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The planned Laser Interferometric Space Antenna (LISA) will be able to detect gravitational waves
(GWs) from intermediate mass binary black holes (IMBBHs) in the mass range ∼102–104 M⊙ up to a
redshift z ∼ 20. Modulation effects due to LISA’s orbital motion around the Sun facilitate precise premerger
localization of the sources, which in turn would help in electromagnetic (EM) followups. In this work, we
calculate the uncertainties in sky position, luminosity distance, and time of coalescence as a function of
time to coalescence. For representative masses of the IMBBHs, we synthesize a population of binaries
uniformly located and oriented on a sphere of radius 3 Gpc and compute the projected parameter
measurement uncertainties using the Fisher information matrix. We find that for systems with a total mass
of 103 M⊙, the errors in the sky position and luminosity distance are ∼0.4 deg2 and ∼6%, respectively, one
day prior to coalescence. The coalescence time can be predicted with an uncertainty ≲10 sec, one day
before coalescence. We also find that for 103 M⊙, around 40% (100%) of the population has a source
localization that is smaller than the field of view of Athena (LSST) one day before the merger. These
extremely precise measurements can be used to alert ground-based GW detectors and EM telescopes about
the time and location of these mergers. We also discuss mechanisms that may produce EM emission from
IMBBH mergers and study its detectability using the planned Legacy Survey of Space and Time (LSST) in
the optical and Athena in the x-ray bands. Detection of an EM transient may provide us vital clues about the
environments where these mergers occur and the distance estimation can pave the way for cosmography.
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I. INTRODUCTION

Existence of intermediate mass black holes (IMBHs)
with masses in the range 102–104 M⊙ has been a long-
standing puzzle in astronomy (see Refs. [1,2] for reviews).
Galactic x-ray binaries [3] and gravitational wave obser-
vations by LIGO/Virgo [4,5] have established the presence
of stellar mass black holes with masses of tens of solar
masses. There are several compelling evidences for the
existence of supermassive black holes, with masses ranging
from millions to billions of solar masses, in various bands
of the electromagnetic (EM) spectrum (see for instance
Refs. [6–10]) including the most recent observations by the
Event Horizon Telescope [11,12]. IMBHs present the
missing link between the stellar mass and supermassive
black holes.
Since stellar processes are unlikely to produce black

holes (BHs) of mass ≳60 M⊙, heavier BHs are likely to be
produced by the repeated mergers of stars and/or stellar
remnants inside dense stellar environments such as young
clusters, globular clusters, nuclear star clusters and galactic

nuclei [13–21]. Merger rates of intermediate mass binary
black holes (IMBBHs) in nuclear star cluster are expected
to be ∼0.01–10 Gpc−3 yr−1 depending on their mass [22].
IMBHs can also be formed through the direct collapse of a
gas cloud at high redshifts. This channel can lead to the
formation of 104–105 M⊙ BHs [23]. The centers of dwarf
galaxies are also expected to be the potential sites for
hosting IMBHs [24,25].
However, the observational evidences for IMBHs using

EM observations are not as compelling as for the other two
classes. Although there are several candidates, none of
them is considered to be conclusive evidence for IMBHs
[26–29]. (See [2] for a review of different types of IMBH
searches.) More recently, gravitational wave (GW) obser-
vations using LIGO [30] and Virgo [31] have emerged as a
new tool for probing IMBHs. In the third GW transient
catalog (GWTC-3) [5], three binaries have total mass above
100 M⊙,

1 the heaviest one being ∼150 M⊙ [32]. This,
though at the lower end of the IMBH mass spectrum,
provides the cleanest evidence for their existence and
further motivates extensive searches for them.
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1These are systems for which even the lower mass end of the
posterior distribution at 90% credibility, lie above 100 M⊙.
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While ground-based detectors may not be able to see
such mergers beyond a few thousands of solar masses,
future space-based detector Laser Interferometric Space
Antenna (LISA) [33,34] will be capable of detecting
coalescing binary black holes (BBHs) in the total mass
range ∼103–107 M⊙ up to and beyond a redshift of z ∼ 20
[34,35]. More precisely, binaries with a total mass of
around 105 M⊙ will inspiral and merge within the LISA
sensitivity band (10−4 − 0.1 Hz). Less massive binaries
with total mass ∼104 M⊙ will inspiral in LISA’s frequency
band, but merge outside the frequency band of LISA.
Lower mass BBHs (≲103 M⊙) will still inspiral in the
LISA band but merge in the frequency band of ground-
based detectors and hence, facilitate multiband observa-
tions of these binaries [36–38].
LISA has a constellation of three spacecraft arranged in

the form of an equilateral triangle with each side having a
length of 2.5 million kilometers [34]. This constellation
rotates around its own axis and orbits around the Sun with
a period of one year. These motions of LISA lead to
modulations to the amplitude and phase of the GW signal
which encodes information about the sky position
and orientation of the source [39,40]. Therefore, LISA
will be able to locate the source position with high
precision. The sources which spend larger number of
GW cycles in the band can be localized with better
precision due to larger number of modulations in the
amplitude and GW phase [40–42].
If an IMBBH merger happens in a gaseous environment

such as in an active galactic nucleus (AGN) disc, it is
possible that the interaction of the merger remnant with
the ambient gas-rich medium can lead to accretion onto
the BH thereby producing EM flares [43,44]. LISA can
guide the EM searches for any associated transients with
optical, radio, and x-ray wide-field instruments, such as
LSST [45], SKA [46], and Athena [47,48]. Due to the
high signal-to-noise ratio (SNR) attained near the coa-
lescence, sky resolution is expected to improve to few
arcminutes close to the merger which might help in
exploring the features of postmerger dynamics by deeper
EM searches [49]. Moreover, the joint EM and GW
detections of IMBBHs will provide a special class of
standard sirens [50], thus probing the history of cosmic
expansion.
There have been several recent works that investigated

the parameter estimation of stellar mass [51], intermediate
mass [52] and supermassive [53] binary black holes
focusing on the improvements due to the inclusion of
higher modes, spin-induced precession, and orbital eccen-
tricity (see, for example, Refs. [41,42,49,54–56] for
similar works in the context of the old LISA configura-
tion.). The inclusion of new features in the waveform
leads to improved parameter estimation in general. Effects
of multiband observations of stellar mass binary black
holes on the source localizability have also been studied in

various works [57] (see [58,59] for implications in the
multibanding in the context of cosmology). The effect of a
future network of space-based detectors on the source
localization was also studied in Ref. [60].
References [48,61] discussed the synergy between LISA

and EM observations in detail. Reference [47] studied the
detection of x-ray counterpart from massive and stellar
mass black hole binaries with Athena given the early
detection with LISA. More recently several works have
also investigated the detection of EM counterpart associ-
ated with LISA sources, especially in the radio, optical, and
x-rays [62].
In this work, we discuss projected parameter measure-

ment errors of IMBBHs (∼500 − 104 M⊙) in the LISA
band at different times prior to coalescence and its
importance in the context of astrophysics especially
focusing on uncertainty in source localization and dis-
tance estimation. For each of the representative systems
considered, we synthesize a population of 103 sources at a
luminosity distance of 3 Gpc with the sky position and
orientation of them uniform on the surface of the corre-
sponding sphere. Using Fisher matrix analysis, we cal-
culate parameter measurement errors for these 103 sources
as a function of time before merger. We find that for the
system with total mass 103 M⊙, the median accuracy on
angular resolution and luminosity distance are ∼0.4 deg2

and ∼6%, respectively one day prior to the coalescence.
Achieving this level of accuracy prior to merger provides a
platform for providing early warning for EM observato-
ries in search of a potential EM counterpart associated
with the merger. We also discuss, on general grounds,
some of the mechanisms that will generate EM counter-
parts associated with these mergers in x-ray and optical
bands and discuss their detectability with Athena and
LSST, respectively.
The rest of the paper is organized as follows: In Sec. II A,

we describe the waveform model without averaging over
the sky position and binary orientations and discuss how
modulational effects arise due to the motion of LISA.
Section II B explains the Fisher matrix formalism for
calculating the statistical errors on binary parameters. In
Sec. III we discuss our findings and results. Section IV
presents the astrophysical implications from optical and
x-ray observations. In Sec. V, we summarize and conclude
our discussions. Throughout the paper we use geometric
units (G ¼ c ¼ 1).

II. WAVEFORM MODEL AND PARAMETER
UNCERTAINTY ESTIMATION

The waveform model for compact binaries taking LISA
motion into account has been developed in Ref. [40]. We
briefly summarize the essential ingredients of the waveform
model and the projected parameter measurement uncer-
tainty for LISA closely following [40,63].
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A. Waveform model

LISA can be considered as a combination of two
L-shaped detectors due to its triangular shape. The strain
hðtÞ produced by GWs in the detector is given as

hαðtÞ ¼
ffiffiffi
3

p

2
ðFþ

α ðtÞhþðtÞ þ F×
α ðtÞh×ðtÞÞ; ð2:1Þ

where α ¼ I; II represents the first and the second detector.
The factor

ffiffiffi
3

p
=2 is due to the 60° angle between adjacent

arms of LISA. Fþ;×
α are the detector antenna pattern

functions which depend on the sky position ðθS;ϕSÞ of
the source and the polarization angle ðψSÞ. The unbarred
angles (θS;ϕS;ψS) are defined in the rotating LISA-centric
coordinate system which changes with time as the detector
moves. These angles are reexpressed in terms of the barred
angles (θ̄S; ϕ̄S; θ̄L; ϕ̄L) which fix the position and orienta-
tion of the source with respect to the solar barycenter frame.
Here the subscript “S” stands for the source and “L” stands
for the orbital angular momentum of the binary. Detailed
discussion about antenna pattern functions and the expres-
sions relating barred and unbarred angles can be found in
Refs. [40,63].
The amplitudes of þ and × polarizations, hþðtÞ and

h×ðtÞ, in Eq. (2.1) are given as

hþðtÞ ¼ AðtÞð1þ ðL̂ · n̂Þ2Þ; ð2:2Þ

h×ðtÞ ¼ −2AðtÞðL̂ · n̂Þ: ð2:3Þ

Here

AðtÞ ¼ 2m1m2

rðtÞDL
; ð2:4Þ

where m1 and m2 are the component masses of binary, rðtÞ
is the separation between two bodies, and DL is the
luminosity distance to the source, L̂ and −n̂ are the unit
vectors along the directions of orbital angular momentum
and GW propagation, respectively.
Taking LISA’s orbital motion into account, Eq. (2.1) can

be rewritten in terms of the amplitude and phase as

hαðtÞ¼
ffiffiffi
3

p

2
AðtÞAp;αðtÞcos

�Z
t

0

fðt0Þdt0 þϕp;αðtÞþϕDðtÞ
�
:

ð2:5Þ

The polarization amplitude Ap;αðtÞ, polarization phase
ϕp;αðtÞ, and Doppler phase ϕDðtÞ are given as [40,63]

Ap;αðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fþ
α ðtÞ2ð1þ ðL̂ · n̂Þ2Þ2 þ 4F×

α ðtÞ2ðL̂ · n̂Þ2Þ
q

;

ð2:6Þ

ϕp;αðtÞ ¼ tan−1
�

2F×
α ðtÞðL̂ · n̂Þ

Fþ
α ðtÞð1þ ðL̂ · n̂Þ2Þ

�
; ð2:7Þ

ϕDðtÞ ¼ 2πfðtÞR sin θ̄S cos½ϕ̄ðtÞ − ϕ̄S�; ð2:8Þ

here R ¼ 1 AU is the distance between Earth and Sun,
ϕ̄ðtÞ ¼ ϕ̄0 þ 2πt=T, where T ¼ 1 year is the orbital
period of LISA spacecraft around the Sun, ϕ̄0 is a constant
which specifies the detector location at time t ¼ 0. We
choose ϕ̄0 ¼ 0.
Note that AαðtÞ, ϕp;αðtÞ, and ϕDðtÞ change on timescales

of the order of one year which is much larger than the
orbital period of binary, so we can write Eq. (2.5) in the
frequency domain using stationary phase approximation
(SPA) as [63]

h̃αðfÞ ¼
ffiffiffi
3

p

2
Af−7=6eiΨðfÞ

�
5

4
Ap;αðtðfÞÞ

�

× e−iðϕp;αðtðfÞÞþϕDðtðfÞÞÞ: ð2:9Þ

Here

A ¼ 1ffiffiffiffiffi
30

p M5=6

π2=3DL
; ð2:10Þ

where M ¼ η3=5M is the chirp mass of the system, η ¼
ðm1m2Þ=ðm1 þm2Þ2 is the symmetric mass ratio and M ¼
m1 þm2 is the total mass of the system and DL is the
luminosity distance to the source. Note that M here and
throughout is the source frame mass of the binary. We
multiply by a factor of (1þ z) to convert the source frame
mass to the detector frame mass,Mobs → ð1þ zÞM, where
z is the cosmological redshift of the source. We use the
redshift-distance relation for a flat universe [64] as

DL ¼ ð1þ zÞ
H0

Z
z

0

dz0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩMð1þ z0Þ3 þΩΛ

p ; ð2:11Þ

where the cosmological parameters are given in
Ref. [65] as: H0¼67.90 ðkm=sÞ=Mpc, ΩM¼0.3065, and
ΩΛ ¼ 0.6935.
We use the frequency-domain TaylorF2 waveform

approximant in our calculation. The waveform model
describes the inspiral part of the GW signal and assumes
that spins are aligned or antialigned with the orbital angular
momentum of the binary. Since we are interested in the
extrinsic parameters of the IMBBHs which inspiral in the
LISA band and merge outside the LISA band, the use of
TaylorF2 waveform is sufficient for our purpose.
In post-Newtonian (PN) theory [66–76], the SPA phase

ΨðfÞ in Eq. (2.9) can be written as a power series in orbital
velocity v ¼ ðπMfÞ1=3 as
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ΨðfÞ ¼ 2πftc þ ϕc þ
3

128ηv5
X

k

ðϕkvk þ ϕklvk ln vÞ;

ð2:12Þ

where tc and ϕc are the time and phase of coalescence. The
coefficients ϕk are called the PN coefficients which are the
function of intrinsic parameters of the source such as mass
and spin. The coefficient with vk term relative to the leading
order is referred to as the ðk=2ÞPN coefficient. The full
expressions for ϕk and ϕkl up to 3.5 PN order can be found
in Refs. [74,76–79]. Using the energy-balance equation,
adiabatic approximation and Kepler’s law, the expression
for tðvÞ or equivalently tðfÞ in Eq. (2.9) can be computed as

tðvÞ ¼ tref þ
Z

vref

v
dv

E0ðvÞ
F ðvÞ ; ð2:13Þ

where tref is an integration constant, vref is an arbitrary
reference velocity, E0ðvÞ ¼ dEðvÞ=dv, where EðvÞ is the
binding energy of the system and F ðvÞ is the gravitational
wave flux. The full expressions for EðvÞ and F ðvÞ can be
found in Refs. [74,79,80].

B. Projected parameter measurement uncertainty using
the Fisher matrix

We use Fisher information matrix framework [81–83] to
calculate the statistical errors on binary parameters. In the
limit of large SNR, stationary and Gaussian noise, this
framework gives the projected 1σ width of the posterior
probability distribution on binary parameters. (see
Refs. [84,85] for some caveats associated with the use
of this framework for science case studies.) The projected
posterior probability distribution (under the assumption of
stationary, Gaussian noise and large SNR) on binary
parameters θ given the detector output sðtÞ can be approx-
imately written as

pðθjsÞ ∝ p0ðθÞ exp
�
−
1

2
Γabðθa − θ̂aÞðθb − θ̂bÞ

�
; ð2:14Þ

where p0ðθÞ is the prior distribution about the parameters
of the signal characterized by θ. The values θ̂a are the “true”
parameters that maximize the likelihood. In Eq. (2.14), Γab
is the Fisher information matrix. Since LISA can be
considered as a combination of two L-shaped detectors I
and II, the total Fisher matrix can be written as

Γab ¼
�
∂hI
∂θa

����
∂hI
∂θb

�
þ
�
∂hII
∂θa

����
∂hII
∂θb

�
; ð2:15Þ

where Eq. (2.15) is evaluated at the measured value θ̂a of
the parameters θ. In Eq. (2.15) ðjÞ denotes the noise
weighted inner product which for the two signals aðtÞ
and bðtÞ is defined as

ðajbÞ ¼ 2

Z
fhigh

flow

df
ã�ðfÞb̃ðfÞ þ ãðfÞb̃�ðfÞ

SnðfÞ
; ð2:16Þ

where ãðfÞ (b̃ðfÞ) is the Fourier transform of aðtÞ (bðtÞ)
and � represents the complex conjugation and SnðfÞ is the
one-sided noise power spectral density (PSD) of the
detector. The SNR (ρ) is defined as

ρ2 ¼ ðhIjhIÞ þ ðhIIjhIIÞ ¼ ρ2I þ ρ2II: ð2:17Þ

We assume that our prior distribution of the model
parameters corresponds to a Gaussian distribution centered
around θ̄a,

p0ðθÞ ∝ exp

�
−
1

2
Γ0
abðθa − θ̄aÞðθb − θ̄bÞ

�
; ð2:18Þ

where Γ0
ab is the prior matrix. Assuming θ̄a ≈ θ̂a, the

covariance matrix which refers to the covariance of the
posterior distribution under the Gaussian approximation, is
given as

Σab ¼ ðΓab þ Γ0
abÞ−1: ð2:19Þ

The 1σ statistical errors in binary parameters θa are given as

σa ¼
ffiffiffiffiffiffiffi
Σaa

p
: ð2:20Þ

Our parameter space consists of the following
parameters,

θa ¼ ftc;ϕc;M; η; DL; θ̄S; ϕ̄S; θ̄L; ϕ̄L; χ1; χ2g; ð2:21Þ

where χ1 and χ2 are the dimensionless spins of component
BHs. The physically allowed values of coalescence phase
ϕc and spin parameters (χ1, χ2) are restricted to the ranges
ϕc ∈ ½−π; π� and χ1;2 ∈ ½−1; 1�, respectively. This is taken
into account by adopting Gaussian priors on ϕc and χ1;2
with zero means and 1σ widths. The 1σ width on ϕc and
χ1;2 is given by δϕc ¼ π and δχ1;2 ¼ 1, respectively. To
incorporate these priors, a prior matrix with the nonzero
components, Γ0

ϕc;ϕc
¼ 1=π2, Γ0

χ1;χ1 ¼ Γ0
χ2;χ2 ¼ 1 is added to

the Fisher matrix.
The noise sensitivity curve of LISA consists of instru-

mental noise and white dwarf confusion noise. The
instrumental noise PSD is taken from Eq. (1) of
Ref. [86]. The galactic confusion noise can be found in
Eq. (4) of Ref. [53]. Note that the instrumental noise in
Ref. [86] is sky-averaged and accounts for the 60° angle
due to the triangular shape of LISA. Since we take LISA
motion into account, we use a non-sky-averaged noise
PSD. As we include a factor

ffiffiffi
3

p
=2 in our definition of GW

signal, we multiply by a factor of 3=20 in Eq. (1) of
Ref. [86] to obtain a non-sky-averaged noise PSD. The
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lower and upper cutoff frequencies (flow and fhigh) in
Eq. (2.16) are fixed by the sensitivity of the detector,
observation time, and properties of the source. The flow is
given by

flow ¼ maxf10−4; fyearg: ð2:22Þ

Here, fyear is given as [63]

fyear ¼ 4.149×10−5
�

M
106 M⊙

�
−5=8

�
Tobs

1 year

�
−3=8

; ð2:23Þ

where Tobs is the observation time before the innermost
stable circular orbit (ISCO). In our calculation, we assume
Tobs ¼ 4 year.2 The upper cut-off frequency is given as

fhigh ¼ minf0.1; fISCOg; ð2:24Þ

where fISCO is the GW frequency corresponding to the
Schwarzschild ISCO and reads as

fISCO ¼ 1

ð63=2πMÞ : ð2:25Þ

In Fig. 1, we show the noise curve for LISA. We also show
the characteristic strain (pattern and inclination angle

averaged) for two representative IMBBH sources with
total massesM ¼ 500 M⊙ andM ¼ 104 M⊙ at fixed mass
ratio m1=m2 ¼ 2∶1. The luminosity distance to the sources
is fixed to be 3 Gpc. The vertical black lines mark the times
before reaching ISCO. These systems sweep through
LISA’s frequency band and merge outside the LISA band
after exiting at 0.1 Hz.
The uncertainty in the sky position (angular resolution)

of the source is defined as [40,63]

ΔΩS ¼ 2πjsin θ̄SjðΣθ̄Sθ̄SΣϕ̄Sϕ̄S − ðΣθ̄Sϕ̄SÞ2Þ1=2; ð2:26Þ

where Σ is the covariance matrix defined in Eq. (2.19).
Similarly, the polarization resolution can be defined as

ΔΩL ¼ 2πjsin θ̄LjðΣθ̄Lθ̄LΣϕ̄Lϕ̄L − ðΣθ̄Lϕ̄LÞ2Þ1=2: ð2:27Þ

Polarization resolution, in our context, refers to the
ability to accurately determine the direction of angular
momentum of the binary [87]. For example, if there is a
jetted electromagnetic emission following the merger,
similar to the case of a short gamma-ray burst following
a binary neutron star merger, ΔΩL would provide the
accuracy with which such a jet can be resolved [88].

III. RESULTS

Using the waveform model discussed in Sec. II A and
the Fisher matrix formalism discussed in Sec. II B, we
calculate SNR and 1σ statistical errors on binary parameters
at different times prior to coalescence. We consider
four representative IMBBH systems with total masses
M ¼ ð500; 103; 5 × 103; 104Þ M⊙. The mass ratio for all
the sources is fixed to bem1=m2 ¼ 2∶1. The dimensionless
spin parameters are assumed to be aligned with the orbital
angular momentum of the binary and their magnitudes
(χ1; χ2) are chosen to be 0.5 and 0.4, respectively. The
choice of spin parameters is arbitrary and does not alter our
conclusions, as we are focusing on the measurement of
extrinsic parameters of the binary which are known to be
relatively uncorrelated with the spin parameters [89]. We
assume that all the systems are fixed at DL ¼ 3 Gpc. This
choice of distance is made keeping in mind LISA’s
SNR threshold (ρth ¼ 10) and expected merger rates of
IMBBHs (∼0.01–10 Gpc−3 yr−1 [22]). Hence, choosing
DL ¼ 3 Gpc is a trade-off between SNR and IMBBH
merger rates and ensures, with our limited knowledge of the
IMBBH population, that there is a reasonable chance of
detecting the systems studied here.
As the errors depend crucially on the location and

orientation of the source, we synthesize a population for
each of the representative systems considered and use the
median value of the resulting distribution to assess the
parameter measurement uncertainty [63]. Towards this, for
each of these binary systems we distribute 103 sources

FIG. 1. The noise power spectral density of LISA (dashed
curve) and the evolution of two representative IMBBH systems in
the LISA frequency band (solid lines). We assume mass ratio for
the sources to be m1=m2 ¼ 2∶1. The luminosity distance is fixed
to be 3 Gpc. The markers in blue show the characteristic strain at
ISCO. The black markers represent the time remaining before
reaching ISCO.

2Note that IMBBHs we consider will not spend exactly 4 year
in the LISA band, since they exit the LISA frequency band at
0.1 Hz and merge at higher frequencies.
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uniformly over sky position and orientation. The positions
and orientations of these binaries in the heliocentric orbit’s
frame, ðθ̄S; ϕ̄SÞ and ðθ̄L; ϕ̄LÞ are randomly sampled from a
uniform distribution over a sphere. In other words, the
angles ϕ̄S and ϕ̄L are randomly generated from the uniform
distribution [0; 2π] and cos θ̄S, cos θ̄L are drawn in the
range [−1, 1]. For each source, we calculate the Fisher
matrix according to Eq. (2.15) at 1 month, 1 week, 1 day,
and 1 hour before their coalescence.
We first discuss the signal-to-noise ratio of the events in

the population. Besides the mass and distance, SNR
depends on the position and orientation of the source in
the sky. In our case, SNRs for all 103 realizations
corresponding to each representative system fall above
LISA’s SNR threshold ðρth ¼ 10Þ. Moreover, following
[90], we impose an inversion accuracy condition for Fisher
matrices jΓ:Σ − Ij ≤ Oð10−3Þ, where Γ, Σ, and I are the
Fisher matrix, the corresponding covariance matrix, and the
identity matrix, respectively. Sources corresponding to
Fisher matrices which do not satisfy the inversion accuracy
condition are dropped out from our sample. For each
system, more than 95% of the sources pass the inversion
accuracy condition except for the 500 M⊙ system, for
which ∼90% of the sources (at 1 month before the
coalescence) pass the conditions. For all the representative
systems, the number of sources passing the inversion
accuracy condition becomes more than∼98% before 1 hour
of coalescence. Taking the Fisher matrices for those sources
that pass the inversion accuracy condition, we calculate the
1σ statistical errors. We plot the median values of these
SNR and 1σ errors as a function of time to coalescence.
Figure 2 shows the median SNR as a function of time to

coalescence for different total masses. For all systems, SNR
increases as binaries evolve towards the merger. Since
luminosity distance is fixed, lighter systems have lower
value of SNR. As the binaries approach merger, SNR
accumulates more rapidly for heavier mass systems com-
pared to lighter ones. The system with M ¼ 500 M⊙
already gains a median SNR ∼ 20 at 1 month before the
merger. High mass system 104 M⊙ has a median SNR of
∼35 at 1 month before the merger, it accumulates most of
the SNR during the last month of the merger. Median SNR
for 104 M⊙ becomes ∼250 at 1 hour prior to the merger. In
short, all the sources we consider have an SNR greater than
20 at one week prior to the merger.
Figure 3 shows the time evolution of errors in the sky

position ðΔΩsÞ, errors in luminosity distance (ΔDL=DL),
time of coalescence (Δtc) and polarization resolution
(ΔΩL). The uncertainty in the sky position reduces as
the binary approaches merger and accumulates SNR. Low
mass sources (500, 103) M⊙ are better localized compared
to the high mass sources (5 × 103, 104)M⊙. This is because
the low mass sources spend larger number of GW cycles in
the LISA band as compared to the high mass sources, the
modulation effects due to LISA’s orbital motion around the

Sun are able to break the degeneracies among the different
parameters thus facilitating the better estimation of the sky
localization. For high-mass systems, the uncertainty in sky
position reduces rapidly during the last month before the
merger as these systems accumulate most of their SNR
during this period. The system with total mass 103 M⊙ is
the best localized source that has a median localization of
∼0.7 deg2 even one month prior to the merger. This
localization improves to ∼0.4 deg2 at one day before
coalescence. For 104 M⊙, accuracy on the sky position
is ∼20 deg2 at one month prior to its merger. As the signal
accumulates and SNR increases rapidly, this accuracy
further improves to ∼5 deg2, one day before the merger
and further to ∼3 deg2 at one hour before merger.
Instead of medians, it is also interesting to ask, for

instance, the fraction of binaries in the simulated popula-
tion that have angular resolution smaller than some
representative number that has observational relevance.
For 500 M⊙ system, 25% (100%) of the binaries have
localization errors smaller than the field of view (FOV) of
Athena (LSST) one day before merger. The same for
103 M⊙ system is 40% (100%). For 5 × 103 M⊙ and
104 M⊙ systems, the fractions of sources that fall within
the FOV of Athena (LSST) at one day prior to merger are
6% (100%) and 8% (80%), respectively.
Next we turn our attention to errors in the luminosity

distance. As expected the errors in DL depend strongly on
the SNR of the source. As the SNR of the binary increases,
uncertainty in the distance measurement reduces. Due to
high SNR, high mass systems (5 × 103, 104) M⊙ have
better measurement of DL compared to low mass systems

FIG. 2. Accumulated SNR as a function of time to coalescence
for four representative systems. For all systems the mass ratio
(m1=m2) is fixed to be 2∶1 and the dimensionless spin parameters
are χ1 ¼ 0.5, χ2 ¼ 0.4. All the systems are located at a luminosity
distance of 3 Gpc. For each system, 103 realizations are
distributed over randomly sampled sky position and orientation
from a uniform distribution. Median values from these realiza-
tions are plotted.
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(500, 103) M⊙. For 500 M⊙ and 103 M⊙ systems, the
uncertainty in DL is almost constant i.e., ∼12% and 6%
respectively, during the last month before merger since
these systems do not gain much SNR during this period.
The luminosity distance for (5 × 103, 104)M⊙ systems can
be measured with an accuracy of ∼4% and ∼8% respec-
tively, at one month prior to merger. As the SNR for these
systems increases, the uncertainty in DL reduces to ∼2–3%
level, one day before the merger. Note that the errors quoted
here are only due to the noise PSD of the detector. We do
not take into account the systematic errors on DL meas-
urement from phenomena like the weak-lensing effect and
peculiar velocity, inclusion of which may deteriorate the
errors in distance measurement [91–96].
We also find that the time of coalescence tc can be

measured to an accuracy of within 100 sec for all the
considered systems 1 month before coalescence. The
uncertainty in the tc measurement reduces to within
10 sec at 1 day before the merger, implications of which

are discussed in the next section. In addition to these, we
also compute the polarization resolution ΔΩL. For light
systems (500; 103) M⊙ the accuracy on polarization reso-
lution is as large as 200 deg2 and 50 deg2 respectively,
1 day before coalescence and for heavier systems
(5 × 103; 104) M⊙ it is around 7 to 10 deg2 at one day
before merger. Trends in ΔΩL are opposite to that of ΔΩS
but similar to those in the errors in the luminosity distance.
This is due to the well-known degeneracy between DL and
the inclination angle of the binary.
Further, though not the main focus of this paper, in

Fig. 4, we show the evolution of errors in chirp mass and
symmetric mass ratio. Errors in the chirp mass and
symmetric mass ratio reduce as the binary approaches
merger. Chirp mass and symmetric mass ratio of low mass
systems can be constrained better than high-mass binaries
because of the large number of GW cycles that low mass
sources have in the LISA band compared to high-mass
binaries. For 500 M⊙ and 103 M⊙ systems, chirp mass can

FIG. 3. Sky position, luminosity distance, coalescence time, and polarization resolution uncertainties as a function of time to
coalescence for the same representative systems as considered in Fig. 2. The sky position and orientation of 103 realizations of each
system is generated in the same way as for Fig. 2. For each source, the mass ratio, dimensionless spin parameter, and luminosity distance
are chosen to be the same as Fig. 2.
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be measured with a fractional accuracy of ∼10−6, 1 day
before the merger. Fractional errors in the symmetric mass
ratio for all the systems considered are around ∼1 − 2% at
1 day before coalescence.
The above-mentioned errors are calculated for a fixedDL

and they will change as the DL varies. Owing to the
degeneracies between M, DL and angles ðθ̄S; ϕ̄S; θ̄L; ϕ̄LÞ,
scaling of the errors withDL can be provided only partially.
For a fixed mass, approximate scaling of SNR and errors
with luminosity distance is expressed as: SNR ≈D−1

L ;
ΔΩS ≈D2

L and ΔΩL ≈D2
L; ΔDL=DL, ΔM=M, and

Δη=η ≈DL. The actual errors may be slightly worse than
the ones inferred from the partial scaling with DL.

IV. ASTROPHYSICAL IMPLICATIONS

As we showed in the previous section, LISA can
precisely measure the IMBBH parameters including the
distance and sky location well in advance which can guide
the follow-up observations using EM telescopes. We next
discuss the important applications of these measurements
for optimizing the observational strategies and detecting
EM counterparts associated with IMBBH mergers.

A. Optimization of observational strategies
in the GW and EM bands

A subset of the IMBBHs that lie on the lower mass side
of the population may also be detectable by ground-based
GW detectors, such as third-generation detectors Cosmic
Explorer [97] and Einstein Telescope [98,99] as they merge
at high frequencies which fall in the bandwidth of these
detectors. Such observations in two different bands of the
GW spectrum are usually referred to as multiband obser-
vations [36,37] and have very profound impact for funda-
mental physics and astrophysics [100] as several parameter
degeneracies are lifted by the synergy of the two indepen-
dent measurements [101,102].

It is evident from Fig. 3 that the LISA observations can
help determine the arrival time of the GW signal in the CE
band hours or days in advance with a precision that is about
≲10 sec. This prior knowledge helps the detection of the
signal in the CE band [37,103,104]. Besides the detection,
precise knowledge of the time of the merger in advance also
helps the astronomy community to optimize their obser-
vational strategies which, in turn, depends on the mecha-
nism they invoke for a potential EM transient. Prior
knowledge of the merger time would help in deciding
the time at which the EM telescopes should be pointed to
the sky patch pinned down by LISA. Further, precise
estimates of the component masses from the LISA signal
could facilitate the assessment of detectability of the EM
counterpart whose strength depends on the mass parame-
ters in many contexts (see next subsection for specific
examples). As several of the EM telescopes that can follow-
up IMBBH mergers will have other key science objectives,
this prior information from LISA can help in scheduling
target of opportunity requests for telescope times.

B. Prospects of detecting EM counterparts in optical
and x-rays from IMBBHs

Due to large uncertainties surrounding the exact mech-
anisms of EM emission around BBH mergers, here we will
focus on two generic mechanisms which have been invoked
in the context of stellar mass BBHs, one in the optical and
the other in the x-rays. Both rely on accretion onto the
remnant BH and/or onto the component BHs.

1. Optical flares from IMBBH mergers and their
detectability with LSST

Consider an IMBBH merger in a gaseous environment
such as in an AGN disc. Interaction of the merger remnant
with the ambient gas-rich medium can lead to accretion
onto the BH thereby producing electromagnetic flares.
Here we closely follow a generic prescription discussed

FIG. 4. Fractional uncertainties in chirp mass and symmetric mass ratio as a function of time to coalescence. All parameters are chosen
to be the same as Fig. 2.
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in [44] which has been used to interpret the optical flare
observed by Zwicky Transient Facility (ZTF) in association
with GW190521 [105]. We summarize the important
aspects of the method below and discuss the detectability
of such optical flares by future optical survey facilities such
as LSST.
The remnant BH formed by the merger receives a kick

due to the loss of linear momentum through the anisotropic
emission of gravitational waves during the last stages of
coalescence [106–108]. Hence, the newly born BH moves
through the gaseous AGN disk displacing the bound gas
along with it. As the bound gas interacts with the
unperturbed gas outside, shocks are produced leading to
bright hot spots in UV/optical bands. After a while, the BH
gets out of the bound gas and directly interacts with the
outside unperturbed gas leading to Bondi-Hoyle-Lyttleton
(BHL) accretion as it is dragged by the gas. The corre-
sponding Bolometric luminosity is given by [105]

Lbol ≈ 2.5 × 1047 ergs−1
�
ηe
0.1

��
Mrem

103 M⊙

�
2

×

�
vk

200 km s−1

�
−3
�

ρm
10−10 g cm−3

�
; ð4:1Þ

where ηe is the radiative efficiency, Mrem is the mass of the
remnant BH, vk is the recoil kick velocity of the remnant
and ρm is the disk gas density. Since, the bolometric
luminosity in the above equation is directly proportional
to M2

rem and ρm and inversely proportional to v3k, the
brightest emission will be for the modestly kicked
(vk ∼ 200 km s−1 in our case) remnant.
We now consider the detectability of such flares with

LSST. Considering 30 sec exposure, LSST will reach a
limiting (5σ) apparent magnitude of m ∼ 24.5 [109]. With
the prior information about the time of coalescence and
angular resolution and assuming that the flare will at least
last for several minutes, one can observe for an optimum
time of 10 minutes around the time of the merger.
This leads to an improvement to the limiting magnitude
of log2.5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10 minutes=30 sec

p
≈ 1.5. We therefore set

mLSST ¼ 26 as a fiducial detection limit [50]. The detection
condition can finally be expressed as m ≤ mLSST, where
[50,110]

m ¼ BCþMbol
⊙ þ 40 −

5

2
log10

�
Lbol

L⊙

�
þ 5 log10

�
DL

Gpc

�
:

ð4:2Þ
Here, BC stands for Bolometric correction, Mbol

⊙ is the
solar Bolometric magnitude and L⊙ is the Bolometric
luminosity of the Sun. The values of these quantities are:
BC ≈ 1 for LSST [50], Mbol

⊙ ≈ 4.83 [111], and L⊙ ≈
3.828 × 1033 erg s−1 [111]. For 103 M⊙, assuming Mrem ≈
103 M⊙ (ignoring mass loss to gravitational radiation),

ηe ¼ 0.1, ρm ¼ 10−10 g cm−3, the bolometric luminosity of
the flare is Lbol ≈ 2.5 × 1047 erg s−1, the corresponding
apparent magnitude at 3 Gpc is m ≈ 13.67 which is far
below the upper detection limit mLSST and satisfies the
detection condition. Hence, the source can be confidently
detected by LSST. The sky resolution for 103 M⊙ is
∼0.5 deg2 a week prior to coalescence which is far below
the FOV of LSST (∼10 deg2). Moreover, tc is estimated
with an accuracy of ∼10 sec for all the masses considered
here. Therefore, LSST will have enough time to construct
≈103 point light curve of the object in the LISA error box
and hence makes the detection of even any premerger
optical counterpart possible.
Joint GWþ EM detections of these mergers should give

us valuable insights into the details of the environments in
which IMBBHs merge. As the mass and the kick speed of
the remnant can be inferred purely from GW observations,
these joint detections can shed light on the density of the
ambient medium as well as the efficiency of accretion, even
in the absence of a detection, provided the telescope has
sampled the sky patch sufficiently to detect any EM
emission around its threshold.

2. X-ray emission from IMBBHs and detection
prospects with Athena

Next we discuss the detection of x-ray emission asso-
ciated with IMBBH mergers. As there are no detailed
models discussed in the literature for x-ray emission from
IMBBH mergers, we again work with very general
assumptions. If the IMBBH merger happens in dense
environments, it is not unreasonable to assume that there
can be accretion onto the component BHs or onto the
remnant black holes (or, perhaps, both) which can emit in
x-rays [43]. Detectors such as Athena should have the
capability to search for such x-ray counterparts associated
with IMBBH mergers. Without referring to any specific
mechanisms, we consider the accretion-induced x-ray
counterpart from IMBBHs and its detectability using
Athena.
The best localized source in our analysis is 103 M⊙

which has sky position error Oð0.4 deg2Þ, 1 day before
the merger. Athena whose field of view is ∼0.4 deg2

thus gives us an exciting opportunity to observe the
possible x-ray emission from the accreting IMBBHs.
Besides this condition, for the detection of EM emission,
the flux emitted by the source should be greater than
the flux threshold of Athena. If both the BHs are accreting
at a rate fEdd and only a fraction (10%) of emitted
radiation is x-ray then the x-ray flux from the binary
system is [52]

FX ¼ 2 × 10−13fEdd

�
M
M⊙

��
Mpc
DL

�
2

erg cm−2 s−1; ð4:3Þ
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where M is the mass of the accreting BH and DL is the
luminosity distance to the BH. The Eddington ratio fEdd
is the ratio that describes the fraction of the change in
mass of the BH that arises from accretion, defined as
_MBH= _MEdd. As the growth of the BH is solely by
accretion, we assume fEdd ¼ 1. In the above expression,
it is also assumed that the accretion process has radiation
efficiency 0.1. The flux sensitivity for Athena for a 5σ
detection is [47]

FAthena ¼ 10−15
�
103 s
Tint

�
1=2

erg cm−2 s−1; ð4:4Þ

where Tint is the integration time for Athena. The mini-
mum integration time required for a 5σ detection of x-ray
emission by Athena is given by equating Eqs. (4.3) and
(4.4) and reads as

Tint ≃ 2 × 10−2
1

f2Edd

�
DL

Mpc

�
4
�
M⊙

M

�
2

sec : ð4:5Þ

For M ¼ 103 M⊙ at DL ¼ 3 Gpc, assuming the
increase in mass of BH is almost completely
accounted for by accretion (fEdd ≈ 1) only, the minimum
integration time for a 5σ detection is ∼18.75 days. This
integration time becomes ∼5.5 hours if the DL is reduced
to 1 Gpc. Hence a forewarning of a few hours by
LISA prior to a possible x-ray counterpart associated
with an IMBBH merger, at least in a subset of the
sources, can lead to the detection of an EM counterpart
by Athena.
We conclude this section by noting that an independent

redshift estimate from an EM counterpart can lead to
cosmological parameter estimation [112]. Even in the
absence of an EM counterpart detection, very precise
localization can facilitate host galaxy identification using
galaxy catalogs [113–117]. Based on the luminosity dis-
tance and sky position errors discussed earlier, if an
independent estimate of redshift is available from either
the galaxy surveys or EM counterparts, the Hubble-
Lemaître constant can be estimated to ≲10% accuracy
for a subset of the systems we consider here [118,119].
Indeed, by the time LISA has launched the advanced
ground-based detectors such as Voyager [120] or third-
generation GW detectors such as Einstein Telescope [98] or
Cosmic Explorer [97] may have achieved this level of
accuracy [121]. Nevertheless, LISA observations should be
very valuable as the two measurements come from GW
observations at totally different frequency bands with
complementary systematics. Consistency between the esti-
mates of the two should significantly help in resolving the
Hubble tension, the difference in the measured H0 from
supernova observations, and cosmic microwave back-
ground [122].

V. CONCLUSIONS

We studied the projected parameter measurement
uncertainties of intermediate mass binary black holes in
the LISA band with a focus on their premerger localization
and implications for EM followup campaigns. We
found that in the best case scenario LISA has the
potential to measure the errors in sky position ∼0.4 deg2

at one day prior to coalescence. These errors lie within the
field of view (FOV) of EM telescopes such as Athena
(FOV ∼ 0.4 deg2) and LSST (FOV ∼ 10 deg2). Moreover,
LISAwill be able to measure the luminosity distance within
∼2% (best case scenario) 1 day before merger, if the source
is located at a luminosity distance of 3 Gpc. These errors in
the sky position and luminosity distance will roughly scale
as D2

L and DL, respectively. Furthermore, the time of
coalescence for these binaries can be measured with errors
≲10 sec an hour or days before their merger. The exciting
possibility of locating these sources in the sky before their
merger provides us a unique opportunity of exploring the
environment of these binaries by possible EM followup,
constraining the cosmological parameters such as Hubble-
Lemaître constant and exploring the formation of these
binaries.
We end by stressing that we have used TaylorF2

waveform model for this analysis which does not
account for higher order modes of gravitational waveforms
[74,123–128] as well as precessional effects induced by the
misalignment of the spin vectors of the black holes with the
orbital angular momentum of the binary [68,74,126,129].
Both these effects lead to additional features in the wave-
forms as they introduce modulations in the phase and
amplitude. Such features have been argued to significantly
improve the localizability and distance estimation
[41,42,55,74]. Hence, it is likely that the estimates quoted
here may improve significantly upon inclusion of these
features for a subset of IMBBHs which are asymmetric and
have spin misalignment. A detailed study of these effects
will be a topic of future work. We end by stressing that we
use Fisher analysis as a way to assess the order of
magnitudes of the errors associated with the measurement
in each of the cases studied here. This method is expected
to be reliable in the limit of high SNR [82,84,130]. In our
analysis, the SNRs are always greater than 10, however,
detailed studies which numerically sample the likelihoods
would be required to precisely quantify the measurement
uncertainties.
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