig. 2. The median of the posteriors of the
agnostic model vanishes at large 𝑀 before the median of the astro-
informed model’s posteriors, which are generally flatter across this
mass range, due to the astro-informed model’s prior distribution in-
dicated by the black dotted line. This highlights how the merger rates
calculated here are sensitive to population modelling assumptions,
in part due to the weak constraints from PTA results.

Now that we have established the PTA-constrained estimates
for the merger rates of MBHBs, we turn next to the detectability of
MBHBs with LISA to ultimately estimate their detection rates.

4 LISA DETECTIONS OF BLACK HOLE MERGERS

While PTAs detect (primarily) the contribution from the ensemble
of the MBHB population, LISA will resolve the coalescences of
individual MBHBs from the population. Despite naively appearing
to probe separate domains, these detectors are complimentary as
constraints from one can inform our expectations for the other.
In this section, we demonstrate how combining PTAs and LISA
can provide useful astrophysical insight. First, let’s examine the
waveforms of MBHBs and LISA’s detection capabilities.

The strain produced by a MBHB can be represented as a multi-
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ℓ = 2, 3, and 4 modes which correspond to the red, green, and blue solid lines, respectively. The characteristic strain ℎ𝑐 ( 𝑓 ) of each signal (right panel) passes
through the LISA detection band, i.e., the characteristic noise amplitude of the noise power spectral density ℎ𝑛 ( 𝑓 ) , shown by the black solid line. The dotted
black line is the usual lower frequency limit of LISA, 𝑓low = 10−4 Hz. Each of the three signals assume the same binary mass ratio 𝑞 = 1/3, source-frame total
mass 𝑀 = 3 × 107 M⊙ , luminosity distance 105 Mpc, and inclination 𝜄 = 𝜋/2.

pole expansion with basis functions −2𝑌ℓ𝑚 (𝜃, 𝜙), the spin-weighted
spherical harmonics of spin weight−2, and with coefficients ℎℓ𝑚 (𝑡),

ℎ(𝑡) = ℎ+ (𝑡) − 𝑖ℎ× (𝑡) =
∑︁
ℓ≥2

ℓ∑︁
𝑚=−ℓ

ℎℓ𝑚 (𝑡) −2𝑌ℓ𝑚 (𝜃, 𝜙) , (7)

where ℎ+,× (𝑡) are the polarisation amplitudes. Throughout this
work, we use the waveform approximant IMRPhenomXHM (Prat-
ten et al. 2020; García-Quirós et al. 2020) to compute Eq. (7):
it describes the full inspiral-merger-ringdown radiation produced
by the coalescence of binary systems in which the spins of the
black holes are aligned to the orbital angular momentum of the
binary. The multipoles ℎℓ𝑚 are calibrated to numerical relativ-
ity for mass ratios 𝑞 > 1/18, and the approximant includes the
(ℓ, |𝑚 |) = {(2, 2), (2, 1), (3, 3), (3, 2), (4, 4)} modes.

A single multipole mode (ℓ, 𝑚) is itself a complex-valued time
series, ℎℓ𝑚 (𝑡), which can be expressed via an amplitude 𝐴ℓ𝑚 and
phase Φℓ𝑚,

ℎℓ𝑚 (𝑡) = ℎ+ (𝑡) − 𝑖ℎ× (𝑡) = 𝐴ℓ𝑚 (𝑡)𝑒𝑖Φℓ𝑚 (𝑡 ) .

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

𝑓ℓ𝑚 (𝑡) = 1
2𝜋

d
d𝑡
Φℓ𝑚 (𝑡) . (8)

The top-left (bottom-left) panel of Fig. 3 displays the amplitude
Re(ℎℓ𝑚 (𝑡)) (frequency 𝑓ℓ𝑚 (𝑡)) for three waveforms composed of
ℓ = 2, ℓ = 3, and ℓ = 4 modes that correspond to the red, green,
and blue solid lines. Although the leading ℓ = 2 modes dominate
in amplitude Re(ℎℓ𝑚 (𝑡)), the frequency 𝑓ℓ𝑚 is higher for the sub-
dominant ℓ = 3 and 4 modes.

The time spent by a GW signal in the detection band of a

detector that is sensitive to frequencies above 𝑓low is approximately,

𝜏 =
5

256

(
𝐺M
𝑐3

)−5/3
(𝜋 𝑓low)−8/3

(
ℓ

2

)8/3
. (9)

For high-mass black-hole binaries and a given 𝑓low, the leading
mode ℓ = 𝑚 = 2 spends less time in the LISA detection band
compared to the higher modes ℓ = 𝑚 = 3, 4. This implies that the
higher modes can improve the detectability of higher mass binaries
despite radiating more quietly than the lower modes.

The characteristic strain of a signal, useful when considering
the response of a GW detector, is defined as [ℎ𝑐 ( 𝑓 )]2 = 4 𝑓 2 | ℎ̃( 𝑓 ) |2
(Moore et al. 2015) where ℎ̃( 𝑓 ) is the strain in the frequency domain,
i.e., ℎ̃( 𝑓 ) =

∫ ∞
−∞ ℎ(𝑡) exp[−2𝜋𝑖 𝑓 𝑡]d𝑡. Analogously, [ℎ𝑛 ( 𝑓 )]2 =

𝑓 𝑆𝑛 ( 𝑓 ) gives the amplitude that describes the noise of a detector
where 𝑆𝑛 ( 𝑓 ) is the (one-sided) power spectral density of the noise.
The right panel of Fig. 3 shows ℎ𝑐 ( 𝑓 ) for the same three sets of
modes where the black solid line is the noise amplitude ℎ𝑛 ( 𝑓 ) of the
LISA detector assuming 𝑆𝑛 ( 𝑓 ) is composed of instrumental (Babak
et al. 2021) and galactic confusion (Babak et al. 2017) noises. The
oscillations in ℓ = 2 and 3 are due to contributions of the (2,1)+(2,2)
and (3,2)+(3,3) subbands, respectively. Consistent with the bottom
left panel, the right panel of Fig. 3 demonstrates how higher modes
enter the LISA detection band at higher frequencies and extends the
duration of the signal from a high-mass binary in the LISA band.
The low-frequency limit of the LISA detector, shown by the dotted
black line, plays a similar role.

The presence of radiation multipoles higher than the domi-
nant ℓ = |𝑚 | = 2 mode is particularly important to take into ac-
count when considering observations of MBHBs whose total mass-
redshift combination produce a signal close to the low-frequency
sensitivity limit of LISA. These higher modes provide sensitivity
to a larger portion of the mass-redshift parameter space than only
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Figure 4. Contours of LISA signal-to-noise 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 FLRW cosmology with cosmological parameters taken from Planck Collaboration et al. (2020). The completely (transparently) filled
contours in the left panel assume a lower frequency cut off 𝑓low = 10−4 Hz ( 𝑓low = 10−5 Hz) and are computed with the available ℓ = 2, ℓ = 3, and ℓ = 4
modes of the IMRPhenomXHM waveform approximant. The right panel shows a zoomed-in portion of these signal-to-noise contours as solid lines, and the
dashed and dotted lines are computed with only the ℓ = 2 and ℓ = 3 modes and only the ℓ = 2 modes, respectively.

considering the ℓ = |𝑚 | = 2 mode such as in Fig. 3 of Amaro-
Seoane et al. (2017). Motivated by this, next we apply the above
methodology to explore the detectability of MBHB mergers with
LISA and the impact of higher modes.

For an L-shaped GW detector, the SNR is (Moore et al. 2015),

𝜌2 = ⟨ℎ|ℎ⟩ =
∫ ∞

−∞

[
ℎ𝑐 ( 𝑓 )
ℎ𝑛 ( 𝑓 )

]2
d(log 𝑓 ) , (10)

where ⟨ℎ|ℎ⟩ denotes the noise-weighted inner product (Cutler &
Flanagan 1994). The SNR for a LISA-like detector can, in the limit
that GW wavelengths are much larger than the LISA arm length,
be approximated as the sum of the SNRs of two L-shaped detec-
tors, each given by Eq. (10) above, and accounting for the 𝜋/3
rather than 𝜋/2 angle between the LISA arms, i.e., LISA’s SNR is
𝜌2 = ⟨𝐻1 |𝐻1⟩ + ⟨𝐻2 |𝐻2⟩ where 𝐻𝑖 =

√
3(𝐹𝑖,+ℎ+ + 𝐹𝑖,×ℎ×)/2 are

the responses for two sets of L-shaped arms assuming each mea-
sures the same MBHB signal with the same detector noise as in
Fig. 3 and 𝐹𝑖,+× are the beam-pattern coefficients (Barack & Cutler
2004). We vary the MBHB total mass and redshift, and rather than
marginalizing over the source spins, orientation, and location, here
we assume that the MBHBs are nonspinning, oriented with modest
inclination (cos 𝜄 = 0.8), directly above the detector with constant
azimuth (i.e., 𝜃𝑠 = 0, 𝜙𝑠 = 𝜋/4) in the frame that is corotating
with the detector, and that the GW polarization is constant (i.e.,
𝜓 = 𝜋/6).

The contours of constant SNR in the left panel of Fig. 4 are
computed as functions of the redshift 𝑧 and source-frame total mass
𝑀 and with waveforms [Eq. (7)] composed of all the available
multipole modes of IMRPhenomXHM, i.e., (ℓ ≥ 2, |𝑚 | ≤ ℓ).

As lower mass binaries produce longer lived signals in the LISA
detection band, i.e., as shown by the black solid line in the right panel
of Fig. 3, much of their accumulated SNR comes from the binary
inspiral phase. Higher mass binaries spend less of their inspiral
in the LISA band, i.e., see Eq. (9), and for binaries with 𝑀 ≳
108 M⊙ essentially only the merger and ringdown are observable.
Such signals are on the cusp of the low-frequency limit 𝑓low of
LISA, implying that the value of 𝑓low is important for detecting very
massive binaries. We demonstrate this with two values of 𝑓low in the
left panel of Fig. 4, where the solid-filled contours are computed
assuming 𝑓low = 10−4 Hz, and the faded contours are computed
with a smaller frequency cut off 𝑓low = 10−5 Hz. The smaller 𝑓low
allows binaries with mass 𝑀 ≲ 5 × 108 M⊙ and redshift 𝑧 ≲ 2 to
have significantly larger SNR than compared to the higher 𝑓low, as
more of the inspiral extends into the LISA window. Binaries with
even higher mass are undetectable with the limit 𝑓low = 10−4 Hz,
and only become detectable with smaller 𝑓low because these signals
are already very short-lived in the peak of the LISA sensitivity
window. This effect indicates that utilizing 𝑓low ≤ 0.1 mHz will
help to maximize the detection horizon, and hence the constraining
power, of the LISA mission.

The right panel of Fig. 4 shows how including higher modes
can also modestly increase the SNR of MBHBs. The SNRs corre-
sponding to the solid lines are identical to the solid-filled contours
in the left panel, i.e., are computed with the ℓ = 2, 3, and 4 modes,
and are monotonically larger than the corresponding SNR contours
computed with the ℓ = 2 and ℓ = 3 modes (dashed lines), and
with the ℓ = 2 modes (dotted lines). This effect is essentially neg-
ligible for binaries with low mass (𝑀 ≲ 107) and close proximity
(𝑧 ≲ 2), but is noticeable for binaries with higher total mass and
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Table 1. The 5th, 50th, and 95th percentiles of the detection rates (per year) R and the corresponding detectable fraction 𝐹det of populations of MBHBs with
LISA for the three mass bins: low 𝑀 = 106 − 107 M⊙ , mid 𝑀 = 107 − 108 M⊙ , and high 𝑀 = 108 − 109 M⊙ . Four combinations of multipole modes (i.e.,
ℓ = 2 or ℓ = 2, 3, 4) and the LISA lower-frequency limit (i.e., 10−4 Hz 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 = 106 − 107 M⊙ 𝑀 = 107 − 108 M⊙ 𝑀 = 108 − 109 M⊙
R5 R50 R95 𝐹det R5 R50 R95 𝐹det R5 R50 R95 𝐹det

[yr−1] [yr−1] [yr−1] [yr−1] [yr−1] [yr−1] [yr−1] [yr−1] [yr−1]
ℓ = 2 & 10−4 Hz 0 (0.1) 75 (5) 82700 (391) 1 (1) 0 (0.1) 13 (4) 373 (101) 0.8 (0.7) 0 (0) 0 (0) 1 (0) 0.1 (0.0)
ℓ = 2 & 10−5 Hz 0 (0.1) 75 (5) 82700 (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)
ℓ ≥ 2 & 10−4 Hz 0 (0.1) 75 (5) 82700 (391) 1 (1) 0 (0.2) 15 (6) 434 (134) 0.9 (0.9) 0 (0) 0 (0) 2 (0) 0.2 (0.0)
ℓ ≥ 2 & 10−5 Hz 0 (0.1) 75 (5) 82700 (391) 1 (1) 0 (0.2) 17 (7) 477 (154) 1 (1) 0 (0.1) 0.1 (1) 6 (11) 0.6 (0.4)

distance. Again, this effect is most pronounced for very massive
binaries whose short-lived signals (as seen by LISA) are extended
with higher modes. We note that this effect is sensitive to the incli-
nation of the source, i.e., it is largest for edge-on systems, and we
choose a conservative inclination of cos 𝜄 = 0.8 in Fig. 4.

Both of the increases in SNR, due to smaller 𝑓low or inclu-
sion of higher modes, can make-or-break detections of higher-mass
binaries, but the former is an instrumental feature of LISA while
the latter is an observational modelling assumption. On this ba-
sis, we conclude that an optimal LISA detector should utilize as
low of a frequency limit as possible; nevertheless, including higher
modes in analysis of very massive mergers will systematically im-
prove LISA’s ability to probe these sources. As we shall see in
Section 5, including higher modes has the additional benefit of sig-
nificantly improving the estimation of source parameters as it breaks
the distance-inclination degeneracy.

Now that we understand how LISA’s sensivity depends on
these various ingredients, we can estimate MBHB detection rates for
LISA by relating the MBHB merger rates from PTAs in Section 3
with the SNR of LISA. To produce Fig. 4, we computed SNRs
in the long-wavelength approximation with a fitted curve for the
detector noise. Instead, here we compute LISA SNRs using the full
time-delay-interferometry implementation of balrog (Buscicchio
et al. 2021) (see Section 2 of Pratten et al. (2022) for a complete
description) and the IMRPhenomXHM approximant (Pratten et al.
2020; García-Quirós et al. 2020) for the waveforms. We consider
binaries with redshift 𝑧 = 0− 5 in three bins of (source-frame) total
mass 𝑀 = 106−107 M⊙ , 𝑀 = 107−108 M⊙ , and 𝑀 = 108−109 M⊙
labeled low, mid, and high which correspond to the left, middle, and
right panels of Fig. 1, respectively. The total mass and redshift are
randomly drawn from our PTA-constrained MBHB populations and
the remaining extrinsic and intrinsic MBHB parameters are chosen
randomly for each binary in the distribution. We use 10, 000 draws
for each 𝑀 range.

The detection rate R is the number of mergers with LISA SNR
≥ 12 per year of observation time, i.e., R ≡ 𝐹det ¤𝑁 where 𝐹det is
the fraction of detectable mergers and ¤𝑁 is the integrated merger
rate from Eq. (2) for the given mass-redshift bin. The merger rate
can be sensitive to the formation model, as shown in Fig.’s 1 and 2,
and can be as large as ∼ 104 and ∼ 102 for the agnostic and astro-
informed models, respectively. Nevertheless, both models generate
the most mergers in bin A and fewer mergers in bins B and C since
the loud, very high-mass binaries that dominate the SGWB are
outnumbered by the quieter low-mass binaries. Simultaneously, the
SNR of LISA is largest for binaries in the low mass bin and decreases
nearly monotonically for higher mass binaries, as shown in Fig. 4.
Therefore, one naively expects R to be largest for moderate-mass
binaries (low bin) and smallest for very massive binaries (high bin)

where modelling and instrumental assumptions will be important
for MBHBs on the cusp of LISA detectability.

Our detection rates in these three mass-redshift bins are sum-
marized in Table 1 for both formation models and four combinations
of multipole modes and the LISA low-frequency limit. We indeed
find that R is generally largest in the low bin (𝑀 = 106 − 107 M⊙),
where the agnostic model predicts ≳ 100 times more detections
compared to the astro-informed model at the 95th percentile. The
enormous SNR of LISA in this portion of the parameter space al-
lows for all mergers to be detected, i.e., 𝐹det = 1, in either formation
history.

The detectability of MBHBs in the mid (𝑀 = 107 − 108 M⊙)
and high (𝑀 = 108−109 M⊙) bins is more sensitive to the LISA low-
frequency limit 𝑓low and the inclusion of higher multipole modes.
For the agnostic (astro-informed) formation model in the mid bin,
R is ≈ 20% (≈ 50%) larger with higher modes included and 𝑓low =

10−5 Hz than with only the leading ℓ = 2 modes and 𝑓low =

10−4 Hz. Importantly, for the high bin, R is similarly boosted to 6
(11) yr−1 in the agnostic (astro-informed) formation model when
higher modes and smaller 𝑓low are assumed. The fraction of mergers
that are detectable 𝐹det in the high bin is larger for the agnostic
model than the astro-informed model as the latter generates more
mergers with higher mass, shown by Fig. 2. Thus, in our model, R
is essentially only sensitive to the SNR cut-off in the high bin.

In Table 1 we use an entry of 0 to indicate R < 0.1 yr−1. For
the agnostic formation model, the 5th percentileR5 is very small and
we are only able to place upper limits on R. However, the median
R50 ≈ 0.1 yr−1 in the high bin, implying that a 10 yr LISA mission
would detect at least 1 merger. This is especially relevant for the
astro-informed model, where R5 ⪆ 0.1 yr−1 in all three bins. We
note that, in the first and third rows of Table 1, R is set to 0 for the
astro-informed model in the high bin because 𝐹det ∼ 0.01.

These results demonstrate that not only are PTA constraints
of the SGWB capable of informing LISA detection rates, but that
our framework can also probe the very uncertain formation of the
MBHB population. We stress that higher modes and an optimistic
value for 𝑓low will aid the viability of such predictions.

5 PARAMETER ESTIMATION WITH LISA

Lastly, we perform a Bayesian parameter estimation study of five
representative MBHBs with the LISA inference tool balrog (see
e.g., Finch et al. 2022; Klein et al. 2022; Pratten et al. 2022; Busci-
cchio et al. 2021; Roebber et al. 2020) to provide an example of the
quality of LISA observations for these systems.

The five binaries are drawn randomly from the posterior dis-
tributions of the agnostic model in Section 2 which provides the
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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 , 𝑚inj

2 and redshift 𝑧inj, 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, polarisation 𝜓 = 0.5, initial orbital phase 𝜙 = 0.0, and merger time at 𝑡c = 31536000 s from the start of the data.
The fifth and sixth columns summarise the SNR for these binaries with different multipole modes. The final six columns are the recovered posteriors for each
binary, where 𝑚1, 𝑚2 are the source-frame component masses, 𝑧 is the redshift, 𝜒eff is the aligned effective spin parameter, Ω90 is the 90th percentile of the
(elliptical) sky area, and Δ𝑡c is the recovered time of merger centred at the injected value. The values quoted with uncertainties are computed with all multipole
modes, i.e., ℓ ≥ 2, and represent the median and central 90% credible region for each parameter. Note that binaries 3 and 4 have multi-modal sky locations.
Equal numbers of posterior samples from the nessai and dynesty analyses are used.

ID 𝑚
inj
1 𝑚

inj
2 𝑧inj SNR ( 𝑓low = 0.1 mHz) 𝑚1 𝑚2 𝑧 𝜒eff Ω90 Δ𝑡c

[106 M⊙ ] [106 M⊙ ] ℓ = 2 ℓ ≥ 2 [106 M⊙ ] [106 M⊙ ] [deg2 ] [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 13784 174+658
−848

(source-frame) total mass 𝑀 and redshift 𝑧 of each binary. As the
merger-rate posterior for the agnostic model highly disfavours high-
mass binaries, but we are still interested in exploring the quality
of LISA observations for such systems, we force the highest-mass
draw to be detectable with 𝑀 > 107 M⊙ . The properties of these
systems are summarized in Table 2.

We compute the LISA noise-orthogonal time-delay-
interferometry observables as described in Section 2 of Pratten et al.
(2022). Consistent with our analyses above, the signals are injected
and recovered using the IMRPhenomXHM approximant (Pratten
et al. 2020; García-Quirós et al. 2020), and we convert between
redshift and luminosity distance with the same cosmology as in
Fig. 4. The injected (source frame) component masses (𝑚inj

1 , 𝑚inj
2 )

and redshifts 𝑧inj for each of the binaries are shown in the left side
of Table 2 along with the corresponding SNR we compute by either
assuming only the ℓ = 2 modes or the ℓ = 2, 3, and 4 modes. We
inject zero spins (𝜒1 = 𝜒2 = 0) and mass ratio 𝑞 = 1/3 for all
five binaries, implying that the 𝜒eff priors are centered on 0. The
remaining extrinsic and intrinsic parameters are identical for each
binary and are summarised in the caption of Table 2. We assume
a LISA configuration with 2.5 million-km arm length and a data
duration of 4 yr, and for recovery we use two implementations of
nested sampling (Skilling 2006): dynesty (Speagle 2020; Koposov
et al. 2022) and nessai (Williams et al. 2021; Williams 2021).

Fig. 5 shows selected posterior distributions, where the five
rows top-to-bottom correspond to the five binaries, and shows
a comparison between the two samplers. These results are sum-
marised in Table 2, where the first column provides an ID for each
binary, the next five columns specify the injected values and the
corresponding SNRs using only the leading modes or all available
modes, and the remaining six columns list the medians and cen-
tral 90% credible regions of the recovered posterior distributions.
These quoted values are computed from equally mixed samples of
the dynesty and nessai results shown in Fig. 5.

The five binaries are listed in Table 2 by decreasing SNRs,
which span a broad range. Intuitively, Binary 1 with the highest
SNR displays the smallest recovered parameter uncertainties, and
is closely followed by Binaries 2 and 3. Binary 4, which was in-
jected with the furthest distance, has an order-of-magnitude smaller
SNR and corresponding parameters that are recovered with larger

uncertainties. Nevertheless, its masses and spins are still precisely
measured. While we are confident in the sky locations of these bi-
naries, i.e. the panels in the third column of Fig. 5, these skymaps
are complicated as they can suffer from degeneracies and as more
time spent in the LISA band can suppress secondary skymodes
(Pratten et al. 2022), and investigating them further is beyond the
scope of this work. Still, the sky areas of these four binaries will
be sufficiently small to support realistic electromagnetic follow-up
campaigns (Mangiagli et al. 2022).

Importantly, Binary 5 stands out among the others as it has
the largest injected total mass, and hence the lowest SNR. In the
context of the three mass-redshift bins of Table 1, this is the only
binary of the five that lies in a higher mass region (mid bin), im-
plying its SNR may be sensitive to the modelling and instrumental
assumptions we explored earlier. Indeed, we find that its SNR is
nearly insufficient, i.e., ≈ 8, to be detectable unless we include
higher modes, as shown in the fifth and sixth columns of Table 2,
or assume a smaller LISA low-frequency limit than 10−4 Hz. Con-
sequently, compared to the other binaries, its recovered parameters
suffer from significantly larger uncertainties and its sky location is
burdened by multi-modality, i.e., see the panel in the fifth row and
third column of Fig. 5.

These results demonstrate LISA’s exceptional potential to mea-
sure the properties of MBHBs.

6 CONCLUSIONS & DISCUSSION

The future GW detector LISA will observe MBHBs with remark-
able precision due to the high SNR it will achieve across large ranges
of redshift and mass. In this work, we have demonstrated how PTA
measurements of the SGWB can inform the potential of detecting
MBHBs with LISA. To do this we constrained MBHB formation
models to obtain estimates of the merger rates of the MBHB popu-
lation, and then we computed the SNR of these MBHBs to arrive at
their LISA detection rates. We also performed a parameter estima-
tion study of a handful of such binaries to showcase the tremendous
constraining power of LISA. Our findings are summarized in these
key conclusions:

(i) Despite primarily probing different portions of the parame-
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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 recovered source-frame component masses 𝑚1 and 𝑚2, the mass ratio 𝑞 and aligned effective spin 𝜒eff , the ecliptic longitude 𝑙 and latitude
𝑏, and the redshift 𝑧, respectively.

ter space of MBHBs, PTAs and LISA can jointly provide robust
predictions for MBHBs.

(ii) The astrophysical assumptions of the two formation models
we consider can lead to different predictions for the merger rate, and
hence detection rate, of MBHBs.

(iii) Our LISA detection rates R for binaries with mass 𝑀 ≳
106 M⊙ decrease monotonically with increasing M, which parallels
the SNR of LISA, and are boosted by higher modes and a small
LISA low-frequency limit.

(iv) Binaries with higher mass, i.e., 𝑀 ≳ 107 M⊙ , and near the
edge of the LISA horizon can be undetectable without these boosting

effects, e.g., R ≈ 0(0.1) − 6(11) yr−1 for agnostic (astro-informed)
models at central 90% credible interval, but R can quickly vanish
with a pessimistic LISA low-frequency limit.

(v) A long mission duration for LISA helps to ensure detection
of high-mass binaries when R ∼ 0.1 yr−1.

(vi) LISA’s ability to adequately measure the parameters of high-
mass binaries will rely heavily on modelling assumptions (such as
including higher modes) and instrumental assumptions (such as the
low-frequency limit).

Although the MBHB formation models we consider are uncertain
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and despite the current challenges with PTA measurements of the
SGWB, constraints on MBHB merger rates with PTAs can be used
to make meaningful predictions for LISA observations. The present
work is a proof-of-principle that multi-band studies of MBHBs are
advantageous and offer a viable probe of the MBHB population.

Precise sky location estimates from GWs are of particular im-
portance for multi-messenger, i.e., joint GW and electromagnetic,
observations of MBHBs, see e.g. Piro et al. (2023). As higher modes
are known to break degeneracies and provide multi-modal sky local-
isations (Marsat et al. 2021; Pratten et al. 2022), including higher
modes will be important for multi-messenger detections, e.g., of
bright quasars with high mass 𝑀 ≳ 108 M⊙ and redshift 𝑧 ≳ 6
(Volonteri et al. 2021).

There are a few caveats in our analysis worth discussion. We
want to emphasise that, to illustrate the point concerning the syn-
ergy between PTAs and LISA, we used an ansatz of assuming the
common red-stochastic signal observed in PTA data is due to a
SGWB from MBHBs. The nature of this signal is currently un-
known, and there is no statistically significant evidence that it is due
to a SGWB, e.g.’s see Arzoumanian et al. (2020); Goncharov et al.
(2021); Chen et al. (2021); Antoniadis et al. (2022) for detailed dis-
cussions. Moreover, if a SGWB is detected by PTAs in the future the
physical source of the signal would need to be identified, such as an
astrophysical population of MBHBs or some other (possibly more
exotic) process in the early Universe, see e.g.’s Moore & Vecchio
(2021); Arzoumanian et al. (2021); Xue et al. (2021). These are
highly non-trivial problems that we do not consider here. However,
under the assumption of a “universal” MBHB population in the
Universe, the results of the LISA survey may provide the strongest
clue in this direction and further the relationship between PTAs and
LISA.

Throughout this work we have assumed that the MBHBs are
non-spinning. Although we do not explore it here, we expect that our
MBHBs detection rates will be most sensitive to the spin magnitudes
and directions in the high-mass regime, i.e., 𝑀 ≳ 107 M⊙ , as their
LISA SNR is more sensitive to higher modes than lower mass bina-
ries. Lastly, the detection rates that we compute are limited by the
uncertainties of the two formation models that we consider. Probing
astrophysical observables is challenging with present PTA datasets
(Chen et al. 2019), and further work is needed in the modelling of
MBHB populations.

Frameworks such as ours that attempt to forecast the science
potential of LISA using SGWB measurements from PTAs should
improve in the near future as PTAs continue the search for this
signal. Indeed, several PTA consortia have very recently announced
emerging evidence for a GW signal at the 2𝜎 to 4𝜎 level (Antoniadis
et al. 2023a; Reardon et al. 2023; Agazie et al. 2023b; Xu et al. 2023),
and although the source of the signal remains uncertain, the growing
evidence for detection adds support to a primary assumption of
our framework and invites more detailed studies. Equally, once
operational, LISA’s observations of individual MBHBs at lower
masses will aid PTAs in constraining the MBHB population at high
masses, even if difficulties in detecting a SGWB from MBHBs
persist. These complementary observations, as well as those at high
LISA frequencies (Klein et al. 2022), will help enable a multi-band
era of GW astrophysics.
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APPENDIX A: POSTERIOR DISTRIBUTIONS ON THE
POPULATION HYPER-PARAMETERS

In this Appendix we show full corner-plots for the population hyper-
parameters for the two models of the MBHB populations described
in Sections 2 and 3.

The marginalised posterior distributions for the five agnostic
model parameters given the IPTA DR2 results are shown in Fig. A1.
We use flat priors in the ranges: log10

¤𝑛0
Mpc3Gyr

∈ [−20.0, 3.0], 𝛽𝑧 ∈

[−2.0, 7.0], 𝑧0 ∈ [0.2, 5.0], 𝛼M ∈ [−3.0, 3.0], and log10
M★

M⊙
∈

[106, 109]. As in previous analysis, the only constraint from the
agnostic model is on ¤𝑛0.

The marginalised posterior distributions for the 18-parameter
astrophysically informed model are shown in Fig. A2. The priors are
are marked in green and are identical to the extended prior ranges
listed in Table I in Chen et al. (2019).
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Figure A1. Marginalised 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% and 90% 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% and 90% contours in the 2-d plots and the 5, 50, 90 percentiles in the 1-d plots.
The green contours and histograms represent the astrophysical prior on the two-dimentional and one-dimentional distributions, respectively.
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