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We show that Laser Interferometer Space Antenna can uniquely identify the sites of intermediate-
mass binary black hole (IMBBH) mergers if they occur in Active Galactic Nuclei (AGN) disks with
a gas density ρ ≥ 10−12 g/cc via measurement of dynamical friction effect in the gravitational
waveform. We find that even a single observation of a gravitational wave source with a total
mass of 103M⊙ and a mass ratio of 2 at a luminosity distance of 3 Gpc is sufficient to confidently
associate the merger to be in an AGN disk with a density ∼ 10−12 g/cc, as it allows estimation of
the density with an error bar O(100%). This provides a new way of inferring AGN disk densities
that complement traditional X-ray observations. Further, we find that neglecting the presence of
environmental effects in the waveform models used for parameter estimation can bias the chirp
mass, mass ratio and arrival time of a merger. If not corrected, this can significantly impact our
ability to carry out multiband data analysis of IMBBHs that combines information from LISA and
ground-based gravitational wave detectors.

I. INTRODUCTION

Active Galactic Nuclei disks (AGN disks) are excel-
lent sites for rapid and efficient growth of intermedi-
ate mass black holes (IMBHs) [1–7]. Compared to
other astrophysical environments, such as nuclear star
clusters (NSC), which have densities ranging from ∼
10−18g/cm3 to ∼ 10−15g/cm3 [8], and globular clusters
(GC) with densities between 10−21−10−18 g/cm3 [9], the
cores of AGN disks can have densities between 10−12 −
10−6 g/cm3 making them the densest astrophysical en-
vironments where such mergers occur [10–12]. With its
capability to detect IMBH binaries at high redshifts with
high signal-to-noise ratios (SNRs), the planned Laser In-
terferometer Space Antenna (LISA) mission [13] could
observe a population of intermediate-mass binary black
hole (IMBBH) mergers occurring in AGN disks.

Measurement of orbital eccentricity and spin-induced
precession are considered to be the standard diagnos-
tics to establish the association of binary black hole
(BBH) mergers in dense environments (see, for instance,
Refs. [14, 15] for reviews). However, these features can-
not necessarily distinguish mergers in different types of
dense environments, such as NSC and GC, from those
in AGN disks, as the eccentricity (or spin) distribution
of binaries from these environments is hard to resolve.
Arguably, one of the most robust indicators of a dense
environment is the direct estimation of the density of the
medium where the merger occurs. As different environ-
ments that can host compact binary mergers have rea-
sonably distinct average densities, such a measurement
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should aid in a better understanding of the merger sites.
Therefore, it is pertinent to ask whether future gravi-
tational wave (GW) observations could precisely mea-
sure the density of the nonvacuum environments in which
mergers occur.
It is known that the phase evolution of gravitational

wave signals of nonvacuum BBH mergers differs from
their vacuum counterparts [16, 17]. The physical pro-
cesses that can contribute to this dephasing include ac-
cretion onto the black hole (BH) [18], dynamical friction
due to mass segregation [19–22], etc. As this dephasing
occurs at (effective) negative post-Newtonian (PN) or-
ders (where low-frequency effects dominate in the early
part of the inspiral), it is not measurable with the low-
frequency sensitivities of the current or proposed future
ground-based GW detectors [23, 24]. However, we ar-
gue that mergers of IMBBHs with masses in the range
∼ 102 − 104 M⊙ with high SNRs, which will be observed
by LISA up to very high redshifts [25–27], can give us
a unique opportunity to precisely measure the density of
the medium if the densities are above ∼ 10−12 g/cc. As
this is the typical density of AGN disks [10, 12, 28], and
few astrophysical environments can reach such high den-
sities, this implies LISA can confidently identify IMBBH
mergers in AGN disks for a subset of the population at
low redshifts (z ≤ 0.5).

A. A quick review of past works

References [16, 17] were among the first explorations of
the effects of astrophysical environments on gravitational
waveforms (see also Ref. [29]). These works studied a
suite of physical effects that are related to the interac-
tion of binary with the environment. They concluded
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that the impact of such environmental effects on inspi-
ral and ringdown signals is generally small enough not
to hinder precision inference, except possibly in the case
of extreme mass-ratio inspirals [16]. Since then, several
studies have investigated the detectability of these en-
vironmental effects across different frequency bands of
the GW spectrum, covering the detectability of environ-
mental effects in the context of supermassive [21, 30–
38] intermediate-mass [18, 39–43] and stellar-mass black
holes [18, 23, 24, 44–49].

The recent LIGO-Virgo detection of the BBH merger
GW190521 [50, 51], whose binary constituents lie in the
pair-instability mass gap [52, 53], along with the report of
an associated optical transient candidate [54], has given
a significant boost to those models that predict BBH
mergers in AGN disks. AGN disks typically have high
escape speeds, allowing them to retain a large fraction
of the remnant BHs by preventing their escape due to
gravitational recoil [55–57]. Hence, AGN disks can easily
grow BHs to the observed masses rapidly via accretion
and repeated mergers [58, 59] and produce electromag-
netic (EM) transients via interaction of the component
or remnant BH with the surrounding gas [5]. A popula-
tion of BHs with component masses lying in the upper
mass gap has also been reported in non-LVK GW tran-
sient catalogs [60, 61]. This lends further support to this
paradigm, though a confident association of this popu-
lation with AGN disks remains challenging to establish
with the current dataset.

The planned LISA observatory [13] will observe the
early stages of GW190521-like binaries with low SNRs if
they merge at a luminosity distance of 1 or 2 Gpc [45, 62].
Since environmental effects are dominant at low frequen-
cies, LISA has the ability to detect them in systems such
as GW190521 [62]. Further, Ref. [45] studied how well
the motion of such a binary around the central super-
massive black hole (SMBH) can be tracked via careful
modelling of the frequency-domain GW signal and by
examining various modulations in the signal. They ar-
gued that these measurements could, in turn, be mapped
onto the parameters of the AGN disk.

More recently, Ref. [63] investigated the effect of
stochastic gas torques on the waveforms of asymmet-
ric binaries in the LISA band. By performing numer-
ical simulations, they studied the systematics induced
due to simple analytic models on LISA’s ability to infer
binary and environment parameters using intermediate-
and extreme-mass-ratio inspirals in AGN disks. Using
numerical modelling of compact binary evolution in AGN
disks and incorporating the expected mass and spin dis-
tributions from AGN disk mergers, Ref. [28] argued that
properties of AGN disks could be inferred when a suf-
ficiently large number of such candidates is available.
Finally, Ref. [23] recently used BBHs in the first GW
transient catalog [64] and set limits on the density of the
medium in which they merged. As a follow-up, Ref. [24]
studied the detectability of BBHs in nonvacuum envi-
ronments using vacuum BBH templates in the context of

ground-based detectors and investigated possible biases
in tests of general relativity (GR) when these effects are
not accounted for (see Ref. [34] for a study in the LISA
context). They found that the detectability of nonvac-
uum mergers is not compromised even if vacuum tem-
plates are used. However, tests of GR could be biased if
the density of the medium is extremely high (∼ 107 g/cc),
though such a scenario is highly unlikely from an astro-
physical perspective.

B. Present work

In this work, we explore the possibility of detecting
imprints of environment in the GW signals emitted by
IMBBH mergers in AGN disks [3–5]. Due to mass seg-
regation [65], heavier BHs are drawn towards the central
SMBH. Any merger in AGN disks will be impacted by
dynamical friction caused by the gas-rich medium [17].
The extent to which the dynamics of a BBH are affected
by the AGN disk will depend on the average density of
gas in the disk. In this context, we ask whether the
dephasing, caused by dynamical friction in the gravita-
tional waveform from IMBBH mergers, is measurable,
and if so, how accurately we can estimate the density of
the ambient medium using LISA observations. On the
lower end of the IMBBH mass range (≲ 103M⊙), next-
generation ground-based observatories such as Einstein
Telescope (ET) and Cosmic Explorer (CE) will also ob-
serve these mergers. In those cases, combining data from
both LISA and ET/CE for the same source, referred to as
multibanding, can improve the estimation of background
density. We quantify the improvement in the density es-
timation due to multibanding of IMBBH signals.
We find that IMBBH mergers in the LISA band, at a

fiducial luminosity distance of 3 Gpc, can facilitate pre-
cise measurements of the ambient density if the density
of AGN disks is ≥ O(10−12) g/cc. Further, we quantify
the systematic bias on the estimation of time of coales-
cence, chirp mass, and symmetric mass ratio of IMBBH
mergers in AGN disks when environmental effects are not
included in the gravitational waveform model during pa-
rameter estimation. We find that neglecting dynamical
friction can lead to severe biases and affect our ability to
perform multiband GW astronomy with LISA. Regard-
ing systematic biases, our findings complement a sim-
ilar conclusion for GW190521-like binaries reported in
Ref. [45]. Furthermore, our method of directly estimat-
ing the density of AGN disks complements the proposal
in Ref. [28], with the important difference that our in-
ference requires only loud single events, rather than a
population of events.
This paper is organized as follows: In Section II, we ex-

plain the structure of the leading-order contribution from
dynamical friction in the phase of the gravitational wave-
form and its dependence on BBH parameters. We also
briefly explain the fundamentals of the Fisher matrix for-
malism used to obtain bounds on the parameters, includ-
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ing environmental density. In Section III, we discuss the
main results of the paper: (i) the bound obtained by us-
ing LISA-only and multibanding of LISA and ET on the
density of the surrounding environment for IMBBHs, and
(ii) the systematic bias on the binary parameters when
neglecting dynamical friction, followed by the conclusion
in Section IV.

II. ANALYSIS SET UP

A. Gravitational waveforms with environmental
effect

In presence of astrophysical environments, the dynam-
ics of a compact binary differs from that in vacuum.
These environments could be distribution of masses or
gas, which causes dynamical friction (DF), accretion of
gas onto the BH or the presence of a perturbing third
body that can induce anomalous acceleration of the cen-
ter of mass. Among these effects, DF is expected to in-
duce the most significant observable change in the GW
phase for IMBBH mergers in AGN disks with high gas
density. Therefore, we focus solely on the effect of DF
on the GW phasing of IMBBHs1. Our treatment of the
phasing, which accounts for DF, closely follows those of
Refs. [19, 20, 23, 66, 67].

We consider these binaries to be moving in quasi-
circular orbits and account for the impact of DF only in
the energy flux as an additional channel of energy loss,
assuming that the orbital energy is the same as for vac-
uum inspirals. Using energy balance, the GW phasing
evolution can then be computed under the adiabatic ap-
proximation. The leading-order contribution of the DF
effect to the frequency-domain GW phasing is derived us-
ing the stationary phase approximation and is provided
in Eq. (4) of Ref. [67], which reads

ϕDF = −ρ
25π(3η − 1)M2

c

739328 η2
γDF [πMc(1 + z)f ]

−16/3
. (1)

In the above equation, η = q
(1+q)2 , where q is the ratio

of the primary mass to the secondary mass of the binary,
called the symmetric mass ratio, and Mc is the source-
frame chirp mass, defined as Mc = Mη3/5, with M being
the binary’s total mass in the source-frame 2, z is the cos-
mological redshift of the source. The factor γDF in Eq. 1

1 It is possible that the BHs involved in the merger could be accret-
ing and/or that the binary experiences acceleration of the CM
due to the central SMBH. We have checked a few representa-
tive cases, and the inclusion of these effects does not change our
main results. For example, the fractional error on density (see
Sec. III A) of 10−10 g/cm3 remains of the order of ∼ 10−3 for
M = 1500M⊙, q = 5 binary when computed from only dynami-
cal friction and including both dynamical friction and accretion
into the GW phase.

2 Due to cosmological expansion, the observed detector frame

is given by γDF = −247 log
(

f
fDF

)
− 39 + 304 log(20) +

38 log
(
3125
8

)
, where fDF = cs

22πM , and cs is the speed of
sound in the astrophysical environment with density ρ.
To get a representative value of speed of sound, following
[10], we select 10−10 g/cm3 as characteristic density of
AGN disk which corresponds approximately to the speed
of sound being 0.01 times the speed of light. Here, we
have assumed cs = 0.01c, where c is the speed of light for
all cases.
Assuming a flat Λ-CDM model of our universe with

ΩM = 0.3065, ΩΛ = 0.6935 and h = 0.6790 with
H0 = 100 h (km/s)/Mpc ([68]), the luminosity distance
is related to the redshift by the relation

dL(z) =
(1 + z)

H0

∫ z

0

dz′√
ΩM(1 + z′)3 +ΩΛ

. (2)

We employ the IMRPhenomD [69, 70] waveform model as
the vacuum GR waveform. IMRPhenomD is a frequency-
domain phenomenological model of the GW signal that
captures the inspiral, merger, and ringdown phases
of non-precessing (aligned-spin) black hole binaries in
quasi-circular orbits. To incorporate the effect of DF
in the gravitational waveform model, we modify the
IMRPhenomD waveform model by adding ϕDF from Eq. (1)
to its phase. The modified IMRPhenomD waveform
schematically reads as

h̃env(f) = A(f) ei(Φ(f)+ϕDF(f)) , (3)

where A(f) and Φ(f) are the amplitude and phase of the

IMRPhenomD waveform model. We will use h̃env(f) as a
nonvacuum waveform model for BBHs due to DF.
Neglecting precessional features in the waveform could

have an impact on our estimates. However, intuitively,
the effect of precession is expected to be subdominant, as
precession is a high-order PN effect that will have negligi-
ble correlation with the density parameter. Nevertheless,
a future study should confirm this and quantify the im-
pact of precession on these estimates.

B. Assessing the measurability of the density
parameter

Next, we want to assess the measurability of the den-
sity of the medium in which the IMBBHs are merging us-
ing LISA observations. A rigorous analysis of this prob-
lem would involve simulating a signal and injecting it into
synthetic LISA data to obtain the posterior distribution
of the density parameter through a Bayesian analysis.

mass is (1+z) times the source-frame mass. Throughout the pa-
per, we quote the source-frame mass of the IMBBHs. Note that
while computing the lower cut-off frequency through Eq. (7), the
reshifted chirp mass must be used, as that is what is observed
by the detector.
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Given the computational burden of this approach, here
we use the Fisher information matrix to obtain error es-
timates on the density parameter using LISA. This will
serve as a rough estimate of what can be expected and
should be verified in the future using more robust param-
eter estimation techniques.

In the limit of large SNRs, and assuming the detector
noise is stationary and Gaussian, the Fisher information
matrix [71–73] (see [74] for caveats) can be used to obtain
the 1σ estimates of the statistical errors on the parame-
ters due to the detector noise. Formally, the Fisher in-
formation matrix is the noise-weighted inner product of
the derivatives of the frequency-domain waveform with
respect to the binary parameters of interest, evaluated
at the true values of these parameters. More precisely,
the Fisher matrix is defined as

Γab = 2

∫ fup

flow

h̃,ah̃
∗
,b + h̃,bh̃

∗
,a

Sn(f)
df, (4)

where commas denote partial differentiation of the wave-
form h̃(f) with respect to various parameters θa, the as-
terisk denotes complex conjugation, and Sn(f) the noise
power spectral density (PSD) of the detector of interest.
The lower and upper limits of integration denote the low-
and high- frequency cutoffs used in the analysis (see be-
low for details). The SNR, which quantifies the strength
of the signal in detector data, is defined using the Fourier
transform of the signal h̃(f) as

SNR2 = 4

∫ fup

flow

|h̃(f)|2

Sn(f)
df . (5)

The 1σ error bar on a particular parameter is obtained
by inverting the Fisher matrix and taking the square-
root of the diagonal entries of the inverse matrix, known
as the variance-covariance matrix Σab. Specifically, the
statistical error on a parameter θa is given by

∆θa =
√

Σaa, (6)

where Σab = (Γab +Γ0
ab)

−1, Γ0
ab is the prior matrix, and

repeated indices are not summed over. We impose Gaus-
sian priors on the phase of coalescence and the compo-
nent spins, namely Γ0

ϕcϕc
= 1/π2 and Γ0

χ1χ1
= Γ0

χ2χ2
= 1,

which helps to partially remedy the ill-conditionedness of
the Fisher matrix, thereby making the numerical inver-
sion of the matrix more reliable.

Our focus here is on the space-based future gravita-
tional wave detector LISA, which will be sensitive in the
mHz regime, where the effective −5.5PN order term due
to dynamical friction will play a dominant role in the
binary dynamics 3. We do not account for the orbital
motion of LISA, as it is not expected to play any sig-
nificant role in the estimation of dynamical parameters

3 Due to the presence of the logarithmic term in γ in Eq.( 1) this
is not a −5.5PN term formally.

such as the ones we are interested in. The lower cut-off
frequency is chosen such that the GW signal from the
inspiraling binary lasts for four years prior to its merger
(or prior to leaving the LISA band), but is not lower than
the low-frequency limit of the LISA noise PSD, which is
10−4 Hz. Hence, the lower cut-off frequency is chosen
as [75]

flow = max

[
10−4,

4.149× 10−5
[Mc(1 + z)

106M⊙

]−5/8
(
Tobs

1 yr

)−3/8 ]
,

(7)

where Tobs = 4yrs is the observation time in LISA. The
upper cut-off frequency of LISA is chosen to be 0.1 Hz.
The LISA noise PSD has contributions from both the

instrumental noise and the galactic confusion noise, the
latter being attributed to unresolved galactic white dwarf
binaries. The instrumental noise PSD, given in [76],
is divided by a factor of 2 to account for summation
over two independent frequency channels [77], while the
background confusion noise in the low-frequency regime
f ≲ 1mHz is modeled through an analytical expression
given in [78] for a four-year observation period of LISA.
The upper cut-off frequency is the frequency at which the
characteristic amplitude 2

√
f |h̃(f)| of the GW signal is

lower than that of the detector’s noise amplitude spectral
density by a maximum of 10%. The intermediate-mass
BBHs are considered at a prototypical luminosity dis-
tance (dL) of 3 Gpc for LISA. As errors vary inversely
with SNR, which in turn varies roughly as 1/dL, the er-
rors reported here can be approximately extrapolated to
any luminosity distance.

C. Multibanding

In addition to computing the bound on density ob-
tained from an IMBBH signal observed in LISA, we also
study the effect of multibanding. Multibanding refers to
the observation of a signal (and subsequent parameter
inference) by combining information from two different
bands of the GW spectrum. In the case of IMBBHs with
total mass ≲ 103M⊙, LISA will observe the early inspi-
ral, but their mergers will fall within the frequency band
of the ground-based detectors. Combining information
from two different frequency bands will improve the pa-
rameter estimation. The implications of multibanding
have been discussed through multiple works in the liter-
ature (see, for example, [79–83]).
Due to our interest in measuring a low-frequency ef-

fect, we consider the Einstein Telescope (ET) as a repre-
sentative of future ground-based detector having a lower
cutoff frequency of 1Hz. We have used the ET PSD in
Ref. [84], along with the upper cutoff frequency corre-
sponding to the frequency at which the characteristic
amplitude 2

√
f |h̃(f)| of the GW signal is lower than that

of the detector noise amplitude spectral density by at
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most 10% . Using the Cosmic Explorer noise PSD [85]
would not significantly alter our conclusions with regard
to multibanding.

To obtain the bound on density by performing a Fisher
analysis in the context of multibanding, we add the two
Fisher matrices obtained from LISA and ET and then
invert the resulting total matrix. Hence, the total covari-
ance matrix is given by

Σcombined = (ΓLISA + ΓET + Γ0)−1. (8)

In our analysis, we consider the following 8-
dimensional parameter space:

θ = {ln dL, tc, ϕc, lnMc, ln η, χ1, χ2, ρ̄}, (9)

where χ1,2 denote the dimensionless spin parameters of
the binary components, and dL is the luminosity distance
of the binary. The term tc, called the time of coalescence,
is a kinematical quantity closely related to the time of
arrival of the signal in the detector, and ϕc denotes a
constant phase. We find it convenient to deal with the
dimensionless density parameter ρ̄ = ρ/ρ0, where ρ0 is
set to 10−10g/cm3 as a characteristic density. The choice
of ρ0, following Ref. [67], does not affect the final results
and is motivated by the density values used in our study,
which range from 10−8 g/cm3 to 10−12 g/cm3 [10].

D. Systematic error computation

In addition to computing the 1σ statistical error on ρ̄,
we also assess the potential systematic biases in param-
eter estimation that may arise if environmental effects,
such as dynamical friction, are neglected. The system-
atic error in the estimation of a parameter is defined as
the difference between its “true” value, θTa , and its “best

fit” value, θ̂a, which corresponds to the peak of the re-
covered Gaussian probability distribution

∆θsysa = θTa − θ̂a. (10)

This can be computed using the Cutler-Vallisneri for-
malism [86]. The true waveform model that describes the
physical system, which in this study refers to a model
that includes environmental effects in the waveform. An
approximate waveform model, h̃AP, in our case the vac-
uum waveform, is represented by the approximate ampli-
tude AAP and approximate phase ϕAP

h̃AP = AAPe
iϕAP , (11)

and the true waveform h̃T differs from h̃AP in amplitude
and phase by ∆A and ∆ϕ, respectively,

h̃T = [AAP +∆A]ei[ϕAP+∆ϕ] . (12)

The systematic error can then be approximated as [86–
88]

∆θasys ≈ Σab
(
[∆A+ iAAP∆ϕ]eiϕAP

∣∣∣∂bh̃AP

)
, (13)

where Σab is the covariance matrix that is calcu-
lated using the approximate waveform, and ∆ϕ =
ϕDF. Repeated indices are summed over. We do
not account for any corrections to the amplitude, i.e.,
∆A = 0. When computing the systematic bias,
we consider the 7-dimensional parameter space, θ =
{ln dL, tc, ϕc, lnMc, ln η, χ1, χ2}, which excludes the den-
sity parameter.

Given the high SNRs of the events (see below in Sec.
IIIA) considered here, we expect our estimates will be
representative of the results that will come from a fully
Bayesian treatment of the problem. For instance, our
Fisher matrix code results are in good agreement with
the Bayesian estimates of [67]. However, a dedicated
Bayesian study of the problem would help in putting our
estimates on a firmer footing. We plan to undertake this
as a follow up project.

III. RESULTS

We now present our results for the measurement un-
certainties associated with the density parameter from
IMBBH mergers in LISA, as well as systematic biases
that arise from neglecting the environmental effects in
the inference of different parameters.

A. Projected error bars on the density of the
medium using LISA

We begin by examining the precision with which the
environmental effects can be measured using IMBBH
mergers in LISA, followed by the effect of multibanding
on these estimates. We assume three representative val-
ues for the true density of the environment, 10−8, 10−10,
and 10−12 g/cc, which represent the typical average den-
sities of AGN disks [10, 28].

In Fig.(1a), we consider IMBBHs with a total mass
ranging between 350− 6500M⊙ with a mass ratio q = 2
and spins aligned with respect to the orbital angular mo-
mentum vector, with magnitudes χ1 = 0.2, χ2 = 0.1. We
assume the sources to be at a fiducial luminosity distance
of 3 Gpc. The chosen mass range ensures that the SNR
of binaries in both LISA and ET, which serves as our
representative for the next-generation ground-based ob-
servatory, is centered around ∼ O(100). Note that the
dimensionless density parameter ρ̄ was introduced in or-
der to have a well-behaved Fisher matrix. To visualise
the results in a more physically meaningful way, we trans-
late the 1− σ error bars on the scaled density (ρ̄) to the
fractional error on the density which is shown in the top
plot of Fig.(1a).The ρ in the denominator of δρ/ρ corre-
sponds to the particular density being considered.

For medium with ρ = 10−8 g/cc and 10−10 g/cc, the
relative errors are of the order of a few percent, imply-
ing that LISA will be able to place very tight constraints
on the properties of the medium in these cases. Even
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FIG. 1. (a) The plot shows the fractional error on density for
ρ = 10−8, 10−10, and 10−12 g/cc obtained from LISA-only
observations (circles) and multibanding with LISA and ET
using IMRPhenomD (triangles). The scaling factor is fixed at
ρ0 = 10−10 g/cc. All IMBBHs are observed in LISA with
a 4-year observation time at a luminosity distance of 3 Gpc,
with q = 2 and aligned spins (0.2,0.1). The fractional error
improves with increasing value of true density. (b) The plot
shows the multibanding fractional error on density for mass
ratios q = 2, 5, assuming a true density of ρ = 10−10 g/cc and
the scaling factor ρ0 = 10−10 g/cc. The bound improves for
more asymmetric systems.

for densities of ∼ 10−12g/cc, a relative error O(100%)
would be very useful in understanding the non-vaccuum
environment of the merger and would suffice to iden-
tify the merger sites to be AGN disks, which are the
most natural candidates to host environments with den-
sities of this order. Multibanding improves these errors
by a factor of 2 − 5 for those IMBBHs that can be ob-
served in both bands. In the mass range we consider, the
best measurement achieves an error bar of ∼ 0.6% for a
1000M⊙ binary with q = 2 with multibanding. Figure
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FIG. 2. The plot shows the variation of absolute value of sys-
tematic error on tc, logMc, and log η due to dynamical fric-
tion occurring at −5.5PN, for different values of density and
total mass. The corresponding statistical error is shown by
the boundary of the blue-shaded region. The yellow-shaded
region in the plot for tc denotes the systematic error being
positive while for the rest of the parameter space, the system-
atic error is negative. All IMBBHs are observed in LISA with
a 4 year observation time at a luminosity distance of 3Gpc
having q = 2 and aligned spins (0.2,0.1) with ρ0 = 10−10

g/cc.

(1b) shows the dependence of the errors on the mass ratio
for ρ = 10−10 g/cc. As the mass ratio increases, the frac-
tional errors decrease. This behavior can be attributed
to the strong dependence of the dynamical friction term
in the phase on the symmetric mass ratio (see Eq. (1)).
The non-monotonic nature of the curves in Fig. 1b can
be attributed to multibanding of the low- and high- fre-
quency data of LISA and ET, respectively, which gives
rise to a minimum around 103M⊙.
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B. Systematic biases due to the neglect of
environmental effects

We now investigate the implications of neglecting envi-
ronmental effects, such as dynamical friction, while per-
forming parameter estimation with LISA. Since the phase
contribution due to dynamical friction depends on the
chirp mass and the symmetric mass ratio, ignoring this
−5.5PN term is expected to impact the estimation of
these parameters. Moreover, for LISA, IMBBHs undergo
a large number of inspiral cycles in the detector sensi-
tivity band, leading to the accumulation of systematic
biases.

Here, we focus on the biases in the estimation of the
time of coalescence tc, chirp mass log Mc, and symmetric
mass ratio log η. As mentioned earlier, Cutler–Vallisneri
formalism is employed to estimate the systematic errors.
Fig.(2) illustrates the variation in systematic error in tc,
log Mc, and log η for IMBBHs with mass ratio q = 2 at
a luminosity distance of 3 Gpc, with aligned spin magni-
tudes χ1 = 0.2, χ2 = 0.1, for the three different densities
considered earlier. The blue-shaded region in all three
plots represents the statistical errors. As expected, the
systematic bias increases with the true average density.

Focusing first on tc, we notice a change in the sign of
the systematic error, denoted by the two dashed vertical
lines in Fig. 2. The systematic error is positive for masses
within the yellow-shaded region, while for the rest of the
explored mass range, it is negative. This variation in the
nature of the systematic bias on tc is attributed to the
correlations between density and tc, which change sign
as a function of total mass. The statistical uncertainty
associated with the measurement of tc is of the order of
O(10−1−1 s) for binaries in AGN disks with density of ∼
10−12g/cc. However, it can be as large as O(102 − 103 s)
for densities of ∼ 10−10g/cc and ∼ 10−8g/cc.

On the other hand, for the chirp mass, the statisti-
cal uncertainty in the log Mc measurement is ∼ 10−6

for all binaries considered but the systematic bias, even
for an environmental density of 10−12g/cc, is of O(10−5)
which should be a serious concern. It is observed that the
systematic bias can be as high as 10−1 for higher densi-
ties. A similar trend is also observed for log η, where for
densities above 10−10g/cc, the systematic biases can be
two orders of magnitude larger than the statistical errors.
This highlights the critical issue of systematic bias due
to the neglect of environmental effects in measuring the
chirp mass when an IMBBH is detected in LISA.

Besides biasing the parameter inference, neglecting en-
vironmental effects can significantly impact the efficiency
of multiband GW observations. When the early inspi-
ral phase of an IMBBH is first observed in LISA, the
merger time and the corresponding arrival time of the
GW signal in the frequency band of the ground-based
detectors can be estimated. However, since the parame-
ters tc and Mc are biased, the corresponding estimation
of the merger time and arrival time will also be signifi-
cantly biased. This could lead to an erroneous estima-

tion of signal arrival time from a particular binary in the
ground-based detector band, such as ET, thereby affect-
ing the detection and parameter estimation of such multi-
band events. On the other hand, since ground-based
detectors are insensitive to low-frequency environmental
effects, the parameter estimation of a particular binary
as performed using signals from ground-based detectors
will be relatively unbiased. However, using these param-
eters to perform an archival search in LISA observation
data might also be problematic, since the parameters es-
timated from LISA and ET for the same binary may not
match with each other. Furthermore, these biases will
naturally propagate into any fundamental physics that
rely on combining LISA and ground-based detectors [89].
Given these findings, it is evident that accounting for en-
vironmental effects in the LISA parameter estimation is
crucial for several reasons.

IV. CONCLUSIONS

X-ray observations have traditionally been used to in-
fer the densities of AGN disks. These measurements are
challenging both from an observational point of view and
from a modeling point of view. Our results show that
gravitational wave observations provide a new method,
complementary to traditional approaches, for measur-
ing the densities of AGN disks with exquisite precision,
provided the local densities are higher than 10−12 g/cc.
LISA observations of IMBBHs in AGN disks would carry
signatures of the environment (in this case, a gas-rich
medium) due to the modification to the low-frequency
part of the phasing caused by dynamical friction. This
effective −5.5PN term will enable us to confidently estab-
lish the merger site via measurement of the gas density
with percent-level precision if the densities are greater
than 10−12 g/cc. The measurement precision will im-
prove further if a subset of the LISA IMBBHs is also
observed in the frequency band of next-generation ter-
restrial GW detectors. Finally, we have shown that ne-
glect of the environmental effects can significantly bias
the estimation of chirp mass, mass ratio, and time of
coalescence, which in turn will impact the prospects of
carrying out multi-band observations of these sources.
Therefore, it is critical that the possibility of mergers ob-
served by LISA, occurring in nonvacuum environment,
be incorporated into LISA’s data analysis.
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