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the energy radiated in the merger is given by M−Mf. The key
analysis elements described above, including parameter estima-
tion sampling algorithms, PSD estimates, and waveform models,
all potentially introduce systematic uncertainties. Different
choices for these elements can affect the results but in most
cases these changes are significantly smaller than the statistical
uncertainties. Below, we highlight the more significant differ-
ences in the results associated with waveform models.

2.2. Primary and Secondary BH Components

In Table 1 we summarize the source properties of GW190521.
Results are quoted as the median and symmetric 90% credible
interval of the marginalized posterior distributions for each
parameter, and for each of the three GW signal models. The
measurements are marginalized over uncertainty in the data
calibration. In the rest of this paper we quote source properties
derived using NRSurPHM, unless explicitly stated otherwise.

Figure 1. Posterior distributions on the individual source-frame masses (left) and effective spin parameters (right) according to the three waveform models employed.
The one-dimensional distributions include the posteriors for the three waveform models, and the dashed lines mark their 90% credible interval. The two-dimensional
plot shows the 90% credible regions for each waveform model, with lighter-blue shading showing the posterior distribution for the NRSurPHM model. The black
lines in the right panel show the prior distributions.

Table 1
Source Properties for GW190521: Median Values with 90% Credible Intervals That Include Statistical Errors

Waveform Model NRSurPHM PhenomPHM SEOBNRPHM

Primary BH mass m1(Me)
Secondary BH mass m2(Me)
Total BBH mass M(Me)
Binary chirp mass (Me)
Mass ratio q=m2/m1

Primary BH spin χ1

Secondary BH spin χ2

Primary BH spin tilt angle
Secondary BH spin tilt angle
Effective inspiral spin parameter χeff

Effective precession spin parameter χp

Remnant BH mass Mf(Me)
Remnant BH spin χf

Radiated energy Erad(Me c2)
Peak Luminosity ℓpeak(erg s−1) ×1056

Luminosity distance DL(Gpc)
Source redshift z
Sky localization 774 862 1069
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coalescence rate [38]. The remnant of GW190521 fulfills
the above definition of an IMBH.
GW190521 was detected by searches for quasicircular

binary coalescences, and there is no evidence in the data for
significant departures from such a signal model. However,
for any transient with high inferred masses, there are few
cycles observable in ground-based detectors, and therefore
alternative signal models may also fit the data. This is
further addressed in the companion paper [39] that also
provides details about physical parameter estimation, and
the astrophysical implications of the observation of GWs
from this massive system.
Observation.—On May 21, 2019 at 03:02:29 UTC, the

LIGO Hanford (LHO), LIGO Livingston (LLO), and Virgo
observatories detected a coincident transient signal. A
matched-filter search for compact binary mergers,
PYCBC LIVE [40,41,42], reported the transient with a
network signal-to-noise ratio (SNR) of 14.5 and a false-
alarm rate of 1 in 8 yr, triggering the initial alert. Aweakly
modeled transient search based on coherent wave burst
(CWB) [43] in its IMBH search configuration [35] reported
a signal with a network SNR of 15.0 and a false-alarm rate
lower than 1 in 28 yr. Two other matched-filter pipelines,
SPIIR [44] and GSTLAL [45], found consistent candidates
albeit with higher false-alarm rates. The identification,
localization, and classification of the transient as a binary
BH merger were reported publicly within ≈6 min, with the
candidate name S190521g [46,47].

A second significant GW trigger occurred on the same
day at 07:43:59 UTC, S190521r [48]. Despite the short
time separation, the inferred sky positions of GW190521
and S190521r are disjointed at high confidence, and so the
events are not related by gravitational lensing. Further
discussions pertaining to gravitational lensing and
GW190521 are presented in the companion paper [39].
GW190521, shown in Fig. 1, is a short transient signal

with a duration of approximately 0.1 s and around four
cycles in the frequency band 30–80 Hz. A frequency of
60 Hz at the signal peak and the assumption that the source
is a compact binary merger imply a massive system.
Data.—The LIGO and Virgo strain data are conditioned

prior to their use in search pipelines and parameter
estimation analyses. During online calibration of the data
[53], narrow spectral features (lines) are subtracted using
auxiliary witness sensors. Specifically, we remove from the
data the 60 Hz U.S. mains power signature (LIGO), as well
as calibration lines (LIGO and Virgo) that are intentionally
injected into the detectors to measure the instruments’
responses. During online calibration of Virgo data, broad-
band noise in the 40–1000 Hz frequency range is subtracted
from the data [54]. The noise-subtracted data produced by
the online calibration pipelines are used by online search
pipelines and initial parameter estimation analyses.
Subsequent to the subtraction conducted within the

online calibration pipeline, we perform a secondary offline
subtraction [55] on the LIGO data with the goal of

FIG. 1. The GW event GW190521 observed by the LIGO Hanford (left), LIGO Livingston (middle), and Virgo (right) detectors.
Times are shown relative to May 21, 2019 at 03:02:29 UTC. The top row displays the time-domain detector data after whitening by each
instrument’s noise amplitude spectral density (light blue lines); the point estimate waveform from the CWB search [43] (black lines); the
90% credible intervals from the posterior probability density functions of the waveform time series, obtained via Bayesian inference
(LALINFERENCE [49]) with the NRSur7dq4 binary BH waveform model [50] (orange bands), and with a generic wavelet model
(BayesWave [51], purple bands). The ordinate axes are in units of noise standard deviations. The bottom row displays the time-
frequency representation of the whitened data using the Q transform [52].
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• An exceptionally massive (and distant) BBH 
merger detected by LIGO and Virgo

• Masses in the mass gap: origin of this 
system ? Hierarchical merger, accretion ?

• Discrepancies between waveform models 
for this merger-dominated signal: hints of 
precession, eccentricity ?
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A ZTF counterpart to GW190521 ?
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We report the first plausible optical electromagnetic counterpart to a (candidate) binary black hole
merger. Detected by the Zwicky Transient Facility, the electromagnetic flare is consistent with expectations
for a kicked binary black hole merger in the accretion disk of an active galactic nucleus [B. McKernan,
K. E. S. Ford, I. Bartos et al., Astrophys. J. Lett. 884, L50 (2019)] and is unlikely [< Oð0.01%Þ)] due to
intrinsic variability of this source. The lack of color evolution implies that it is not a supernova and instead
is strongly suggestive of a constant temperature shock. Other false-positive events, such as microlensing or
a tidal disruption event, are ruled out or constrained to be < Oð0.1%Þ. If the flare is associated with
S190521g, we find plausible values of total mass MBBH ∼ 100 M⊙, kick velocity vk ∼ 200 km s−1 at
θ ∼ 60° in a disk with aspect ratio H=a ∼ 0.01 (i.e., disk height H at radius a) and gas density
ρ ∼ 10−10 g cm−3. The merger could have occurred at a disk migration trap (a ∼ 700rg; rg ≡ GMSMBH=c2,
where MSMBH is the mass of the active galactic nucleus supermassive black hole). The combination of
parameters implies a significant spin for at least one of the black holes in S190521g. The timing of our
spectroscopy prevents useful constraints on broad-line asymmetry due to an off-center flare. We predict a
repeat flare in this source due to a reencountering with the disk in ∼1.6 yrðMSMBH=108 M⊙Þða=103rgÞ3=2.

DOI: 10.1103/PhysRevLett.124.251102

Introduction.—The Laser Interferometer Gravitational
Wave (GW) Observatory (LIGO) is now detecting binary
black hole (BBH) mergers at a high rate in the local (z < 1)
Universe [1]. The two main channels to BBH mergers are
believed to be field binary star evolution, e.g., [2,3], and
dynamical encounters. Dynamical mergers can occur in
globular clusters [4,5], galactic nuclei [6–8], and in gas
disks in galactic nuclei [9–17]. Mergers involving >
50 M⊙ black holes (BHs) are unlikely to involve field
binary stars [18]. Rather, massive mergers suggest a

dynamical origin, likely in a deep potential where kicked
merger products can be retained [19]. Several massive
mergers may have already been detected, including
GW170929 [20] and GW170817A [21] (not to be confused
with the binary neutron star merger GW170817). A
dynamical origin for these mergers implies a much larger
number of lower mass mergers from the same channel.
Electromagnetic (EM) counterparts are hard to generate in
the absence of gas. EM counterparts to supermassive BBH
mergers in gas disks are well studied, e.g., [22–24], but
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Introduction.—The Laser Interferometer Gravitational
Wave (GW) Observatory (LIGO) is now detecting binary
black hole (BBH) mergers at a high rate in the local (z < 1)
Universe [1]. The two main channels to BBH mergers are
believed to be field binary star evolution, e.g., [2,3], and
dynamical encounters. Dynamical mergers can occur in
globular clusters [4,5], galactic nuclei [6–8], and in gas
disks in galactic nuclei [9–17]. Mergers involving >
50 M⊙ black holes (BHs) are unlikely to involve field
binary stars [18]. Rather, massive mergers suggest a

dynamical origin, likely in a deep potential where kicked
merger products can be retained [19]. Several massive
mergers may have already been detected, including
GW170929 [20] and GW170817A [21] (not to be confused
with the binary neutron star merger GW170817). A
dynamical origin for these mergers implies a much larger
number of lower mass mergers from the same channel.
Electromagnetic (EM) counterparts are hard to generate in
the absence of gas. EM counterparts to supermassive BBH
mergers in gas disks are well studied, e.g., [22–24], but
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stellar-origin BBH mergers in active galactic nucleus
(AGN) disks can also yield a significant, detectable EM
counterpart [25].
The Zwicky Transient Facility (ZTF) is a state-of-the-art

time-domain survey employing a 47 deg2 field-of-view
camera on the Palomar 48-inch Samuel Oschin Schmidt
telescope [26,27]. A public survey covers the visible
northern sky every three nights in g and r bands to ∼20.5
mag [28]. Other observing programs cover smaller areas to
greater depth, with higher cadence or with an additional
i-band filter. Alerts are generated in real time for all ≥ 5σ
transient detections fromdifference imaging, and those from
the public survey are issued to the community [29].
Searching for counterparts.—For the 21 LIGO BBH

merger triggers in observing run O3a (2019 April 1—
September 30), we identified possible AGN that lay within
the 90% confidence limit region and within the 3σ limits of
the marginal distance distribution integrated over the sky.
AGN were identified from the Million Quasar Catalog v6.4
[30]. Any flare associated with the BBH merger should
present within a few days to weeks [25] and so we
determined the subset of AGN that was associated with
a ZTF alert ≤ 60 days post-LIGO trigger. Here we present
our most promising EM counterpart to a BBH GW event
based on a Bayesian changepoint analysis (Graham et al.,
in preparation).
The event S190521g was observed by both LIGO

detectors and the VIRGO detector at 2019 May 21
03∶02∶29 UTC with a false alarm rate of 3.8 × 10−9 Hz
(FAR ¼ 1=8.3 yr) [31]. It has a luminosity distance of
3931" 953 Mpc and was classified as a BBH merger with
97% certainty. ZTF observed 48% of the 765 deg2 90%

localization region of S190521g (half of the localization
region is in the southern sky). Alert ZTF19abanrhr (see
Fig. 1), first announced ∼34 days after the GW event and
associated with AGN J124942.3þ 344929 at z ¼ 0.438
(hereafter J1249þ 3449), was identified as potentially
interesting. The AGN is located at the 78% spatial contour
and 1.6ð0.7Þσ from the peak marginal (conditional) lumi-
nosity distance. If we convolve the marginal distance
distribution for the LIGO event [32] with the quasar
luminosity function [33] and assume a survey depth of
20.5 mag and a flare probability of 10−4 per quasar (see
below), we would expect to find 10−5 events in the area and
timeframe considered.
From a fit to the Hβ line profile of the AGN, using

the QSFit routine [35], we find the mass of the central
supermassive black hole (SMBH) spans MSMBH¼
½1;10'×108M⊙ and therefore the preflare luminosity is
Lbol=LEdd ¼ ½0.02 − 0.23' relative to the Eddington lumi-
nosity. From the ZTF lightcurve, J1249þ 3449 varied by
only a few percent of its mean flux level (∼19.1 mag in g
band) over the 15 months prior to S190521g. A flare
peaking ∼50 days after the GW trigger elevated the flux by
∼0.3 mag (equivalent to ∼1045 erg s−1) for ∼50 days,
assuming a typical quasar bolometric correction factor
[36]. The total energy released by the flare is there-
fore Oð1051 ergÞ.
False positives.—We consider and rule out, or at least

constrain, several possible causes of the ZTF19abanrhr
flaring event, such as AGN variability, a supernova, micro-
lensing, and the tidal disruption of a star by an SMBH.
AGN are intrinsically variable, often on quite short

timescales [37,38]. However, from Fig. 2, this AGN has

FIG. 1. Left panel: A Mollweide projection of the 50% and 90% LIGO localization regions for S190521g (with 44%/56% in the
northern/southern hemisphere) and the location of ZTF19abanrhr (within the 78% contour). ZTF covered 48% of the 90% region
and contours at declination < −30° indicate southern hemisphere regions not covered by ZTF. Right panel: The marginal luminosity
distance distribution integrated over the sky (dotted blue line) for S190521g as well as the conditional distance distribution (black line)
at the position of ZTF19abanrhr. The red line corresponds to the luminosity distance of ZTF19abanrhr, assuming a Planck15 cosmo-
logy [34].
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had a relatively constant luminosity for a year around the
flare. We applied models consisting of a generic flare
profile (Gaussian rise, exponential decay) superimposed on
a linear luminosity model to ZTF lightcurves of all detected
sources in the larger WISE-selected R90 catalogue of
4.5 × 106 high-probability quasar candidates, of which
2.5 × 106 are within the area of sky covered by ZTF and
603 000 are spectroscopically confirmed quasars [39]. We
exclude 2912 known blazars and select objects where the
flare model is strongly preferred over the linear model (i.e.,
change in the Bayesian information criterion ΔBIC > 10);
the flare is detected in both g and r bands, has at least a 25%
increase in flux, and lasts ≥ 20 days in the observed frame.
This gives 393 events, of which 209 produced a ZTF alert
(the remaining 182 were < 5σ detections above back-
ground and therefore did not produce alerts).
AGN variability is commonly described statistically as a

damped random walk (DRW) process [40,41]. If the flare is
consistent with this, then the same parameterized DRW
model (within the confidence limits on the model param-
eters) should describe the time series with and without the
flare [42]. Applying this constraint to both g- and r-band
data reduces the number of flares similar to ZTF19abanrhr
(i.e., not attributable to regular AGN activity with greater
than 3σ confidence) to 13. Graham et al. (in preparation)
provide more details on the search and the full identified
sample. In summary, this analysis shows that the proba-
bility of a flare þ linear model randomly fitting any given
ZTF AGN lightcurve is ∼5 × 10−6.
Figure 3 shows that a decade-long baseline reveals

evidence for more significant variability in J1249þ
3449. Note that these data, from the Catalina Real-time

Transient Survey [CRTS; [43] ], are noisier than ZTF
(a result of a 0.7 m survey telescope vs a 1.2 m survey
telescope), and are binned at 15 day intervals for clarity in
the plot. Using the DRW model parameters from the CRTS
data, which characterize the overall variability of the
source, we simulated the observed ZTF lightcurve
250 000 times and find an equivalent flare (i.e., matching
the selection criteria described above) in four instances.
The event is thus very unlikely to arise from AGN activity
in this particular source (i.e., ∼Oð0.002%Þ. Similarly, to
address the look-elsewhere effect, we produced 1000
simulations of the full sample of 3255 AGN in the 90%
three-dimensional localization region of S190521g using
their CRTS DRW parameterizations and ZTF time sam-
pling. We find a comparable AGN flare in just five
simulations, i.e., Oð0.5%Þ chance of a false positive, prior
to visual inspection.
Supernovas can occur in AGN (e.g., [44]), although the

rate is likely small (> 2 × 10−7AGN−1 yr−1 in the WISE
sample). Even with aOð1051 ergÞ energy output, we expect
rise times of Oð20–50Þ days and a decay time or plateau of
∼100–200 days [45]. The flare in Fig. 2 lasts 40 days
observed frame, or only 28 days rest frame, which is a poor
match to supernova lightcurves. In addition, supernovas
evolve in color over time [46], whereas this flare is uniform
with color over time, suggestive of a shock or accretion
rather than a supernova. We therefore rule out a supernova
as a likely false positive.
Microlensing, with an expected rate of Oð10−4Þ per

AGN [47], is uniform in color at rest-frame UV/optical
bands, and is also expected for AGN. However, the
expected characteristic timescale for microlensing is
OðyrsÞ [47], which is inconsistent with the several week
ZTF19abanrhr flare. Assuming a M⊙ lens in the source

FIG. 2. ZTF g-band photometry, r-band photometry, and g − r
color for J1249þ 3449 over the past 25 months. The flare
beginning MJD ∼ 58 650 represents a 5σ departure from the ZTF
baseline for this source. The flare emission is fit according to the
model described in the text and assuming a linear model for the
source continuum behavior over time. The dashed vertical line
corresponds to the S190521g trigger time.

FIG. 3. Lightcurve for J1249þ 3449, including an additional
decade of CRTS photometry (binned at 15 day intervals). ZTF
data is binned in three day intervals, with g- and r-band data
corrected to the CRTS photometric system using median offsets
of 0.52 mag for g band and 0.34 mag for r band.
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Current observations are insu�cient to confidently associate the binary
black hole merger GW190521 with AGN J124942.3+344929
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ABSTRACT
Recently, Graham et al. (2020) identified ZTF19abanrhr as a candidate electromagnetic counterpart to the binary black hole
merger GW190521. The authors argue that the observations are consistent with a kicked binary black hole interacting with the
accretion disk of the activate galactic nucleus AGN J124942.3+344929. If a real association (rather than happenstance), this has
implications for the sources of LIGO/Virgo binary mergers, future prospects for electromagnetic counterparts, and measurements
of the expansion rate of the Universe. In this Letter, we provide an analysis of the multi-messenger coincident-significance based
on the localisation overlap and find that that the odds of a common source for GW190521 and ZTF19abanrhr range between 1 and
12 depending on the waveform model used; we consider this insu�cient evidence to warrant confidently associating GW190521
with ZTF19abanrhr.

Key words: gravitational-waves – black hole physics

1 INTRODUCTION

GW190521 is a high-mass binary black hole merger observed by
the LIGO (Aasi et al. 2015) and Virgo (Acernese et al. 2015) grav-
itational wave detectors (Abbott et al. 2020a). First announced as
the public trigger S190521g1, this event is exceptional amongst the
events published so far due to its very high mass. The public alert
allowed the rapid follow-up of the candidate by optical telescopes; of
these, ZTF, the Zwicky transient facility (Bellm et al. 2019; Graham
et al. 2019) reports a candidate counterpart2, ZTF19abanrhr. The
counterpart is confirmed to be a flare from the active galactic nuclei
(AGN) J124942.3+344929. The flare, which begins approximately
26 days after the merger of GW190521, is argued to be caused by the
remnant black hole, kicked through the accretion disk of the AGN
(McKernan et al. 2019).

If GW190521 can be confidently associated with ZTF19abanrhr,
this would be the first association of an electromagnetic counterpart
to a binary black hole merger (Perna et al. 2019); although a weak,
short electromagnetic transient was observed 0.4s after GW150914
(Connaughton et al. 2016). This has significant implications: the
identification of the AGN, which has a well-measured spectroscopic
redshift3 of z = 0.438± 0.00003 and allows a new standard-candle
measurement of the Hubble constant (Chen et al. 2020; Gayathri et al.

? E-mail: gregory.ashton@ligo.org
1 https://gracedb.ligo.org/superevents/S190521g
2 https://lasair.roe.ac.uk/object/ZTF19abanrhr/
3 http://skyserver.sdss.org/dr12/en/tools/explore/Summary.
aspx?id=1237665128546631763

2020b; Mukherjee et al. 2020) comparable to that of GW170817
(Abbott et al. 2017a). In addition, it has implications for the study of
the gaseous accretion disk surrounding the AGN and the population
properties of the compact binary systems observed by LIGO/Virgo
(McKernan et al. 2019; Yang et al. 2019).

In this work, we quantify the probability of a common-source
hypothesis [i.e. a binary black hole merger followed by an AGN flare
due to the McKernan et al. (2019) mechanism] between GW190521
and ZTF19abanrhr based on the source luminosity distance and sky
localisation. We do not address whether such a model is physical, we
only quantify the agreement based on the observations. Ultimately,
the question of whether the observations are due to a common source
will best be answered by future observations: Graham et al. (2020)
make a verifiable prediction of a repeat flare within the next few
years. Nevertheless, we hereby aim to make a statement based solely
on the initial observations themselves as to whether the two can be
confidently associated. We review the Bayesian coincident detection
significance method (based on Ashton et al. 2018) in Section 2,
provide results in Section 3 before concluding in Section 4.

2 METHOD

GW190521 and ZTF19abanrhr are individually confident detections.
But, what is the probability they have a common source compared to
the probability that they amount to a random coincidence? Answering
this question in general depends on two aspects. First, the physics,
how plausible are models which predict an AGN flare due to a kicked
binary black hole and what are the rates of those compared with other
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ABSTRACT
Recently, Graham et al. (2020) identified ZTF19abanrhr as a candidate electromagnetic counterpart to the binary black hole
merger GW190521. The authors argue that the observations are consistent with a kicked binary black hole interacting with the
accretion disk of the activate galactic nucleus AGN J124942.3+344929. If a real association (rather than happenstance), this has
implications for the sources of LIGO/Virgo binary mergers, future prospects for electromagnetic counterparts, and measurements
of the expansion rate of the Universe. In this Letter, we provide an analysis of the multi-messenger coincident-significance based
on the localisation overlap and find that that the odds of a common source for GW190521 and ZTF19abanrhr range between 1 and
12 depending on the waveform model used; we consider this insu�cient evidence to warrant confidently associating GW190521
with ZTF19abanrhr.
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In this work, we quantify the probability of a common-source
hypothesis [i.e. a binary black hole merger followed by an AGN flare
due to the McKernan et al. (2019) mechanism] between GW190521
and ZTF19abanrhr based on the source luminosity distance and sky
localisation. We do not address whether such a model is physical, we
only quantify the agreement based on the observations. Ultimately,
the question of whether the observations are due to a common source
will best be answered by future observations: Graham et al. (2020)
make a verifiable prediction of a repeat flare within the next few
years. Nevertheless, we hereby aim to make a statement based solely
on the initial observations themselves as to whether the two can be
confidently associated. We review the Bayesian coincident detection
significance method (based on Ashton et al. 2018) in Section 2,
provide results in Section 3 before concluding in Section 4.

2 METHOD

GW190521 and ZTF19abanrhr are individually confident detections.
But, what is the probability they have a common source compared to
the probability that they amount to a random coincidence? Answering
this question in general depends on two aspects. First, the physics,
how plausible are models which predict an AGN flare due to a kicked
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Do LIGO/Virgo black hole mergers produce AGN flares?
The case of GW190521 and prospects for reaching a confident association
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ABSTRACT
The recent report of an association of the gravitational-wave (GW) binary black hole (BBH) merger

GW190521 with a flare in the Active Galactic Nuclei (AGN) J124942.3+344929 has generated tremendous
excitement. However, GW190521 has one of the largest localization volumes amongst all of the GW events
detected so far. The 90% localization volume likely contains 7,400 unobscured AGN brighter than g  20.5
AB mag, and it results in a & 70% probability of chance coincidence for an AGN flare consistent with the GW
event. We present a Bayesian formalism to estimate the confidence of an AGN association by analyzing a pop-
ulation of BBH events with dedicated follow-up observations. Depending on the fraction of BBH arising from
AGNs, counterpart searches of O(1) -O(100) GW events are needed to establish a confident association, and
more than an order of magnitude more for searches without followup (i.e, using only the locations of AGNs and
GW events). Follow-up campaigns of the top ⇠ 5% (based on volume localization and binary mass) of BBH
events with total rest frame mass � 50 M� are expected to establish a confident association during the next
LIGO/Virgo/KAGRA observing run (O4), as long as the true value of the fraction of BBH giving rise to AGN
flares is > 0.1. Our formalism allows us to jointly infer cosmological parameters from a sample of BBH events
that include chance coincidence flares. Until the confidence of AGN associations is established, the probability
of chance coincidence must be taken into account to avoid biasing astrophysical and cosmological constraints.

Keywords: gravitational waves — catalogs — cosmology: observations — surveys

1. INTRODUCTION

One of the most interesting gravitational wave (GW) de-
tections to date is the binary black hole merger GW190521
(Abbott et al. 2020b). This event is associated with the most
massive binary system detected by LIGO/Virgo so far, with
a total mass of ⇠ 150 M�. This makes GW190521 particu-
larly interesting, since the origin of black holes in the mass
gap challenges the standard theories of stellar evolution (Ab-
bott et al. 2020e), although the origin of this event as iso-
lated binary cannot be excluded (Farrell et al. 2020; Kinu-
gawa et al. 2020), and the components mass may fall out-
side of the mass gap (Fishbach & Holz 2020). This detection
therefore resulted in a large number of proposed alternative

Corresponding author: Antonella Palmese
palmese@fnal.gov
⇤ NASA Hubble Fellowship Program Einstein Postdoctoral Fellow

formation scenarios including primordial black holes (Luca
et al. 2020), exotic Proca stars (Bustillo et al. 2021), low–
mass dwarf galaxy mergers (Conselice et al. 2020; Palmese
& Conselice 2020), dynamical interactions in dense stel-
lar environments (Romero-Shaw et al. 2020; Gayathri et al.
2020a; Fragione et al. 2020) and black holes grown by accre-
tion (Safarzadeh & Haiman 2020). The latter scenario can
also occur in Active Galactic Nuclei (AGN) disks, although
the accretion probably happens at a relatively low rate, af-
fecting BH masses by . 10% (Tagawa et al. 2020; Yang et al.
2020). A compelling explanation for the formation of mas-
sive stellar black holes is through repeated mergers of smaller
black holes (Fishbach et al. 2017; Gerosa & Berti 2017), and
such hierarchical mergers are a natural prediction for BBHs
assembled in AGN disks (Yang et al. 2019). Because of
the gas-rich environment, BBH mergers in AGN disks may
also give rise to electromagnetic counterparts through sev-
eral mechanisms (e.g. McKernan et al. 2012; Bartos et al.
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AGNs, counterpart searches of O(1) -O(100) GW events are needed to establish a confident association, and
more than an order of magnitude more for searches without followup (i.e, using only the locations of AGNs and
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events with total rest frame mass � 50 M� are expected to establish a confident association during the next
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gap challenges the standard theories of stellar evolution (Ab-
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the accretion probably happens at a relatively low rate, af-
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2020). A compelling explanation for the formation of mas-
sive stellar black holes is through repeated mergers of smaller
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GW190521 as a black-hole merger coincident with the ZTF19abanrhr flare
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We present an analysis that reconciles the gravitational wave signal GW190521 observed by
the Advanced LIGO and Advanced Virgo detectors with the electromagnetic flare ZTF19abanrhr
observed by the Zwicky Transient Facility. We analyze GW190521 under a mass-ratio prior uniform
in Q 2 [1, 4] using the state-of-the-art waveform model for black-hole mergers NRSur7dq4. We find a
90% credible region for the black-hole masses extending far outside what originally reported by [1],
where our maximum likelihood masses reside. We find a 15% probability that both black holes avoid
the pair-instability supernova gap. We infer a three-dimensional sky-location highly consistent with
ZTF19abanrhr, obtaining an odds-ratio OC/R = 72 : 1 that strongly favors the hypothesis of a true
coincidence over a random one. Combining this event with the neutron-star merger GW170817, we
estimate a Hubble constant H0 = 72.1+10.6

�6.4 km s�1 Mpc�1 at the 68% credible level.

I. INTRODUCTION

The gravitational-wave (GW) detectors Advanced
LIGO [2], and Advanced Virgo [3] have made the ob-
servation of compact binary mergers almost routine. In
only six years, these have reported ⇠ O(90) such observa-
tions [4–6]. These have provided us with unprecedented
knowledge on how BHs and neutron stars form and how
they populate our Universe. Moreover, these observa-
tions have enabled the first tests of General Relativity
in the strong-field regime, and qualitatively new studies
of the Universe at a large scale [6, 7]. Unleashing such
scientific potential from GW observations requires accu-
rate inference of the source properties. This has been
largely possible for most observations owing to both ac-
curate, computationally e�cient waveform models and
to the fact that most detections displayed relatively long
pre-merger, inspiral stages that provided us with infor-
mation about the individual merging bodies.

The detection of GW190521 by the LIGO, Virgo and
KAGRA collaborations (LVK) represented the first de-
parture from such “canonical” events [1, 8]. Owing to
the large mass of its source, GW190521 barely displays
any pre-merger dynamics, with the vast majority of the
signal coming from the final distorted, merged object as
it relaxes to its final BH form. In such a situation, there
is little information about the parents of the final object,
causing the inference of the source parameters to depend
strongly on prior assumptions [9–14]. This has led to a
large variety of interpretations of this event.

⇤ juan.calderon.bustillo@gmail.com

First, the LVK reported a quasi-circular binary black
hole (BBH) merger with signatures of orbital preces-
sion involving at least one BH populating the pair-
instability supernova (PISN) gap [15, 16]. Second, us-
ing a population-informed mass prior, Fishbach and Holz
[17] hinted that GW190521 could involve one black-hole
above the PISN gap and one below, known as a “strad-
dling binary”. Next, [18] showed that for such short
signals, orbital precession could be confused with high
eccentricity. Consistently, Romero-Shaw et al. [11] and
Gayathri et al. [12] showed that GW190521 is also con-
sistent with an eccentric merger and Gamba et al. [13]
even pointed to the possibility of a dynamical capture
[19]. More important for this work, Nitz and Capano
[10] showed that using a mass-ratio prior uniform in
Q = m1/m2 � 1 could lead to an interpretation as an in-
termediate high-mass ratio BBH; and similar results were
found by Estellés et al. [20]. Finally, [14] showed that the
event is even consistent with the merger of horizonless
exotic compact objects known as Proca stars [21, 22].

GW190521 could also be the first multi-messenger
observation of a BBH event. Graham et al. [23],
reported the observation of an electromagnetic signal,
ZTF19abanrhr by the Zwicky Transient Facility (ZTF)
[24, 25] in a region of the sky consistent with that
initially reported by the LVK in an early warning [26],
proposing it as a counterpart to GW190521. If true, this
would have paramount implications in interpreting GWs
from compact mergers, forecasts for future counterparts
and measurements of the Hubble constant. However,
due to larger inconsistencies with the sky-location finally
estimated by the LVK for GW190521 [1], Ashton et al.
[27] showed that a true association was unlikely. The
same was concluded by [10, 20] under their analyses
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90% credible region for the black-hole masses extending far outside what originally reported by [1],
where our maximum likelihood masses reside. We find a 15% probability that both black holes avoid
the pair-instability supernova gap. We infer a three-dimensional sky-location highly consistent with
ZTF19abanrhr, obtaining an odds-ratio OC/R = 72 : 1 that strongly favors the hypothesis of a true
coincidence over a random one. Combining this event with the neutron-star merger GW170817, we
estimate a Hubble constant H0 = 72.1+10.6
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knowledge on how BHs and neutron stars form and how
they populate our Universe. Moreover, these observa-
tions have enabled the first tests of General Relativity
in the strong-field regime, and qualitatively new studies
of the Universe at a large scale [6, 7]. Unleashing such
scientific potential from GW observations requires accu-
rate inference of the source properties. This has been
largely possible for most observations owing to both ac-
curate, computationally e�cient waveform models and
to the fact that most detections displayed relatively long
pre-merger, inspiral stages that provided us with infor-
mation about the individual merging bodies.

The detection of GW190521 by the LIGO, Virgo and
KAGRA collaborations (LVK) represented the first de-
parture from such “canonical” events [1, 8]. Owing to
the large mass of its source, GW190521 barely displays
any pre-merger dynamics, with the vast majority of the
signal coming from the final distorted, merged object as
it relaxes to its final BH form. In such a situation, there
is little information about the parents of the final object,
causing the inference of the source parameters to depend
strongly on prior assumptions [9–14]. This has led to a
large variety of interpretations of this event.
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First, the LVK reported a quasi-circular binary black
hole (BBH) merger with signatures of orbital preces-
sion involving at least one BH populating the pair-
instability supernova (PISN) gap [15, 16]. Second, us-
ing a population-informed mass prior, Fishbach and Holz
[17] hinted that GW190521 could involve one black-hole
above the PISN gap and one below, known as a “strad-
dling binary”. Next, [18] showed that for such short
signals, orbital precession could be confused with high
eccentricity. Consistently, Romero-Shaw et al. [11] and
Gayathri et al. [12] showed that GW190521 is also con-
sistent with an eccentric merger and Gamba et al. [13]
even pointed to the possibility of a dynamical capture
[19]. More important for this work, Nitz and Capano
[10] showed that using a mass-ratio prior uniform in
Q = m1/m2 � 1 could lead to an interpretation as an in-
termediate high-mass ratio BBH; and similar results were
found by Estellés et al. [20]. Finally, [14] showed that the
event is even consistent with the merger of horizonless
exotic compact objects known as Proca stars [21, 22].

GW190521 could also be the first multi-messenger
observation of a BBH event. Graham et al. [23],
reported the observation of an electromagnetic signal,
ZTF19abanrhr by the Zwicky Transient Facility (ZTF)
[24, 25] in a region of the sky consistent with that
initially reported by the LVK in an early warning [26],
proposing it as a counterpart to GW190521. If true, this
would have paramount implications in interpreting GWs
from compact mergers, forecasts for future counterparts
and measurements of the Hubble constant. However,
due to larger inconsistencies with the sky-location finally
estimated by the LVK for GW190521 [1], Ashton et al.
[27] showed that a true association was unlikely. The
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Scenario: LISA observations of an SBHB in an AGN disk

[Credit: S. Babak]

• Doppler modulation
• Shapiro time delay
• Gravitational lensing of GW
• Other relativistic effects (de Sitter precession, 

Lense-Thirring precession, Kozai-Lidov) [Yu&Chen 2020]

• Accretion (-4PN) [Caputo&al 2020] [Toubiana&al 2020]

• Dynamical friction (-5.5PN) [Toubiana&al 2020]

Effects on the GW signal ?

A unique laboratory for 
astrophysics and fundamental 

physics

At low frequencies, in the LISA band:

• BHs could be preferentially 
found in migration traps

• Potential formation channel ? 
Hierarchical mergers ?

• Matter environment: accretion, 
dynamical friction

• Potential standard sirens !

SBHB systems emitting from an 
orbit inside an AGN disk:

This talk
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LISA: different GW signals

� *OUSPEVDUJPO

ćF HSPVOECSFBLJOH EJTDPWFSZ PG (SBWJUBUJPOBM 8BWFT
	(8T
 CZ HSPVOE�CBTFE MBTFS JOUFSGFSPNFUSJD EFUFD�
UPST JO ���� JT DIBOHJOH BTUSPOPNZ <�> CZ PQFOJOH
UIF IJHI�GSFRVFODZ HSBWJUBUJPOBM XBWF XJOEPX UP PC�
TFSWF MPX NBTT TPVSDFT BU MPX SFETIJę� ćF 4FOJPS
4VSWFZ $PNNJUUFF 	44$
 <�> TFMFDUFE UIF -� TDJFODF
UIFNF
 ćF (SBWJUBUJPOBM 6OJWFSTF <�>
 UP PQFO UIF ���
UP ���N)[ (SBWJUBUJPOBM 8BWF XJOEPX UP UIF 6OJ�
WFSTF� ćJT MPX�GSFRVFODZ XJOEPX JT SJDI JO B WBSJFUZ
PG TPVSDFT UIBU XJMM MFU VT TVSWFZ UIF 6OJWFSTF JO B OFX
BOE VOJRVF XBZ
 ZJFMEJOH OFX JOTJHIUT JO B CSPBE SBOHF
PG UIFNFT JO BTUSPQIZTJDT BOE DPTNPMPHZ BOE FOBCMJOH
VT JO QBSUJDVMBS UP TIFE MJHIU PO UXP LFZ RVFTUJPOT� 	�

)PX
 XIFO BOE XIFSF EP UIF ĕSTU NBTTJWF CMBDL IPMFT
GPSN
 HSPX BOE BTTFNCMF
 BOE XIBU JT UIF DPOOFDUJPO
XJUI HBMBYZ GPSNBUJPO 	�
 8IBU JT UIF OBUVSF PG HSBW�
JUZ OFBS UIF IPSJ[POT PG CMBDL IPMFT BOE PO DPTNPMPHJ�
DBM TDBMFT 
8F QSPQPTF UIF -*4" NJTTJPO JO PSEFS UP SFTQPOE UP
UIJT TDJFODF UIFNF JO UIF CSPBEFTU XBZ QPTTJCMF XJUIJO
UIF DPOTUSBJOFE CVEHFU BOE HJWFO TDIFEVMF� -*4" FO�
BCMFT UIF EFUFDUJPO PG (8T GSPN NBTTJWF CMBDL IPMF
DPBMFTDFODFT XJUIJO B WBTU DPTNJD WPMVNF FODPNQBTT�
JOH BMM BHFT
 GSPN DPTNJD EBXO UP UIF QSFTFOU
 BDSPTT
UIF FQPDIT PG UIF FBSMJFTU RVBTBST BOE PG UIF SJTF PG
HBMBYZ TUSVDUVSF� ćF NFSHFS�SJOHEPXO TJHOBM PG UIFTF
MPVE TPVSDFT FOBCMFT UFTUT PG &JOTUFJO�T (FOFSBM ćFPSZ
PG 3FMBUJWJUZ 	(3
 JO UIF EZOBNJDBM TFDUPS BOE TUSPOH�
ĕFME SFHJNF XJUI VOQSFDFEFOUFE QSFDJTJPO� -*4" XJMM
NBQ UIF TUSVDUVSF PG TQBDFUJNF BSPVOE UIF NBTTJWF
CMBDL IPMFT UIBU QPQVMBUF UIF DFOUSFT PG HBMBYJFT VTJOH
TUFMMBS DPNQBDU PCKFDUT BT UFTU QBSUJDMF�MJLF QSPCFT� ćF
TBNF TJHOBMT XJMM BMTP BMMPX VT UP QSPCF UIF QPQVMBUJPO
PG UIFTF NBTTJWF CMBDL IPMFT BT XFMM BT BOZ DPNQBDU PC�
KFDUT JO UIFJS WJDJOJUZ� " TUPDIBTUJD (8 CBDLHSPVOE PS
FYPUJD TPVSDFT NBZ QSPCF OFX QIZTJDT JO UIF FBSMZ 6OJ�
WFSTF� "EEFE UP UIJT MJTU PG TPVSDFT BSF UIF OFXMZ EJTDPW�
FSFE -*(0�7JSHP IFBWZ TUFMMBS�PSJHJO CMBDL IPMF NFSH�
FST
 XIJDIXJMM FNJU(8T JO UIF -*4"CBOE GSPN TFWFSBM
ZFBST VQ UP B XFFL QSJPS UP UIFJS NFSHFS
 FOBCMJOH DPPS�
EJOBUFE PCTFSWBUJPOT XJUI HSPVOE�CBTFE JOUFSGFSPNF�
UFST BOE FMFDUSPNBHOFUJD UFMFTDPQFT� ćF WBTU NBKPSJUZ
PG TJHOBMT XJMM DPNF GSPN DPNQBDU HBMBDUJD CJOBSZ TZT�
UFNT
 XIJDI BMMPX VT UP NBQ UIFJS EJTUSJCVUJPO JO UIF
.JMLZ 8BZ BOE JMMVNJOBUF TUFMMBS BOE CJOBSZ FWPMVUJPO�
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UJBM TJHOBMT BSF TIPXO JO 'JHVSF ��

'JHVSF �� &YBNQMFT PG (8 TPVSDFT JO UIF GSF�
RVFODZ SBOHF PG -*4"
 DPNQBSFE XJUI JUT TFOTJ�
UJWJUZ GPS B ��BSNDPOĕHVSBUJPO� ćFEBUB BSF QMPU�
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JOH IBSNPOJDT PG BO &YUSFNF .BTT 3BUJP *OTQJSBM
TPVSDF BU z = 1.2 BSF BMTP TIPXO
 BT BSF UIF USBDLT PG
B OVNCFS PG TUFMMBS PSJHJO CMBDL IPMF CJOBSJFT PG UIF
UZQF EJTDPWFSFE CZ -*(0� 4FWFSBM UIPVTBOE HBMBD�
UJD CJOBSJFT XJMM CF SFTPMWFE BęFS B ZFBS PG PCTFS�
WBUJPO� 4PNF CJOBSZ TZTUFNT BSF BMSFBEZ LOPXO

BOE XJMM TFSWF BT WFSJĕDBUJPO TJHOBMT� .JMMJPOT PG
PUIFS CJOBSJFT SFTVMU JO B ADPOGVTJPO TJHOBM�
 XJUI B
EFUFDUFE BNQMJUVEF UIBU JT NPEVMBUFE CZ UIF NP�
UJPO PG UIF DPOTUFMMBUJPO PWFS UIF ZFBS� UIF BWFSBHF
MFWFM JT SFQSFTFOUFE BT UIF HSFZ TIBEFE BSFB�

"O PCTFSWBUPSZ UIBU DBO EFMJWFS UIJT TDJFODF JT EF�
TDSJCFE CZ B TFOTJUJWJUZ DVSWF XIJDI
 CFMPX �N)[
 XJMM
CF MJNJUFE CZ BDDFMFSBUJPO OPJTF BU UIF MFWFM EFNPO�
TUSBUFE CZ -1'� *OUFSGFSPNFUSZ OPJTF EPNJOBUFT BCPWF
�N)[
 XJUI SPVHIMZ FRVBM BMMPDBUJPOT GPS QIPUPO TIPU
OPJTF BOE UFDIOJDBM OPJTF TPVSDFT� 4VDI B TFOTJUJWJUZ
DBO CF BDIJFWFE XJUI B ���NJMMJPO LN BSN�MFOHUI DPO�
TUFMMBUJPO XJUI �� DN UFMFTDPQFT BOE �8 MBTFS TZTUFNT�
ćJT JT DPOTJTUFOU XJUI UIF (0"5 SFDPNNFOEBUJPOT
BOE
 CBTFE PO UFDIOJDBM SFBEJOFTT BMPOF
 B MBVODINJHIU
CF GFBTJCMF BSPVOE ����� 8F QSPQPTF BNJTTJPO MJGFUJNF
PG � ZFBST FYUFOEBCMF UP �� ZFBST GPS -*4"�

1BHF � -*4" o �� */530%6$5*0/

• MBHBs: very loud, merger-
dominated (mostly short)

• SBHBs: early inspiral, some chirping 
during LISA obs. (multiband ?)

Stellar-mass black holes as LISA sources

• GBs: quasi-monochromatic, superposed
• EMRIs: long-lived, many harmonics
• Stochastic backgrounds
• TDEs
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SBHB signal in LISA: Fourier-domain signal and response

+ Doppler phase (delay to the center of constellation): exp [2i⇡fk · p0(tf )]
<latexit sha1_base64="94cKJtK7PlT7qrCwN4avnZ7+joM="></latexit>

Tslr =
i⇡fL

2
sinc [⇡fL (1� k · nl)] exp [i⇡f (L+ k · (pr + ps))]nl · P · nl(tf )

<latexit sha1_base64="dxvEiNft/ZdknjeLIWJjI4J2mEQ="></latexit>
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Complicated modulations, long-lived signals
Departure from the low-frequency approx.
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Early inspiral signal
Here simple amplitude and phase

(but might have eccentricity+precession !)

A(f) ⇠ f�7/6
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Many phase cycles
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LISA rates for GW190521-like SBHBs
3

noise, Tobs, DC GW190521-like GWTC-3 massive GWTC-3

SciRD, 10 yrs, 100% 7+24
�7 5+45

�5 22+44
�17

SciRD, 6 yrs, 100% 4+14
�4 2+25

�2 10+28
�8

SciRD, 6 yrs, 75% 2+10
�2 1+16

�1 6+22
�5

MRD, 10 yrs, 100% 13+41
�13 16+73

�16 70+101
�47

MRD, 10 yrs, 75% 11+38
�11 10+66

�10 43+74
�29

MRD, 6 yrs, 75% 6+20
�6 5+40

�5 19+46
�15

TABLE I. Average number of GW events from (presumed) AGN bi-
naries detectable by LISA, for di↵erent detector noise models, mis-
sion durations, duty cycles (DC), and population models. We use an
SNR threshold of 8.

samples of the number of events from a Poisson distribution
with mean N̄ computed according to Eq. (2.1). Finally, we
compute the median and symmetric 90% confidence interval
after sampling over both the rate and the universe realization.
The results are shown in Table I, and are in agreement with
Ref. [42]. We conclude that LISA could detect a few events
like GW190521, with a large uncertainty on the actual number
depending on the poorly constrained rates and on the actual
LISA mission configuration.

In the second case (“GWTC-3” in Table I), we use one of
the mass population models – namely, the “power law+peak”
model – considered by the LIGO/Virgo/KAGRA collabora-
tion in analyzing the O1, O2, O3a-b events assuming a uni-
form merger rate in comoving volume-time [43]. The forma-
tion scenario of these binaries is uncertain, with a Bayesian
analysis finding that for about 25% of the events in GWTC-
3 an AGN origin (in a specific AGN population model) is
preferred [44]. To mimic the AGN sub-population, we con-
sider only events with primary masses above 45 M� (“mas-
sive”). We sample from the posterior distribution of the power
law+peak model parameters provided with Ref. [43]. For each
population model realization we estimate the mean number of
events, and produce realizations from a Poisson distribution
with mean N̄. Finally, we compute the median and symmetric
90% confidence interval and report them in Table I. Based on
the latest catalog, we predict there will be O(10) events likely
to occur in AGNs detected by the LISA mission (still with a
considerable uncertainty).

Note that, within the detectable events in any of the config-
urations in Table I, only a fraction will be realistic (merging
within 10 years) multiband events.

In Fig. 1 we also show the distribution of the 10-year SNR
of GW190521-like binaries in LISA, averaged over the sky
position and polarization angle, and with merger time of 10
yrs. Figure 1 also reports the number of GW190521-like
events detectable by LISA as a function of the SNR thresh-
old, for a 75% duty-cycle and a fiducial (SciRD, 6 yrs) and
optimistic (MRD, 10 yrs) mission configuration.

Overall, the SNR distribution in Fig. 1, as well as the rates
in Table I, point to the fact that GW190521-like binaries will
be hard to detect with LISA, unless found at a closer distance.
Detection prospects would improve with strategies (such as

multiband detections [45]) requiring a lower SNR threshold,
as seen in Fig. 1, right panel.

B. Parameter estimation in isolation

Despite the large masses of GW190521-like systems, (as
defined by the samples released by the LVC), the morphol-
ogy of these GW signals is very similar to the one of stellar-
mass BH binaries, i.e., we observe the system during its early
inspiral and it then leaves the LISA band as it starts chirp-
ing. We therefore refer to Ref. [32] for a complete descrip-
tion of the correlations between parameters and the accuracy
in their measurement. Among intrinsic parameters only the
chirp mass can be precisely measured, with relative error 10�4.
Thanks to its long duration in the LISA band, the source can
be very well localised, within 1 deg2, see also Ref. [42]. Fi-
nally, the distance to the source is measured with a 60% error.
As we will see in Section IV, the measurement of the binary
parameters barely changes when it is near an AGN.

III. GW190521 AROUND AGNS

In Ref. [27] some of the current authors assessed the de-
tectability of deviations from purely vacuum waveforms aris-
ing from AGN matter e↵ects, such as gas accretion and dy-
namical friction. If GW190521-like events occur in dense
gaseous environments, with sizable values for the gas den-
sity, ⇢gas ' 10�10 g/cm3, and accretion rates, fEdd ' O(1),
then LISA will be able to detect these e↵ects in the GW sig-
nal. In the following, we will focus our attention on the AGN
environmental e↵ects related to the presence of a third body,
which have been not analyzed in depth in previous works.

We will focus on binaries at 1) intermediate distances from
the SMBH, with a• = O(100)M•, and 2) with generic incli-
nations between the outer orbit and the line of sight. Because
of the putative identification with an electromagnetic counter-
part [14], we also refer to these binaries as GW190521-like.
The two dominant e↵ects in these conditions are the Doppler
and Shapiro e↵ects, which we describe in detail in this Sec-
tion. We will only briefly discuss e↵ects that might be rele-
vant at shorter separations (e.g. Lense-Thirring precession) or
for highly aligned systems (lensing).

Our choice for the distance from the SMBH is motivated
by the fact that we expect AGN binaries to be preferen-
tially located in disk traps [46, 47], where inward and out-
ward disk torques balance and black holes can accumulate
and merge hierarchically. These traps are typically found be-
tween O(10)M• and O(103)M• from a central SMBH of mass
M• [48] (although, see also [49]), and could even occur close
to the innermost stable circular orbit [50].

We also assume that the outer orbit is circular, as migrat-
ing bodies in AGN disks, similarly to planets in protoplane-
tary disks, are expected to circularize [51, 52]. Finally, at dis-
tances O(100)M• from the central object, we can assume that
the SMBH is nonrotating (spin-related e↵ects are negligible,
see Section III D 2).
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MRD 10 yrs

SciRD 6 yrs

FIG. 1. Left: distribution of the SNR in LISA for GW190521, averaged over the sky position and polarization assuming that the binary
merges shortly after 10 years of LISA observations. Solid lines correspond to SciRD detector sensitivity, while dashed lines corresponds to
the current-best-estimate (CBE) sensitivity, similar to MRD at high frequencies. Right: number of GW190521-like events detectable by LISA
as a function of the SNR threshold, for a fiducial (SciRD, 6 yrs) and optimistic (MRD, 10 yrs) mission configuration. SciRD points are shifted
for clarity. Both panels assume a conservative duty cycle of 75%.
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r = a� cos ��

b = a� sin ��

side view �t1 + �� = �/2

�t2 + �� = 3�/2

FIG. 2. Snapshot of the system when the inner binary is behind (at
t = t1) or in front (at t = t2) of the SMBH, i.e., when the source,
the central black hole and the observer all lie in the page plane. The
outer orbit is perpendicular to this plane.

For the inner binary, we restrict our analysis to a spin-
aligned and circularized system, leaving the modelling of
spin-induced precession and eccentricity in binaries in an
AGN environment for future studies.

A. The waveform in the observer frame

We now derive the waveform in the observer frame (“o”)
and relate it to the usual expression in the source frame (“s”).
The relation between the observer-frame and source-frame
time, as well as the observed redshift, can be derived as fol-
lows. We use the McVittie metric [53, 54]

ds2 = �

"
1 � µ(t, r)
1 + µ(t, r)

#2
dt2 +

⇥
1 + µ(t, r)

⇤
a2(t)d~x2 , (3.1)

with µ(t, r) = m/(2ra(t)) to describe an observer in an ex-
panding (flat) Universe in the presence of a static object of
mass m (corresponding to a Schwarzschild BH when a(t) =1),
from which the coordinate r originates. This is a good de-
scription for sources at cosmological distances (& Gpc) from
us – for those at closer distances, we could simply use the
Schwarzschild metric. For m/r ⌧ 1, Eq. (3.1) can be put in
the standard form of a perturbed expanding universe in longi-
tudinal gauge (see, e.g., [55]),

ds2 = � (1 + 2 )dt2 + a2(t)(1 � 2�)d~x2

= a2(⌧)
h
�(1 + 2 )d⌧2 + (1 � 2�)d~x2

i
, (3.2)

with  = � = �2µ.
The source’s four-velocity is uµs =

�s
a (1 �  s,~vs) with

�s = (1 � |~vs|2 +  2
s + O( 3

s , |~vs|
2�s))�1/2 and we neglect the

motion and the potential at the observer, which can be taken
into account separately, in the GW detector response. At the
source, the wave-vector of the gravitational wave, perturbed
by the presence of the point mass (i.e. the central BH), is
kµs = a�2(1 + �k0

s , n̂ + �~ks) with n̂ pointing from the source to
the observer, and where we again neglect perturbations at the
observer. Because we assumed a circular outer orbit, the mag-
nitude of the source velocity is constant in time, �s = const.
The redshift between the observer and the source is then given
by [55, 56]

(1 + z) =
dto
dts
=

(gµ⌫uµk⌫)s

(gµ⌫uµk⌫)o
'�s

ao

as

�
1 �~vs · n̂ +  

�
(3.3)

=(1 + z̄s)(1 + zD(ts) + zS (ts)) ,

where we neglected higher order terms mixing the potential
and the peculiar motion, as well as the time derivatives of the
potentials. We also absorbed the constant �s factor in the cos-
mological redshift �s ao/as ! (1 + z̄s). From Eq. (3.3), we
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FIG. 1. Left: distribution of the SNR in LISA for GW190521, averaged over the sky position and polarization assuming that the binary
merges shortly after 10 years of LISA observations. Solid lines correspond to SciRD detector sensitivity, while dashed lines corresponds to
the current-best-estimate (CBE) sensitivity, similar to MRD at high frequencies. Right: number of GW190521-like events detectable by LISA
as a function of the SNR threshold, for a fiducial (SciRD, 6 yrs) and optimistic (MRD, 10 yrs) mission configuration. SciRD points are shifted
for clarity. Both panels assume a conservative duty cycle of 75%.
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the central black hole and the observer all lie in the page plane. The
outer orbit is perpendicular to this plane.

For the inner binary, we restrict our analysis to a spin-
aligned and circularized system, leaving the modelling of
spin-induced precession and eccentricity in binaries in an
AGN environment for future studies.

A. The waveform in the observer frame

We now derive the waveform in the observer frame (“o”)
and relate it to the usual expression in the source frame (“s”).
The relation between the observer-frame and source-frame
time, as well as the observed redshift, can be derived as fol-
lows. We use the McVittie metric [53, 54]

ds2 = �
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1 + µ(t, r)

#2
dt2 +

⇥
1 + µ(t, r)

⇤
a2(t)d~x2 , (3.1)

with µ(t, r) = m/(2ra(t)) to describe an observer in an ex-
panding (flat) Universe in the presence of a static object of
mass m (corresponding to a Schwarzschild BH when a(t) =1),
from which the coordinate r originates. This is a good de-
scription for sources at cosmological distances (& Gpc) from
us – for those at closer distances, we could simply use the
Schwarzschild metric. For m/r ⌧ 1, Eq. (3.1) can be put in
the standard form of a perturbed expanding universe in longi-
tudinal gauge (see, e.g., [55]),
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motion and the potential at the observer, which can be taken
into account separately, in the GW detector response. At the
source, the wave-vector of the gravitational wave, perturbed
by the presence of the point mass (i.e. the central BH), is
kµs = a�2(1 + �k0

s , n̂ + �~ks) with n̂ pointing from the source to
the observer, and where we again neglect perturbations at the
observer. Because we assumed a circular outer orbit, the mag-
nitude of the source velocity is constant in time, �s = const.
The redshift between the observer and the source is then given
by [55, 56]

(1 + z) =
dto
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=(1 + z̄s)(1 + zD(ts) + zS (ts)) ,

where we neglected higher order terms mixing the potential
and the peculiar motion, as well as the time derivatives of the
potentials. We also absorbed the constant �s factor in the cos-
mological redshift �s ao/as ! (1 + z̄s). From Eq. (3.3), we

GW190521 LISA rateGW190521 LISA SNR

• Simulation from LVK population 
inference

• Analysis restricted to massive systems 
(>45Msol) or only for GW190521

Signals detectable but challenging 
for LISA

Detection might require a high SNR [Moore&al 2019] 
however archival searches are possible
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FIG. 2. Infered parameter distribution for the Fiducial system, both in the Tobs = 4 years case (blue) and the Tobs = 10 years case (orange).
The true parameters are indicated by black lines and squares. All parameters are given in the solar system barycenter frame.

the structure of correlation between intrinsic parameters and
then move to extrinsic parameters. Following this we provide
a comparison with Fisher matrices and then discuss how does
the PE when using the low frequency approximation for LISA
response.

A. Intrinsic parameters

One of the main features appearing in Fig. 2 is the strong
correlation between intrinsic parameters, in particular the one
between Mc and ⌘ and the large extent of these degenera-
cies when observing for 4 years only. This is due to the

limited evolution of the GW frequency: in 4 years of obser-
vation the Fiducial system spans a very narrow range from
f0 = 12.7 mHz to f4years = 16.5 mHz. To understand the con-
sequences of this we work on a simplified problem: we fix f0,
�+, �� and all extrinsic parameters to their injected values and
perform a PE onMc and ⌘ for the Fiducial system.

Since the GW frequencies changes so little, we do a Taylor
expansion of the phase around f0:

 ( f ) '  ( f0) +
d 
d f

�����
f0

( f � f0) +
1
2

d2 

d f 2

������
f0

( f � f0)2. (4.2)

From our convention on initial time, the stationary phase

q
<latexit sha1_base64="AMBmwAoSicxAmUKUOA6H5Z/OJAc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI4kXjxCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1Y9adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5LtWoWRx7O4BwuwYMbqMEd1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/ANnpjO8=</latexit>

Mc (M�)
<latexit sha1_base64="esFC6MNnePn7IlKHyqZtlkz8EMA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUmqYMFNwY2bQgX7gCaEyWTSDp1kwsxEKKHgxl9x40IRt/6EO//GSZuFth64cDjnXu69x08Ylcqyvo2V1bX1jc3SVnl7Z3dv3zw47EqeCkw6mDMu+j6ShNGYdBRVjPQTQVDkM9Lzxze533sgQlIe36tJQtwIDWMaUoyUljzz2ImQGmHEstbUw9C5htWW5/CAq3PPrFg1awa4TOyCVECBtmd+OQHHaURihRmScmBbiXIzJBTFjEzLTipJgvAYDclA0xhFRLrZ7IcpPNNKAEMudMUKztTfExmKpJxEvu7ML5aLXi7+5w1SFTbcjMZJqkiM54vClEHFYR4IDKggWLGJJggLqm+FeIQEwkrHVtYh2IsvL5NuvWZf1Op3l5Vmo4ijBE7AKagCG1yBJrgFbdABGDyCZ/AK3own48V4Nz7mrStGMXME/sD4/AGWW5bM</latexit>

�f0 (mHz)
<latexit sha1_base64="IqdO4Gs1G9y60k1CDQVW/+a4z24=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbkpSBQtuCrrosoJ9QBPCZDpph84kYWYi1NCNG3/FjQtF3PoP7vwbJ20W2nrgwuGce7n3Hj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JFRIjBp44hFoucjSRgNSVtRxUgvFgRxn5GuP77O/O49EZJG4Z2axMTlaBjSgGKktOSZx84NYQrBwLOgcwUrDkdqJHjKmw/TM88sW1VrBrhM7JyUQY6WZ345gwgnnIQKMyRl37Zi5aZIKIoZmZacRJIY4TEakr6mIeJEuunsiyk81coABpHQFSo4U39PpIhLOeG+7syOlIteJv7n9RMV1N2UhnGiSIjni4KEQRXBLBI4oIJgxSaaICyovhXiERIIKx1cSYdgL768TDq1qn1erd1elBv1PI4iOAInoAJscAkaoAlaoA0weATP4BW8GU/Gi/FufMxbC0Y+cwj+wPj8AYg6l0w=</latexit>

�+
<latexit sha1_base64="yKIyo2bxrN+M5xszeHt6e4iTd9M=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGW3CvZY8OKxgq2FdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFR26hUU9aiSijdCYlhgkvWstwK1kk0I3Eo2EM4vpn5D09MG67kvZ0kLIjJUPKIU2Kd1O7REe9f9MsVr+rNgVeJn5MK5Gj2y1+9gaJpzKSlghjT9b3EBhnRllPBpqVealhC6JgMWddRSWJmgmx+7RSfOWWAI6VdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpjepBxmWSWibpYlGUCmwVnr2OB1wzasXEEUI1d7diOiKaUOsCKrkQ/OWXV0m7VvUvq7W7q0qjnsdRhBM4hXPw4RoacAtNaAGFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAcko7K</latexit>

��
<latexit sha1_base64="fAgRR2cbz7txvmF7EwUE/T2ZGr0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbJbBXssePFYwdZCu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQpr6xubW8Xt0s7u3v5B+fCobVSqKWtRJZTuhMQwwSVrWW4F6ySakTgU7CEc38z8hyemDVfy3k4SFsRkKHnEKbFOavfoiPcv+uWKV/XmwKvEz0kFcjT75a/eQNE0ZtJSQYzp+l5ig4xoy6lg01IvNSwhdEyGrOuoJDEzQTa/dorPnDLAkdKupMVz9fdERmJjJnHoOmNiR2bZm4n/ed3URvUg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6Rdq/qX1drdVaVRz+Mowgmcwjn4cA0NuIUmtIDCIzzDK7whhV7QO/pYtBZQPnMMf4A+fwAfmo7M</latexit>

� (rad)
<latexit sha1_base64="TKy7CnTrefPWBpcODYHra75SJSE=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2WmChbcFNy4rGAf0BlKJpNpQ5PMkGSEMhQ3/oobF4q49Svc+Tdm2llo64HA4Zxzyb0nSBhV2nG+rZXVtfWNzdJWeXtnd2/fPjjsqDiVmLRxzGLZC5AijArS1lQz0kskQTxgpBuMb3K/+0CkorG415OE+BwNBY0oRtpIA/vYYyYcIuhdw6rHkR5JnkkUTs8HdsWpOTPAZeIWpAIKtAb2lxfGOOVEaMyQUn3XSbSfIakpZmRa9lJFEoTHaEj6hgrEifKz2QlTeGaUEEaxNE9oOFN/T2SIKzXhgUnmS6pFLxf/8/qpjhp+RkWSaiLw/KMoZVDHMO8DhlQSrNnEEIQlNbtCPEISYW1aK5sS3MWTl0mnXnMvavW7y0qzUdRRAifgFFSBC65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z6IpVzByBP7A+fwAiiJaY</latexit>

� (rad)
<latexit sha1_base64="mjjpzbPyr8K1WmNYbrJMJBNRK/w=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclqYIFNwU3LivYBzShTCaTdujMJMxMhBK68VfcuFDErZ/hzr9x0mahrQcuHM65l3vvCRJGlXacb6u0tr6xuVXeruzs7u0f2IdHXRWnEpMOjlks+wFShFFBOppqRvqJJIgHjPSCyW3u9x6JVDQWD3qaEJ+jkaARxUgbaWifeAHRCHo3sOZxpMeSZxKFs4uhXXXqzhxwlbgFqYIC7aH95YUxTjkRGjOk1MB1Eu1nSGqKGZlVvFSRBOEJGpGBoQJxovxs/sAMnhslhFEsTQkN5+rviQxxpaY8MJ35kWrZy8X/vEGqo6afUZGkmgi8WBSlDOoY5mnAkEqCNZsagrCk5laIx0girE1mFROCu/zyKuk26u5lvXF/VW01izjK4BScgRpwwTVogTvQBh2AwQw8g1fwZj1ZL9a79bFoLVnFzDH4A+vzB5s5lb8=</latexit>

 (rad)
<latexit sha1_base64="yMGWDdOUAjzU3Jh7rMN6hXGcRV4=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyxC3ZSZKlhwU3DjsoJ9QGcomUymDU0yQ5IRytiFv+LGhSJu/Q13/o2ZdhbaeiBwOOde7skJEkaVdpxva2V1bX1js7RV3t7Z3du3Dw47Kk4lJm0cs1j2AqQIo4K0NdWM9BJJEA8Y6Qbjm9zvPhCpaCzu9SQhPkdDQSOKkTbSwD72EkWhdw2rHkd6JHkmUTg9H9gVp+bMAJeJW5AKKNAa2F9eGOOUE6ExQ0r1XSfRfoakppiRadlLFUkQHqMh6RsqECfKz2b5p/DMKCGMYmme0HCm/t7IEFdqwgMzmYdUi14u/uf1Ux01/IyKJNVE4PmhKGVQxzAvA4ZUEqzZxBCEJTVZIR4hibA2lZVNCe7il5dJp15zL2r1u8tKs1HUUQIn4BRUgQuuQBPcghZoAwwewTN4BW/Wk/VivVsf89EVq9g5An9gff4A9bCVZQ==</latexit>

' (rad)
<latexit sha1_base64="uc86j59OsCOIvGQ6mBVOj9SSKxE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuilJFSy4KbhxWcE+oAllMpm2Q2cmYWZSKKG48VfcuFDErV/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtr6xuVXcLu3s7u0f2IdHbRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8W3mdyZEKhqJBz2Nic/RUNABxUgbqW+feBMk4xGF3g2seBzpkeSpROHsom+XnaozB1wlbk7KIEezb395YYQTToTGDCnVc51Y+ymSmmJGZiUvUSRGeIyGpGeoQJwoP52/MIPnRgnhIJKmhIZz9fdEirhSUx6YzuxItexl4n9eL9GDup9SESeaCLxYNEgY1BHM8oAhlQRrNjUEYUnNrRCPkERYm9RKJgR3+eVV0q5V3ctq7f6q3KjncRTBKTgDFeCCa9AAd6AJWgCDR/AMXsGb9WS9WO/Wx6K1YOUzx+APrM8fY++WwQ==</latexit>

D (Mpc)
<latexit sha1_base64="vNKDiqAcAg1KOj8RwUcZDg2FAEQ=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQN2WmChbcFHThRqhgH9AZSiZN29AkMyQZYRjqr7hxoYhbP8Sdf2OmnYW2HggczrmXe3KCiFGlHefbKqytb2xuFbdLO7t7+wf24VFHhbHEpI1DFspegBRhVJC2ppqRXiQJ4gEj3WB6nfndRyIVDcWDTiLiczQWdEQx0kYa2OUb6F3BqseRnkie3kV4djawK07NmQOuEjcnFZCjNbC/vGGIY06Exgwp1XedSPspkppiRmYlL1YkQniKxqRvqECcKD+dh5/BU6MM4SiU5gkN5+rvjRRxpRIemMkspFr2MvE/rx/rUcNPqYhiTQReHBrFDOoQZk3AIZUEa5YYgrCkJivEEyQR1qavkinBXf7yKunUa+55rX5/UWk28jqK4BicgCpwwSVoglvQAm2AQQKewSt4s56sF+vd+liMFqx8pwz+wPr8ASvTk8w=</latexit>

◆ (rad)
<latexit sha1_base64="KfQfbKUCQcQa5AP6ZJo/CsifN9M=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclqYIFNwU3LivYBzShTCaTdujMJMxMhBK68VfcuFDErZ/hzr9x0mahrQcuHM65l3vvCRJGlXacb6u0tr6xuVXeruzs7u0f2IdHXRWnEpMOjlks+wFShFFBOppqRvqJJIgHjPSCyW3u9x6JVDQWD3qaEJ+jkaARxUgbaWifeDTWCHo3sOZxpMeSZxKFs4uhXXXqzhxwlbgFqYIC7aH95YUxTjkRGjOk1MB1Eu1nSGqKGZlVvFSRBOEJGpGBoQJxovxs/sAMnhslhFEsTQkN5+rviQxxpaY8MJ35kWrZy8X/vEGqo6afUZGkmgi8WBSlDOoY5mnAkEqCNZsagrCk5laIx0girE1mFROCu/zyKuk26u5lvXF/VW01izjK4BScgRpwwTVogTvQBh2AwQw8g1fwZj1ZL9a79bFoLVnFzDH4A+vzB7ZYldA=</latexit>

q <latexit sha1_base64="AMBmwAoSicxAmUKUOA6H5Z/OJAc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI4kXjxCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1Y9adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5LtWoWRx7O4BwuwYMbqMEd1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/ANnpjO8=</latexit>

�
f 0

(
m
H
z
)

<latexit sha1_base64="IqdO4Gs1G9y60k1CDQVW/+a4z24=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbkpSBQtuCrrosoJ9QBPCZDpph84kYWYi1NCNG3/FjQtF3PoP7vwbJ20W2nrgwuGce7n3Hj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JFRIjBp44hFoucjSRgNSVtRxUgvFgRxn5GuP77O/O49EZJG4Z2axMTlaBjSgGKktOSZx84NYQrBwLOgcwUrDkdqJHjKmw/TM88sW1VrBrhM7JyUQY6WZ345gwgnnIQKMyRl37Zi5aZIKIoZmZacRJIY4TEakr6mIeJEuunsiyk81coABpHQFSo4U39PpIhLOeG+7syOlIteJv7n9RMV1N2UhnGiSIjni4KEQRXBLBI4oIJgxSaaICyovhXiERIIKx1cSYdgL768TDq1qn1erd1elBv1PI4iOAInoAJscAkaoAlaoA0weATP4BW8GU/Gi/FufMxbC0Y+cwj+wPj8AYg6l0w=</latexit>

�
+

<latexit sha1_base64="yKIyo2bxrN+M5xszeHt6e4iTd9M=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGW3CvZY8OKxgq2FdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFR26hUU9aiSijdCYlhgkvWstwK1kk0I3Eo2EM4vpn5D09MG67kvZ0kLIjJUPKIU2Kd1O7REe9f9MsVr+rNgVeJn5MK5Gj2y1+9gaJpzKSlghjT9b3EBhnRllPBpqVealhC6JgMWddRSWJmgmx+7RSfOWWAI6VdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpjepBxmWSWibpYlGUCmwVnr2OB1wzasXEEUI1d7diOiKaUOsCKrkQ/OWXV0m7VvUvq7W7q0qjnsdRhBM4hXPw4RoacAtNaAGFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAcko7K</latexit>

�
�

<latexit sha1_base64="fAgRR2cbz7txvmF7EwUE/T2ZGr0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbJbBXssePFYwdZCu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQpr6xubW8Xt0s7u3v5B+fCobVSqKWtRJZTuhMQwwSVrWW4F6ySakTgU7CEc38z8hyemDVfy3k4SFsRkKHnEKbFOavfoiPcv+uWKV/XmwKvEz0kFcjT75a/eQNE0ZtJSQYzp+l5ig4xoy6lg01IvNSwhdEyGrOuoJDEzQTa/dorPnDLAkdKupMVz9fdERmJjJnHoOmNiR2bZm4n/ed3URvUg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6Rdq/qX1drdVaVRz+Mowgmcwjn4cA0NuIUmtIDCIzzDK7whhV7QO/pYtBZQPnMMf4A+fwAfmo7M</latexit>

�
(r
ad

)
<latexit sha1_base64="TKy7CnTrefPWBpcODYHra75SJSE=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2WmChbcFNy4rGAf0BlKJpNpQ5PMkGSEMhQ3/oobF4q49Svc+Tdm2llo64HA4Zxzyb0nSBhV2nG+rZXVtfWNzdJWeXtnd2/fPjjsqDiVmLRxzGLZC5AijArS1lQz0kskQTxgpBuMb3K/+0CkorG415OE+BwNBY0oRtpIA/vYYyYcIuhdw6rHkR5JnkkUTs8HdsWpOTPAZeIWpAIKtAb2lxfGOOVEaMyQUn3XSbSfIakpZmRa9lJFEoTHaEj6hgrEifKz2QlTeGaUEEaxNE9oOFN/T2SIKzXhgUnmS6pFLxf/8/qpjhp+RkWSaiLw/KMoZVDHMO8DhlQSrNnEEIQlNbtCPEISYW1aK5sS3MWTl0mnXnMvavW7y0qzUdRRAifgFFSBC65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z6IpVzByBP7A+fwAiiJaY</latexit>

�
(r
ad

)
<latexit sha1_base64="mjjpzbPyr8K1WmNYbrJMJBNRK/w=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclqYIFNwU3LivYBzShTCaTdujMJMxMhBK68VfcuFDErZ/hzr9x0mahrQcuHM65l3vvCRJGlXacb6u0tr6xuVXeruzs7u0f2IdHXRWnEpMOjlks+wFShFFBOppqRvqJJIgHjPSCyW3u9x6JVDQWD3qaEJ+jkaARxUgbaWifeAHRCHo3sOZxpMeSZxKFs4uhXXXqzhxwlbgFqYIC7aH95YUxTjkRGjOk1MB1Eu1nSGqKGZlVvFSRBOEJGpGBoQJxovxs/sAMnhslhFEsTQkN5+rviQxxpaY8MJ35kWrZy8X/vEGqo6afUZGkmgi8WBSlDOoY5mnAkEqCNZsagrCk5laIx0girE1mFROCu/zyKuk26u5lvXF/VW01izjK4BScgRpwwTVogTvQBh2AwQw8g1fwZj1ZL9a79bFoLVnFzDH4A+vzB5s5lb8=</latexit>

 
(r
ad

)
<latexit sha1_base64="yMGWDdOUAjzU3Jh7rMN6hXGcRV4=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyxC3ZSZKlhwU3DjsoJ9QGcomUymDU0yQ5IRytiFv+LGhSJu/Q13/o2ZdhbaeiBwOOde7skJEkaVdpxva2V1bX1js7RV3t7Z3du3Dw47Kk4lJm0cs1j2AqQIo4K0NdWM9BJJEA8Y6Qbjm9zvPhCpaCzu9SQhPkdDQSOKkTbSwD72EkWhdw2rHkd6JHkmUTg9H9gVp+bMAJeJW5AKKNAa2F9eGOOUE6ExQ0r1XSfRfoakppiRadlLFUkQHqMh6RsqECfKz2b5p/DMKCGMYmme0HCm/t7IEFdqwgMzmYdUi14u/uf1Ux01/IyKJNVE4PmhKGVQxzAvA4ZUEqzZxBCEJTVZIR4hibA2lZVNCe7il5dJp15zL2r1u8tKs1HUUQIn4BRUgQuuQBPcghZoAwwewTN4BW/Wk/VivVsf89EVq9g5An9gff4A9bCVZQ==</latexit>

'
(r
ad

)
<latexit sha1_base64="uc86j59OsCOIvGQ6mBVOj9SSKxE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuilJFSy4KbhxWcE+oAllMpm2Q2cmYWZSKKG48VfcuFDErV/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtr6xuVXcLu3s7u0f2IdHbRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8W3mdyZEKhqJBz2Nic/RUNABxUgbqW+feBMk4xGF3g2seBzpkeSpROHsom+XnaozB1wlbk7KIEezb395YYQTToTGDCnVc51Y+ymSmmJGZiUvUSRGeIyGpGeoQJwoP52/MIPnRgnhIJKmhIZz9fdEirhSUx6YzuxItexl4n9eL9GDup9SESeaCLxYNEgY1BHM8oAhlQRrNjUEYUnNrRCPkERYm9RKJgR3+eVV0q5V3ctq7f6q3KjncRTBKTgDFeCCa9AAd6AJWgCDR/AMXsGb9WS9WO/Wx6K1YOUzx+APrM8fY++WwQ==</latexit>

D
(M

p
c)

<latexit sha1_base64="vNKDiqAcAg1KOj8RwUcZDg2FAEQ=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQN2WmChbcFHThRqhgH9AZSiZN29AkMyQZYRjqr7hxoYhbP8Sdf2OmnYW2HggczrmXe3KCiFGlHefbKqytb2xuFbdLO7t7+wf24VFHhbHEpI1DFspegBRhVJC2ppqRXiQJ4gEj3WB6nfndRyIVDcWDTiLiczQWdEQx0kYa2OUb6F3BqseRnkie3kV4djawK07NmQOuEjcnFZCjNbC/vGGIY06Exgwp1XedSPspkppiRmYlL1YkQniKxqRvqECcKD+dh5/BU6MM4SiU5gkN5+rvjRRxpRIemMkspFr2MvE/rx/rUcNPqYhiTQReHBrFDOoQZk3AIZUEa5YYgrCkJivEEyQR1qavkinBXf7yKunUa+55rX5/UWk28jqK4BicgCpwwSVoglvQAm2AQQKewSt4s56sF+vd+liMFqx8pwz+wPr8ASvTk8w=</latexit>
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<latexit sha1_base64="KfQfbKUCQcQa5AP6ZJo/CsifN9M=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclqYIFNwU3LivYBzShTCaTdujMJMxMhBK68VfcuFDErZ/hzr9x0mahrQcuHM65l3vvCRJGlXacb6u0tr6xuVXeruzs7u0f2IdHXRWnEpMOjlks+wFShFFBOppqRvqJJIgHjPSCyW3u9x6JVDQWD3qaEJ+jkaARxUgbaWifeDTWCHo3sOZxpMeSZxKFs4uhXXXqzhxwlbgFqYIC7aH95YUxTjkRGjOk1MB1Eu1nSGqKGZlVvFSRBOEJGpGBoQJxovxs/sAMnhslhFEsTQkN5+rviQxxpaY8MJ35kWrZy8X/vEGqo6afUZGkmgi8WBSlDOoY5mnAkEqCNZsagrCk5laIx0girE1mFROCu/zyKuk26u5lvXF/VW01izjK4BScgRpwwTVogTvQBh2AwQw8g1fwZj1ZL9a79bFoLVnFzDH4A+vzB7ZYldA=</latexit>

Time to coalescence: Tc = 8yrs 

Significant qualitative differences 
between Tobs = 4yrs (slowly chirping) 
and Tobs = 10yrs (chirping towards 

merger)

�+ =
m1�1 +m2�2

m1 +m2
<latexit sha1_base64="Zwg9xrmLF+9Qn7PB2tvy8r/m9c0=">AAACG3icbZBNS8MwGMfT+TbnW9Wjl+AQhMFoq+AuwsCLxwnuBdZS0izdwpK2JKkwSr+HF7+KFw+KeBI8+G3Muh5084HAP7//85A8/yBhVCrL+jYqa+sbm1vV7drO7t7+gXl41JNxKjDp4pjFYhAgSRiNSFdRxcggEQTxgJF+ML2Z+/0HIiSNo3s1S4jH0TiiIcVIaeSbjosn1G/Aa+iGAuGM+zYskA0bkPvO4uLkhVGQ3DfrVtMqCq4KuxR1UFbHNz/dUYxTTiKFGZJyaFuJ8jIkFMWM5DU3lSRBeIrGZKhlhDiRXlbslsMzTUYwjIU+kYIF/T2RIS7ljAe6kyM1kcveHP7nDVMVtryMRkmqSIQXD4UpgyqG86DgiAqCFZtpgbCg+q8QT5DOSOk4azoEe3nlVdFzmvZF07m7rLdbZRxVcAJOwTmwwRVog1vQAV2AwSN4Bq/gzXgyXox342PRWjHKmWPwp4yvHz5TnmU=</latexit>

�� =
m1�1 �m2�2

m1 +m2
<latexit sha1_base64="0P6HF89/8CcREwpByU5RYuhuQhw=">AAACG3icbZBNS8MwGMdTX+d8q3r0EhyCIBttFdxFGHjxOMG9wFpKmqVbWNKWJBVG2ffw4lfx4kERT4IHv41p14NuPhD45/d/HpLnHySMSmVZ38bK6tr6xmZlq7q9s7u3bx4cdmWcCkw6OGax6AdIEkYj0lFUMdJPBEE8YKQXTG5yv/dAhKRxdK+mCfE4GkU0pBgpjXzTcfGY+nV4Dd1QIJxx34YFsmEdct+ZX5xZYZznZOabNathFQWXhV2KGiir7Zuf7jDGKSeRwgxJObCtRHkZEopiRmZVN5UkQXiCRmSgZYQ4kV5W7DaDp5oMYRgLfSIFC/p7IkNcyikPdCdHaiwXvRz+5w1SFTa9jEZJqkiE5w+FKYMqhnlQcEgFwYpNtUBYUP1XiMdIZ6R0nFUdgr248rLoOg37ouHcXdZazTKOCjgGJ+AM2OAKtMAtaIMOwOARPINX8GY8GS/Gu/Exb10xypkj8KeMrx9E6Z5p</latexit>

Symmetric/antisymmetric spin combinations:

[Toubiana&al 2020]

Effective spin measured best

See also:
[Buscicchio&al 2021]
[Klein&al 2022]
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SBHB emitting GW from an AGN disk

[Credit: S. Babak]

Doppler modulation

• Doppler modulation
• Shapiro time delay
• Gravitational lensing of 

GW
• Other relativistic effects 

(de Sitter precession, …)
• Accretion
• Dynamical friction

Effects on the waveforms

t
<latexit sha1_base64="0iumNtECVzyw+TLVKInewBD4uW4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbTbt2swm7E6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsbm1vbObmGvuH9weHRcOjltmzjVjLdYLGPdDajhUijeQoGSdxPNaRRI3gkmd3O/88S1EbF6wGnC/YiOlAgFo2ilJg5KZbfiLkDWiZeTMuRoDEpf/WHM0ogrZJIa0/PcBP2MahRM8lmxnxqeUDahI96zVNGIGz9bHDojl1YZkjDWthSShfp7IqORMdMosJ0RxbFZ9ebif14vxbDmZ0IlKXLFlovCVBKMyfxrMhSaM5RTSyjTwt5K2JhqytBmU7QheKsvr5N2teJdV6rNm3K9lsdRgHO4gCvw4BbqcA8NaAEDDs/wCm/Oo/PivDsfy9YNJ585gz9wPn8A3nWM8g==</latexit>

r
<latexit sha1_base64="E5pP9BnIaaLTpVeDQBuda56+WDs=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUVINS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTVjzMy6T1KBky0VhKoiJyfxrMuQKmRFTSyhT3N5K2JgqyozNpmhD8FZfXiftasW7rlSbN+V6LY+jAOdwAVfgwS3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8A222M8A==</latexit>

GW
<latexit sha1_base64="m2kZF/fl7spc9xFtPwDfvFzkDNI=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNVsMuCC11WsA+YDiWTZtrQJDMkd4Qy9DPcuFDErV/jzr8x085CWw8EDufcS849YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika+JUU9ahsYh1PySGCa5YBzgI1k80IzIUrBdOb3O/98S04bF6hFnCAknGikecErCSP5AEJlpmd735sFpz6+4CeJ14BamhAu1h9WswimkqmQIqiDG+5yYQZEQDp4LNK4PUsITQKRkz31JFJDNBtog8xxdWGeEo1vYpwAv190ZGpDEzGdrJPKJZ9XLxP89PIWoGGVdJCkzR5UdRKjDEOL8fj7hmFMTMEkI1t1kxnRBNKNiWKrYEb/XkddJt1L2reuPhutZqFnWU0Rk6R5fIQzeohe5RG3UQRTF6Rq/ozQHnxXl3PpajJafYOUV/4Hz+AIEgkV0=</latexit>

Obs.
<latexit sha1_base64="ZfLv2jEvuMq6hqKpEfj3c59XYoQ=">AAACBHicbVDNS8MwHE39nPOr6nGX4BA8lXYK7jjw4s0J7gO2MtIs3cKStCSpMEoPXvxXvHhQxKt/hDf/G9OuB918EHi89/slLy+IGVXadb+ttfWNza3tyk51d2//4NA+Ou6qKJGYdHDEItkPkCKMCtLRVDPSjyVBPGCkF8yuc7/3QKSikbjX85j4HE0EDSlG2kgjuzYs7kgDlpAsHXKkp5Knt4Fysmxk113HLQBXiVeSOijRHtlfw3GEE06ExgwpNfDcWPspkppiRrLqMFEkRniGJmRgqECcKD8tAmTwzChjGEbSHKFhof7eSBFXas4DM5mnVMteLv7nDRIdNv2UijjRRODFQ2HCoI5g3ggcU0mwZnNDEJbUZIV4iiTC2vRWNSV4y19eJd2G4104jbvLeqtZ1lEBNXAKzoEHrkAL3IA26AAMHsEzeAVv1pP1Yr1bH4vRNavcOQF/YH3+AA5GmPU=</latexit>

AGN
<latexit sha1_base64="HHiRBExgdy7msUOPfW1X5QeMWag=">AAACAnicbVDNS8MwHE3n15xfVU/ipTgET6OdgjtOPOhJJrhNWMtI03QLS9KSpMIoxYv/ihcPinj1r/Dmf2Pa9aCbDwKP935feX5MiVS2/W1UlpZXVteq67WNza3tHXN3ryejRCDcRRGNxL0PJaaE464iiuL7WGDIfIr7/uQy9/sPWEgS8Ts1jbHH4IiTkCCotDQ0D9xiRipwkKUug2osWHpxdZNlQ7NuN+wC1iJxSlIHJTpD88sNIpQwzBWiUMqBY8fKS6FQBFGc1dxE4hiiCRzhgaYcMiy9tFifWcdaCawwEvpxZRXq744UMimnzNeV+ZFy3svF/7xBosKWlxIeJwpzNFsUJtRSkZXnYQVEYKToVBOIBNG3WmgMBURKp1bTITjzX14kvWbDOW00b8/q7VYZRxUcgiNwAhxwDtrgGnRAFyDwCJ7BK3gznowX4934mJVWjLJnH/yB8fkDTNCX+A==</latexit>

SBHB
<latexit sha1_base64="X73iN6u7KYFQxe+GKYJ1HcHkixU=">AAACBXicbVA7T8MwGHTKq5RXgBEGiwqJqUoKEh2rsnQsgj6kJqoc12mtOk5kO0hVlIWFv8LCAEKs/Ac2/g1OmgFaTrJ0uu91Pi9iVCrL+jZKa+sbm1vl7crO7t7+gXl41JNhLDDp4pCFYuAhSRjlpKuoYmQQCYICj5G+N7vJ6v0HIiQN+b2aR8QN0IRTn2KktDQyT518R+IxhGdp4gRITUWQ3LXarTQdmVWrZuWAq8QuSBUU6IzML2cc4jggXGGGpBzaVqTcBAlFMSNpxYklifQhNCFDTTkKiHST3EEKz7Uyhn4o9OMK5urviQQFUs4DT3dmLuVyLRP/qw1j5TfchPIoVoTjxSE/ZlCFMIsEjqkgWLG5JggLqr1CPEUCYaWDq+gQ7OUvr5JevWZf1uq3V9Vmo4ijDE7AGbgANrgGTdAGHdAFGDyCZ/AK3own48V4Nz4WrSWjmDkGf2B8/gBwBJkh</latexit>

s(t+ r(t)) = h(t)
<latexit sha1_base64="634zzucthWDFyw2Q9JIdcZrTGQk=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvQIpSZKtiNUHDjsoJ9QDuUTJppQzOZIbkjlqG/4saFIm79EXf+jWk7C209cLmHc+4lN8ePBdfgON9WbmNza3snv1vY2z84PLKPi20dJYqyFo1EpLo+0UxwyVrAQbBurBgJfcE6/uR27ncemdI8kg8wjZkXkpHkAacEjDSwi7oM+AKrMlQq+AaPTR/YJafqLIDXiZuREsrQHNhf/WFEk5BJoIJo3XOdGLyUKOBUsFmhn2gWEzohI9YzVJKQaS9d3D7D50YZ4iBSpiTghfp7IyWh1tPQN5MhgbFe9ebif14vgaDupVzGCTBJlw8FicAQ4XkQeMgVoyCmhhCquLkV0zFRhIKJq2BCcFe/vE7atap7Wa3dX5Ua9SyOPDpFZ6iMXHSNGugONVELUfSEntErerNm1ov1bn0sR3NWtnOC/sD6/AEbTZHd</latexit>

Time-varying propagation delay:

• Constant speed: absorbed in redshift
• Acceleration: formally -4PN term, like accretion 

[Bonvin&al 2016] [Inayoshi&al 2017] [Tamanini&al 2019]
• Beyond: effect of observing a full orbit ?

(analogous to LISA Doppler delay, but on emission side)
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Doppler delay

d(t) = �RAGN

c
sin ✓AGN cos (⌦AGNt� �AGN)

<latexit sha1_base64="WpMXEg0F6+gBYGqfj5aQq1m51IQ="></latexit>

s(t) ' h(t+ d(t))
<latexit sha1_base64="qj3rk+QHK4kGGCirx2854W60fLU=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQotQkirYY8GLxwr2A9pQNpttu3Q3ibsToYRe/CtePCji1Z/hzX/jts1BWx8MPN6bYWaeHwuuwXG+rdza+sbmVn67sLO7t39gHx61dJQoypo0EpHq+EQzwUPWBA6CdWLFiPQFa/vjm5nffmRK8yi8h0nMPEmGIR9wSsBIfftEl6CMe5pL9oBHJcAXODBKuW8XnYozB14lbkaKKEOjb3/1gogmkoVABdG66zoxeClRwKlg00Iv0SwmdEyGrGtoSCTTXjp/YIrPjRLgQaRMhYDn6u+JlEitJ9I3nZLASC97M/E/r5vAoOalPIwTYCFdLBokAkOEZ2nggCtGQUwMIVRxcyumI6IIBZNZwYTgLr+8SlrVintZqd5dFeu1LI48OkVnqIRcdI3q6BY1UBNRNEXP6BW9WU/Wi/VufSxac1Y2c4z+wPr8AU3IlD8=</latexit>

MAGN = 108M�

RAGN = 700MAGN

✓AGN = ⇡/3
<latexit sha1_base64="ohZ11Ib1RyV6Gc9kOI82tQ8hcxg="></latexit>

Example AGN orbit 
(inspired from Graham&al):

3

approximation, the DF-induced phase correction first enters at
�5.5PN order:

�̃DF ' �⇢
25⇡(3⌫ � 1)M2(1 + z)2

739328 ⌫2
�DF

⇥
⇡ fM(1 + z)

⇤�16/3 ,

(4)
with �DF = �247 log ( f / fDF) � 39 + 304 log(20) +
38 log (3125/8) and fDF = cs/[22⇡(m1 + m2)], being ⌫ =
m1m2/(m1 + m2)2 the symmetric mass ratio.

In Fig. 1 we show the distribution of errors – produced with
the augmented Fisher formalism of [33] – for the Eddington
rate fEdd, the acceleration parameter ✏, and the gas density
⇢, (normalized to ⇢0 = 10�10 g cm�3 [25]). We use fEdd =
⇢ = ✏ = 0 as injections, i.e. the distributions represent
optimistic upper bounds on the parameters. We use the
samples released by the LVC, for the NRSur7dq4 model [53]
and, for each sample, draw sky location and polarization
randomly. The extra terms of Eqs. (1), (2), and (4) were
added to PhenomD waveforms [54, 55] one at a time, and
we accounted for the antenna motion during observations as
done, e.g., in [33, 56, 57]. We consider detections by LISA

FIG. 1. Distribution of Fisher-matrix errors on environmental e↵ects
with LISA alone or in combination with ground detectors.

alone, and in combination with ground interferometers. In
the latter case, we assume that the masses, spins, and merger
time can be measured by ground detectors, which reduces the
parameter-space dimension.

We find that LISA alone can detect super-Eddington
accretion rates ( fEdd & 5), which may be typical in dense
environments [58], and acceleration parameters ✏ & 3 ⇥
105, corresponding to a ⇡ 1 pc for M = 108M�. The
DF e↵ect is even stronger, with ⇢/⇢0 constrained at percent
level. All errors improve by about an order of magnitude
with multiband detections (e.g. sub-Eddington accretion rates
become measurable).

Besides considering environmental e↵ects one by one, we
focus on a single system compatible with the LVC posteriors
and perform a Markov-Chain-Monte-Carlo analysis [59]
similar to that of [33], injecting non-zero values (plausible
for sources in AGNs) for all environmental e↵ects: fEdd = 5,

FIG. 2. Posterior distribution of gas density and -4PN phase term
(corresponding to constant acceleration/accretion), with their 68%,
90% and 99% confidence contours. Black lines indicate the injected
values.

✏ = 3.2 ⇥ 106 (corresponding to a ⇡ 0.4 pc for M =
108 M�) and ⇢ = ⇢0. Fig. 2 shows the posterior distributions
for the density (⇢/⇢0) and the parameter '�4 accounting for
acceleration/accretion. Both parameters can be measured
well, since they appear at di↵erent (negative) PN orders. Note
that the sign of '�4 can help distinguish accretion ('�4 < 0)
from acceleration ('�4 of either sign).

We have verified a posteriori the assumption of constant
acceleration, i.e. for the results above the systematic error
produced by the variation of ✏ over the observation time Tobs
is negligible with respect to the statistical error. For a .
0.25 pc [M/(108M�)]3/7[Tobs/(6yr)]2/7 (i.e. orbital periods
T . 1200 yr [M/(108M�)]1/7[Tobs/(6yr)]3/7), however, this
may no longer be true. This is the case, e.g., if GW190521
lies in a disk migration trap. Ref. [25] estimates the trap
distance from the central BH as a ⇠ 700M, corresponding to
T ⇠ 1.8 yr, i.e. the acceleration cannot be assumed constant
over the observation time.

We can estimate the e↵ect of non-constant acceleration as
follows. Ignoring cosmic expansion, the observed signal is
s(t) = h(t+dq(t)), with h(t) the source-frame strain. The delay
dq(t) arises from the change in the source distance due to the
orbital motion, and is given by the projection of the orbit on
the line of sight: dq(t) = a cos ◆ sin(⌦t+�0). This time-varying
delay produces an oscillating Doppler modulation �Doppler ⇠

2⇡ f dq of the observed signal. The magnitude of this phase is
of order

2⇡ f a ⇠ 2 ⇥ 104 rad
 

M
108M�

!  
f

10 mHz

! ✓ a
700M

◆
. (5)

This e↵ect strongly impacts the signal, dominating over

Large contribution to the phasing !
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FIG. 3. Doppler modulations of the GW signal due to the motion around the central BH. The left panel shows the time-frequency track of the
modulated signal (solid line) compared to the non-modulated one (dashed). The coalescence is at t = 0. The right panel shows the amplitude
of the Fourier-domain transfer function (s̃/h̃)( f ), with a horizontal line at 1. In both panels, the shaded bands show the frequency bands where
the time-to-frequency map becomes multi-valued.

the Doppler modulation produced by the LISA motion (⇡
30 rad), which happens on comparable timescales. The GW
frequency su↵ers redshifts/blueshifts as the binary’s CoM
moves away from/toward LISA, as shown in Fig. 3. These
modulations dominate over the GW-driven chirp rate, leading
to a multi-valued time-to-frequency map in the shaded bands
of Fig. 3, where chirping and anti-chirping parts of the signal
are superposed. This strongly a↵ects the Fourier-domain
observed signal s̃( f ), with the transfer function amplitude
|T ( f )| = |s̃( f )/h̃( f )| showing interference patterns in the
shaded bands. The impact on detection and parameter
estimation is under study [38].

Another potentially detectable e↵ect – particularly for
edge-on AGN disks – is the strong lensing of the GW signal
by the central BH, which occurs at scales given by the Einstein
radius,

rE ' (4MDA)1/2 = (4Ma cos ◆ sin(⌦t + �0))1/2 , (6)

where we assume a ⌧ DA, with DA the angular diameter
distance to the lens. Significant lensing occurs when the
source passes within ⇠ rE from the lens, and the lensing
probability is thus the fraction of time (during a full orbit
around the central BH) for which this happens [60, 61]. A
GW190521-like event in an AGN disk’s migration trap falls
either in the repeating-lens regime or in the slowly-moving
lens regime defined e.g. in [61], depending on the observation
time Tobs and M. The probability of strong lensing is (see
Fig. 4)

Plens = Min
"
1012

2
Tobs

yr

✓ a
M

◆�3/2 M�
M
, 1
#

2
⇡

arcsin
2
6666642
r

M
a

3
777775 .

(7)

.

Strong lensing also a↵ects the observed waveform directly.
For a plane wave, the lensed signal (in real space) is given by

hL(t) = F( f , t) h(t) , (8)

in terms of the the amplification factor F( f , t). For a point-like
lens in the geometric-optics approximation [62, 63],

F( f , t) = |µ+|1/2 � i|µ�|1/2e2⇡i f�t , (9)

where the magnification of each image, µ± = 1/2 ±
(y2 + 2)/(2y

p
y2 + 4), depends on time through the

lensing parameter y ⌘ b/rE , with b the impact
parameter. The time delay between two images is �t =
�tfid
h
y/2
p
y2 + 4 + ln

⇣
(
p
y2 + 4 + y)/(

p
y2 + 4 � y)

⌘i
where

�tfid ' 2 ⇥ 10�5(1 + z)M/M�sec. Periodic passages of the
orbit behind the central massive BH will produce repeated
interference patterns on the observed waveform. From Eq. (8),
one sees that besides rescaling the waveform amplitude,
strong lensing also yields an additive correction to the phase.
For a plane wave, the latter is simply �SL = Arg[F( f , t)].
We have checked, however, that this dephasing is typically
smaller than the Doppler modulation described above (c.f.
[38] for details).

Discussion. If GW190521-like events are confirmed
to occur in dense gaseous environments, this novel class
of GW sources may provide a unique multimessenger
probe of AGN properties. By detecting the inspiral of
these binaries months/years before their coalescence in the
band of ground-based detectors [38], LISA will be crucial
to localize potential electromagnetic counterparts and to
measure the binary parameters with exquisite precision, but
also to uncover non-vacuum e↵ects. The latter can provide
complementary information on the astrophysical environment

[Toubiana&al 2020]

Effect of the Doppler delay large enough to dominate the GW chirping rate
Creates anti-chirping bands

<latexit sha1_base64="faCFaCyfHWgowmqs4KsHazhiccY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqs5I0S4LblxWsA9oh5JJM21okhmTTKEM/Q43LhRx68e482/MtLPQ1gOXezjnXnJzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5C7zO1OqNIvko5nF1Bd4JFnICDZW8qdXBPU1E8iturVBuWLbAmideDmpQI7moPzVH0YkEVQawrHWPc+NjZ9iZRjhdF7qJ5rGmEzwiPYslVhQ7aeLo+fowipDFEbKljRoof7eSLHQeiYCOymwGetVLxP/83qJCet+ymScGCrJ8qEw4chEKEsADZmixPCZJZgoZm9FZIwVJsbmVLIheKtfXift66p3U6091CqNeh5HEc7gHC7Bg1towD00oQUEnuAZXuHNmTovzrvzsRwtOPnOKfyB8/kDmeGQqg==</latexit>

v/c ⇠ 0.04
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Implementation: signal decomposition
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Shapiro time delay
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For simplicity, we assume that the Newtonian gravitational potential U
is produced by a static spherical body of mass m at the origin (Sun), i.e.,

Along the unperturbed path of the photon, U then has the form

m
r(t) fi(t - te)\

(7.5)

(7.6)

To post-Newtonian order, then, Equation (7.4) can be integrated along
the unperturbed photon path using Equation (7.6) with the result

where

d
dt'

d =

r (
M

n X (X, xft)

mA lx(t) • i
} d> \ r(t)

a xe ft (7.7)

(7.8)

Note that d is the vector joining the center of the body and the point of
closest approach of the unperturbed ray (see Figure 7.1). Equation (7.7)
represents a change in the direction of the photon's trajectory, toward the
sun (in the direction -d). We then have

Consider an observer at rest on the Earth (©) who receives the photon
from the source and a photon from a reference source located at a different

Figure 7.1. Geometry of light-deflection measurements.

Reference
Source

Source

Earth

Classical Tests 173

separation between a pair of quasars is determined by a difference in
phases. As the Earth moves in orbit, changing the lines of sight of the
quasars relative to the Sun, the angular separation 89 varies [Equation
(7.25)], resulting in a variation in the phase difference. The time variation
in the quantities d, dr, d>, and 3>r in Equation (7.25) is determined using an
accurate ephemeris for the Earth and initial directions for the quasars,
and the resulting prediction for the phase difference as a function of time
is used as a basis for a least-squares fit of the measured phase differences,
with one of the fitted parameters being the coefficient ^(1 + y). A number
of measurements of this kind over the past decade have yielded an accurate
determination of ^(1 + y), which has the value unity in general relativity.
Those results are shown in Figure 7.2.

One of the major sources of error in these experiments is the solar
corona which bends radio waves much more strongly than it bent the
visible light rays that Eddington observed. Advancements in dual
frequency techniques have improved accuracies by allowing the coronal
bending, which depends on the frequency of the wave, to be measured
separately from the gravitational bending, which does not. Fomalont and
Sramek (1977) provide a thorough review of these experiments, and discuss
the prospects for improvement.

7.2 The Time Delay of Light
Because of the presence of the gravitational field of a massive

body, a light signal will take a longer time to traverse a given distance
than it would if Newtonian theory were valid. An expression for this
"time delay" can be obtained simply from Equation (7.3). Integrating the
equation using Equation (7.6), we obtain

] (729)
Then from Equation (7.1), the coordinate time taken to propagate from
the point of emission to x is given by

^ l l ^ ] (7.30)
For a signal emitted from the Earth, reflected off a planet or spacecraft
at xp, and received back at Earth, the roundtrip travel time At is given by

At - 2|xe - xp| + 2(1 + y>»to[(r« + * ' - y ' - X ' - * ) ] (7.31)

t = tr , x = xr
<latexit sha1_base64="ytETNUW+tntBWTYXLLSwcMfbA1s=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCglqYLdCAU3LivYC7QhTKaTdujkwsyJNIT6Km5cKOLWB3Hn2zhts9DWHwY+/nMO58zvxYIrsKxvo7CxubW9U9wt7e0fHB6ZxycdFSWSsjaNRCR7HlFM8JC1gYNgvVgyEniCdb3J7bzefWRS8Sh8gDRmTkBGIfc5JaAt1ywDvsHgSjyoVvFU89SVrlmxatZCeB3sHCooV8s1vwbDiCYBC4EKolTftmJwMiKBU8FmpUGiWEzohIxYX2NIAqacbHH8DJ9rZ4j9SOoXAl64vycyEiiVBp7uDAiM1Wptbv5X6yfgN5yMh3ECLKTLRX4iMER4ngQecskoiFQDoZLrWzEdE0ko6LxKOgR79cvr0KnX7Mta/f6q0mzkcRTRKTpDF8hG16iJ7lALtRFFKXpGr+jNeDJejHfjY9laMPKZMvoj4/MHoaeSyw==</latexit>

At reception

ln[rr/re] = const
<latexit sha1_base64="6G3bX/VrxLZCdJnau1dx0eoTp00=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiZVsBuh4MZlBfuAJoTJdNIOncyEmYlQQndu/BU3LhRx6y+482+ctFlo64ELh3Pu5d57woRRpR3n2yqtrK6tb5Q3K1vbO7t79v5BR4lUYtLGggnZC5EijHLS1lQz0kskQXHISDcc3+R+94FIRQW/15OE+DEachpRjLSRAvvYYxz2ZSDPZUB8eA29GOmRjDMsuNLTwK46NWcGuEzcglRBgVZgf3kDgdOYcI0ZUqrvOon2MyQ1xYxMK16qSILwGA1J31COYqL8bPbHFJ4aZQAjIU1xDWfq74kMxUpN4tB05leqRS8X//P6qY4afkZ5kmrC8XxRlDKoBcxDgQMqCdZsYgjCkppbIR4hibA20VVMCO7iy8ukU6+5F7X63WW12SjiKIMjcALOgAuuQBPcghZoAwwewTN4BW/Wk/VivVsf89aSVcwcgj+wPn8AcxiZCA==</latexit>

(rr � re)
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Ignore

dSh(t) =
2GMAGN

c3
ln [1 + sin ✓AGN cos (⌦AGNt� �)]

<latexit sha1_base64="10wH086IaALJ7clY6l3lLlKtkmM="></latexit>

Main Doppler: / RAGN sin ✓AGN
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s(t) = h(t+ dDoppler(t) + dShapiro(t))
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Including the Shapiro time delay will break degeneracies 
between the AGN parameters

Large effect but can only measure this combination 
(radius projected along the line of sight)

[C. M. Will, Theory and Experiment in Gravitational Physics]
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Doppler and Shapiro time delays in our signal

dSh(t) =
2GMAGN

c3
ln [1 + sin ✓AGN cos (⌦AGNt� �)]

<latexit sha1_base64="10wH086IaALJ7clY6l3lLlKtkmM="></latexit>
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FIG. 3. Left: The dephasing between the signal emitted by a GW190521-like binary in isolation and one a↵ected by the Doppler (blue) or
Shapiro (red) e↵ect. Right: the derivative of the GW phase ! = d

dt'(t + de↵ect(t)) in isolation and in the presence of the Doppler and Shapiro
e↵ects. In both figures, the shaded bands indicate the antichirping phases of the Doppler-shifted signal, d

dt! < 0 and the outer orbit has a large
inclination with respect to the line of sight, ◆• = ⇡/6 rad = 30 deg. The other outer binary parameters are set to M•,z̄ = 108 M�, a•,z̄ = 700M•,z̄,
�• = �3⇡/4. The inner binary parameters are set to the median values of GW190521, with merger time tc,z̄ = 7 yr.

global use of the SPA (appearing e.g. in [31, 63]) would not
be adequate to describe the signal in the frequency domain.
In this work, we will focus on this regime and explain how
to obtain a more accurate frequency-domain waveform (Sec-
tion IV).

The Doppler e↵ect will also modulate the GW amplitude
through a time dependent redshift factor. From Eq. (3.3), and
keeping track of the redshift factors in the transformation from
the source-frame time,

zD(t) =(�~vs · n̂) = (1 + z̄s)ṙ(t) (3.11)
=a•,z̄⌦z̄ cos ◆• cos(⌦z̄t + �•) .

This will induce a modulation of the GW amplitude similar to
the modulation of the GW frequency, with amplitude �zD =
zD,max � zD,min of order

�zD ' 0.04 cos ◆•
 

a•,z̄
700M•,z̄

!�1/2  
M•,z̄

108M�

!1/2

. (3.12)

Gravitational wave detectors are more sensitive to phase,
rather than amplitude, modulations. For reference, in the case
of a GW190521-like event at 1.5 Gpc distance, LISA will
measure the luminosity distance with precision of order 50%,
see Section IV, Fig. 6. A Doppler-induced amplitude modu-
lation of percent level will thus be negligible and in any case
subdominant compared to the phase modulation induced by
the same e↵ect, as we confirm numerically in Section IV. We
therefore neglect the amplitude modulation when performing
parameter estimation.

For su�ciently large outer orbital separations, i.e., for or-
bital periods much longer than the LISA observational time,
the peculiar motion reduces to a constant peculiar velocity and
a constant centripetal acceleration, see Appendix A. In this
case, the constant peculiar velocity can be reabsorbed in the

constant redshift (and the latter in the redshifted chirp mass)
and the centripetal acceleration produces a single -4PN term
in the GW phase. Parameter estimation in this limit was dis-
cussed in Ref. [27] (see also [23]).

C. The Shapiro e↵ect

The second most relevant e↵ect in our setting is the Shapiro
e↵ect, due to the non-vanishing gravitational potential of the
third body.

The Shapiro time delay is the delay in the time of arrival
of a signal (with respect to the signal traveling in flat space-
time) due to the non vanishing gravitational potential along
the line of sight. Assuming the central object is described by
the Schwarzschild metric3, this is given by [64, 65]

dS (t) = rs(1 + z̄s)
0
BBBBB@ln(
p

b2 + R2 + R
b

)

+ ln(
p

b2 + r(t)2 + r(t)
b

)
1
CCCCCA

' �rs(1 + z̄s) ln(1 � r(t)/a•) + const. . (3.13)

where  = ±1 depending on whether the source is behind or
in front of the SMBH, respectively. Here rs = 2M• is the
Schwarzschild radius of the SMBH, R is the distance between
the observer and the SMBH and

b =
q

a2
• � r(t)2 = a•

q
1 � cos2 ◆• sin2(⌦z̄t + �•) . (3.14)

3 Note that, while Eq. (3.13) is derived assuming the Schwarzschild metric
rather than the McVittie metric, at large distances from the SMBH this co-
incides with the delay predicted at the beginning of this Section, Eq. (3.4).

Main Doppler and Shapiro delays:
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Parameter estimation with and without the AGN

The SBHB parameters are recovered with 
a similar precision with/without the AGN
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FIG. 6. Overplotting the uncertainties contours in the parameters of the GW190521-like binary (excluding AGN-related parameters) in the
presence of the AGN (green) and in its absence (in black). Red crosses denote the position of the true (cosmologically redshifted) parameters,
while the dashed vertical lines indicate 90% CLs..

logical value, with part of the bias explained by a constant
Doppler redshift. However, since we neglected subleading
amplitude modulations induced by peculiar motion in produc-
ing our signal, we cannot make quantitative statements on the
luminosity distance bias. This is left for future work.

The trend in the FF shows that we start losing SNR for
our GW190521-like binary at a distance ⇡ 0.3 � 0.4 pc: this
is where the orbital acceleration becomes non-negligible, in
agreement with our previous results [27]. At these distances,
a template including a -4PN term would be able to detect the
source with higher SNR.

The trend in Fig. 7 indicates that we could not detect
GW190521-like binaries around AGNs using pure vacuum
GR templates for outer orbital radii below 0.3 pc. Binaries
on tighter orbits could only be recovered using the modified
model described in this manuscript, including the full Doppler
and Shapiro modulations. The use of these template would in-
crease the number of parameters to scan in matched-filtering
by three, rendering the search computationally challenging. In
practice, this means that we will most likely need to perform
an “archival search” [78], that is, to re-analyze LISA data if
a massive binary, not identified in the online analysis, is de-

Bayesian parameter estimation (0-noise, 
aligned spins, no eccentricity)
lisabeta [Marsat&al 2020]
ptemcee [Vousden&al 2015]

(starting frequency f0 redefined)
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a• M•[M�] ◆• [deg] �•

700 M• 108 30 �3⇡/4

TABLE II. The (cosmologically redshifted) parameters of the orbit
around the AGN and the mass of the SMBH used in the parameter
estimation example, inspired by the candidate electromagnetic coun-
terpart of GW190521 [14].

M[M�] q �PN �� dL [Gpc]

104.28 1.68 -0.23 -0.23 1.4

TABLE III. The (cosmologically redshifted) parameters of the
GW190521-like binary selected for parameter estimation, consis-
tent with the posterior distribution of GW190521 as analyzed by the
LVC [4] and with SNR= 9.5 in LISA. The other signal parameters
are ◆ = 0.85 rad, � = 5.668 rad, � = �0.15 rad,  = 1.2 rad, �obs. The
initial GW frequency is f0 = 0.0061524060, corresponding to tc = 7
yr in the vacuum injection.

spin-aligned circularized binaries using only the dominant
GW mode. For LISA observations, only the inspiral part of
the signal is relevant, and precession and sub-dominant modes
are severely suppressed by the post-Newtonian factor. The
waveform is generated directly in the frequency domain.

As described in details in Section III, the phase of the GW
will be strongly modulated by the Doppler and Shapiro ef-
fects, so that the signal will appear as chirping (when the bi-
nary is behind the SMBH) and anti-chirping (when the binary
is in front of the SMBH). The orbital period of our outer bi-
nary is about 1.8 years, and assuming 6 years of LISA ob-
servations and that the binary is observed 7 years before the
merger, we expect to see approximately 3 full orbital cy-
cles. One can clearly see the three orbital cycles and two
(anti)chirping phases in the signal in Fig. 4.

We transform the source-frame signal into the time domain,
then model the phase modulation as a time-dependent delay,
given by Eqs. (3.4), (3.7) and (3.13). We then split the signal
into chirping and anti-chirping parts and transform the sig-
nal back into frequency domain using the SPA. Our piece-
wise SPA is an improvement over the global approximation
adopted, e.g., in Refs. [31, 63]. Our approximation only
breaks at the turning points, which would require a higher or-
der SPA [72]. We decided to neglect these parts of the signal
as they contribute only a very small fraction of the total SNR.

In Section III, we also argued that the amplitude of the GW
will receive a correction and oscillate with time as a result of
the peculiar motion. This amplitude correction has a more
modest e↵ect on the waveform compared to the phase mod-
ulation: the overlap between a signal with and without am-
plitude correction is 0.9998 for our system parameters (and a
signal with SNR= 9.3). Neglecting the amplitude modulation
should introduce a bias of approximately 2% in the luminosity
distance, much smaller than the measurement error for this pa-
rameter. For this reason, we neglect the amplitude correction

and only model the time delay.
Before we proceed to parameter estimation, we introduce

the signal parametrization. For the vacuum waveform, we
use the chirp mass Mc, the mass ratio q = m1/m2 � 1,
and the following combination of physicals spins �PN =
⌘
⇥
(113q + 75) �1 + (113/q + 75) �2

⇤
/113, �� = q/(1+q)�1�

1/(1+ q)�2, where ⌘ = q/(1+ q)2 is the symmetric mass ratio
and �1,2 are spins of two BHs. The other vacuum parameters
are standard: the luminosity distance dL, the sky position as
ecliptic longitude and latitude (�, �), inclination ◆, the polar-
ization  and the azimuthal position of the observer �obs. An
important characteristic of the system is the time to merger,
which we parametrize through the initial GW frequency f0,
which is the observed GW frequency (uniquely defined in the
absence of higher order modes and precession) at the start of
LISA observations, and kept the same when we place the bi-
nary around the AGN or in vacuum. The AGN-related param-
eters we use to parametrize the signal are the orbital (Keple-
rian) angular velocity ⌦, the projections of the orbital radius
a• cos ◆•, a• sin ◆• and initial phase �•.

For the GW190521-like binary that we use as a representa-
tive of the AGN binary population, we choose the parameters
given in Table III. This particular choice of the parameters,
over all the possible values given by the LVC posterior sam-
ples for GW190521 [4], was made to maximize the vacuum
SNR. For the same reason, we also set tc = 7 years.

We perform parameter estimation using parallel temper-
ing Markov-chain Monte-Carlo within a Bayesian framework,
see [32, 73] for details. The signal we have chosen produces
SNR= 9.5 in vacuum, (SNR= 9.3 in the presence of the AGN)
in the LISA band using the noise budget outlined in the LISA
science requirement document, SciRD [39].

B. Measurement of the central black hole orbit and properties

The complete results of the parameter estimation are given
in Appendix B. Here we focus on the most interesting system
parameters, marginalising over the others.

The combination of a very strong Doppler modulation and
a time-varying Shapiro delay allows us to constrain the or-
bital parameters of the outer binary and the mass of the AGN
BH, as shown in Fig. 5. For this particular system, we can
determine the mass of SMBH to about 8% level and the or-
bital inclination within a few degrees, together with the sep-
aration of the outer orbit within 3%. Comparably precise
SMBH mass measurements are currently possible only for
SgrA⇤ [74], M87 [75], and an handful of galaxies with de-
tected nuclear megamaser emission [76]. GW190521-like bi-
naries detected by LISA would therefore provide a compet-
itive, complementary opportunity to measure SMBH masses
through GW observations. Electromagnetic- and GW-based
measurements would be a↵ected by di↵erent systematic un-
certainties, which could help strengthen the measurement ac-
curacy.

The Doppler modulation of the phase of the GW signal is a
strong e↵ect, but it is mostly orthogonal to the vacuum phase
evolution; as a result, the parameters of the AGN orbit are un-
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TABLE II. The (cosmologically redshifted) parameters of the orbit
around the AGN and the mass of the SMBH used in the parameter
estimation example, inspired by the candidate electromagnetic coun-
terpart of GW190521 [14].

M[M�] q �PN �� dL [Gpc]

104.28 1.68 -0.23 -0.23 1.4

TABLE III. The (cosmologically redshifted) parameters of the
GW190521-like binary selected for parameter estimation, consis-
tent with the posterior distribution of GW190521 as analyzed by the
LVC [4] and with SNR= 9.5 in LISA. The other signal parameters
are ◆ = 0.85 rad, � = 5.668 rad, � = �0.15 rad,  = 1.2 rad, �obs. The
initial GW frequency is f0 = 0.0061524060, corresponding to tc = 7
yr in the vacuum injection.

spin-aligned circularized binaries using only the dominant
GW mode. For LISA observations, only the inspiral part of
the signal is relevant, and precession and sub-dominant modes
are severely suppressed by the post-Newtonian factor. The
waveform is generated directly in the frequency domain.

As described in details in Section III, the phase of the GW
will be strongly modulated by the Doppler and Shapiro ef-
fects, so that the signal will appear as chirping (when the bi-
nary is behind the SMBH) and anti-chirping (when the binary
is in front of the SMBH). The orbital period of our outer bi-
nary is about 1.8 years, and assuming 6 years of LISA ob-
servations and that the binary is observed 7 years before the
merger, we expect to see approximately 3 full orbital cy-
cles. One can clearly see the three orbital cycles and two
(anti)chirping phases in the signal in Fig. 4.

We transform the source-frame signal into the time domain,
then model the phase modulation as a time-dependent delay,
given by Eqs. (3.4), (3.7) and (3.13). We then split the signal
into chirping and anti-chirping parts and transform the sig-
nal back into frequency domain using the SPA. Our piece-
wise SPA is an improvement over the global approximation
adopted, e.g., in Refs. [31, 63]. Our approximation only
breaks at the turning points, which would require a higher or-
der SPA [72]. We decided to neglect these parts of the signal
as they contribute only a very small fraction of the total SNR.

In Section III, we also argued that the amplitude of the GW
will receive a correction and oscillate with time as a result of
the peculiar motion. This amplitude correction has a more
modest e↵ect on the waveform compared to the phase mod-
ulation: the overlap between a signal with and without am-
plitude correction is 0.9998 for our system parameters (and a
signal with SNR= 9.3). Neglecting the amplitude modulation
should introduce a bias of approximately 2% in the luminosity
distance, much smaller than the measurement error for this pa-
rameter. For this reason, we neglect the amplitude correction

and only model the time delay.
Before we proceed to parameter estimation, we introduce

the signal parametrization. For the vacuum waveform, we
use the chirp mass Mc, the mass ratio q = m1/m2 � 1,
and the following combination of physicals spins �PN =
⌘
⇥
(113q + 75) �1 + (113/q + 75) �2

⇤
/113, �� = q/(1+q)�1�

1/(1+ q)�2, where ⌘ = q/(1+ q)2 is the symmetric mass ratio
and �1,2 are spins of two BHs. The other vacuum parameters
are standard: the luminosity distance dL, the sky position as
ecliptic longitude and latitude (�, �), inclination ◆, the polar-
ization  and the azimuthal position of the observer �obs. An
important characteristic of the system is the time to merger,
which we parametrize through the initial GW frequency f0,
which is the observed GW frequency (uniquely defined in the
absence of higher order modes and precession) at the start of
LISA observations, and kept the same when we place the bi-
nary around the AGN or in vacuum. The AGN-related param-
eters we use to parametrize the signal are the orbital (Keple-
rian) angular velocity ⌦, the projections of the orbital radius
a• cos ◆•, a• sin ◆• and initial phase �•.

For the GW190521-like binary that we use as a representa-
tive of the AGN binary population, we choose the parameters
given in Table III. This particular choice of the parameters,
over all the possible values given by the LVC posterior sam-
ples for GW190521 [4], was made to maximize the vacuum
SNR. For the same reason, we also set tc = 7 years.

We perform parameter estimation using parallel temper-
ing Markov-chain Monte-Carlo within a Bayesian framework,
see [32, 73] for details. The signal we have chosen produces
SNR= 9.5 in vacuum, (SNR= 9.3 in the presence of the AGN)
in the LISA band using the noise budget outlined in the LISA
science requirement document, SciRD [39].

B. Measurement of the central black hole orbit and properties

The complete results of the parameter estimation are given
in Appendix B. Here we focus on the most interesting system
parameters, marginalising over the others.

The combination of a very strong Doppler modulation and
a time-varying Shapiro delay allows us to constrain the or-
bital parameters of the outer binary and the mass of the AGN
BH, as shown in Fig. 5. For this particular system, we can
determine the mass of SMBH to about 8% level and the or-
bital inclination within a few degrees, together with the sep-
aration of the outer orbit within 3%. Comparably precise
SMBH mass measurements are currently possible only for
SgrA⇤ [74], M87 [75], and an handful of galaxies with de-
tected nuclear megamaser emission [76]. GW190521-like bi-
naries detected by LISA would therefore provide a compet-
itive, complementary opportunity to measure SMBH masses
through GW observations. Electromagnetic- and GW-based
measurements would be a↵ected by di↵erent systematic un-
certainties, which could help strengthen the measurement ac-
curacy.

The Doppler modulation of the phase of the GW signal is a
strong e↵ect, but it is mostly orthogonal to the vacuum phase
evolution; as a result, the parameters of the AGN orbit are un-

LISA SNR: 9.5 
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Parameter estimation for the AGN params

Few %-level determination of the parameters 
of the AGN orbit from GW phasing alone

• Shapiro delay present for generic 
inclinations, breaks degeneracies

• Recover the limit of an accelerating 
binary at large separations

• Difficulty of detection ? SBHBs are 
already hard to detect, the 
parameter space is larger here

• Remains to explore the parameter 
space

10

0.
92

0.
96

1.
00

1.
04

1.
08

M
•/

M
�

�108

66
0

68
0

70
0

72
0

74
0

a•/M�

27
.0

28
.5

30
.0

31
.5

33
.0

� •
[d

eg
]

0.
92

0.
96

1.
00

1.
04

1.
08

M•/M� �108
27

.0
28

.5
30

.0
31

.5
33

.0

�• [deg]

FIG. 5. Inference of the SMBH mass (M•) and the parameters of
the outer orbit: inclination ◆• and orbital radius a•. The true (cosmo-
logically redshifted) parameters are marked by black lines, while the
dashed vertical lines indicate 90% CLs.

correlated to the parameters of the emitting binary. To show
this explicitly we overplot in Fig. 6, for the vacuum param-
eters, the posteriors obtained in the presence and in the ab-
sence of the AGN. The only parameter for which the poste-
rior distribution is a↵ected by the presence of the AGN is the
initial GW frequency: the di↵erence between vacuum (green
contours) and the binary orbiting the AGN (grey contours) is
clearly seen in the figure. Note that the initial frequency is the
observed one and, therefore, the initial orbital frequencies of
the inner binary in the two cases are quite di↵erent, due to the
Doppler shift caused by the orbital motion around the SMBH.
The two binaries therefore merge at di↵erent times, although
the shape of the posterior for the time of coalescence is not
strongly modified by the presence of the AGN.

C. Wider orbits and detectability

As we move the binary further away from the SMBH by
increasing the size of the orbit, we approach the regime where
the acceleration projected on the line of sight is constant, pre-
sented in our previous publication [27]. In this limit, the accel-
eration enters the GW phase at -4PN, a term otherwise absent
in vacuum templates. For even broader orbits, we reach the
regime where the acceleration is negligible and velocity is (al-
most) constant. The latter is (almost) degenerate with a small
modification in the redshift of the source, causing a slight shift
in the observed (redshifted) masses of the binary. Therefore,
for su�ciently wide orbits, we expect a vacuum template to
be a good approximation of the signal, and a good template to
detect the source with matched-filtering.

To investigate the detectability of such a system using vac-
uum templates, we compute the fitting factor (i.e., the overlap
maximized over all parameters). The fitting factor (FF), or
rather (1 � FF), gives the fractional loss in SNR due to mis-
match between the best-fitting model and the signal [77]. The
fitting factor takes into account that we still might match the
AGN signal at the expense of a bias in the parameter space,
which can (at least partially) compensate for the mismatch in
the model.

We start with the binary orbiting the AGN on a very broad
orbit (a• ' 1 pc), where the orbital speed is almost constant
and can be re-absorbed into the redshift, with FF close to
100%. In Fig. 7, the top left panel shows the evolution of
the FF as we bring the binary closer to the AGN. The top right
plot gives the value of the chirp mass which maximizes the
overlap between the signal and the model. In particular, we
show the di↵erence between the best-model chirp mass and
either 1) the true (cosmologically redshifted) chirp mass or
2) the true chirp mass corrected by the Doppler redshift com-
puted at the start time of observations. The lower row of plots
shows the best-model mass ratio (bottom left) and the di↵er-
ence between the best-model time of coalescence tc and true
value in the observer frame (bottom right).

The bias in the parameters recovered by our search has a
clear increasing trend as we decrease the separation from the
SMBH. At the closest distance we explored, a• . 0.35 pc, the
recovered parameters (most noticeably, the mass ratio) display
a jump. This is most likely due to non-optimal recovery of the
FF maximum. Below this distance, the search for the FF max-
imum (in an 11-dimensional parameter space, although not all
parameters are equally important) becomes challenging.

We find that the bias in the chirp mass, although small in
an absolute sense, is quite large compared to the typical mea-
surement error for this parameter (10�3M�, see Fig. 6). At
these large separations, however, most of the bias can be ex-
plained in terms of a constant Doppler redshift, as can be seen
comparing the two curves in the top right panel of Fig. 7.

The bias in the coalescence time is also large compared to
the precision with which this parameter is measured – O(20)
minutes, worse than for typical stellar-origin BH binaries in
LISA [32]. If such a binary was detected and analysed in
LISA with vacuum templates, the bias in the coalescence time
could prevent the association with the merger part of the sig-
nal detectable by ground-based detectors (unless other source
parameters, such as chirp mass and sky position, already es-
tablish an association). A bias in the merger time would also
a↵ect tests of GR, as emission into non-GR polarizations can
also contribute to a shift in tc (see Ref. [36]) and thus be de-
generate with the environmental e↵ect studied here.

We should stress that large biases might a↵ect only a small
fraction of AGN binaries, whose separation from the SMBH
is su�ciently large for vacuum-template detection, but small
enough to induce a sizeable bias. The severity of this problem
for LISA will depend on how binaries are distributed within
AGNs, and on the details of multiband strategies implemented
by both space-borne and ground-based detectors in the future.

We also expect the luminosity distance of the source to be
significantly biased [23] away from its background, cosmo-
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The large separation limit

• For larger separations, we recover a constant-acceleration regime, then a 
constant-speed regime (peculiar velocity)

• Fitting factors: indicating SNR loss
• Best fit parameters: would we get parameter biases with templates for 

ordinary binaries ?
• Computationally difficult (exploring the whole parameter space)
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FIG. 7. Analysis of a GW190521-like binary at large distance from the SMBH with a vacuum template. We show the fitting factor (upper
left), the di↵erence between best-fit and true (cosmologically redshifted) chirp mass (upper right), best-fit mass ratio (lower left) and di↵erence
between the best-fit and true (observed) time to coalescence (lower right), as a function of the distance of the GW190521-like binary from
the SMBH. For the chirp mass, we also show the di↵erence between the best-fit value and the true value redshifted by the Doppler e↵ect,
as measured at the start of observations. As the distance from the SMBH decreases, the vacuum template causes a significant loss in SNR
and strong biases in the inner binary parameters. The true value for the chirp mass and mass ratio is 104.28 M� and 1.68, respectively, the
measurement precision (half of the 90% confidence interval in Fig. 8) is approximately 5 ⇥ 10�3 M� for the chirp mass and 20 minutes for the
time to coalescence.

tected by the 3rd generation of ground-based GW detectors
(such as Einstein Telescope and Cosmic Explorer). A ground-
based detection would narrow down the search in the parame-
ter space and allow for the use of modified (non-vacuum GR)
templates, like the one presented here.

V. CONCLUSIONS

Interactions between BH binaries and the surrounding as-
trophysical environment are expected to have a negligible ef-
fect on the GW signals observable by LIGO and Virgo (al-
though they may produce detectable electromagnetic coun-
terparts [14]). The reason is that these environmental e↵ects
tend to become important at lower frequencies, where they
have time to build up a more significant phase di↵erence in
the gravitational waveforms.

From this point of view, it is quite natural to focus our at-
tention on stellar-origin BH binaries in the lower frequency
(⇠ mHz) LISA band. These systems are expected to be ob-
servable by LISA months or even years before they merge in

the band of ground interferometers [79], and could probe their
local environment, revealing the presence of gas in high den-
sities or third bodies, possibly pointing at the formation mech-
anism of the binary itself or probing otherwise unexplorable
galactic centers [20, 27, 31]. The same systems could provide
important information on putative low-frequency, non-GR ef-
fects, such as BH “hair” and vacuum dipole emission [36, 37].
It is therefore crucial to understand how matter and the en-
vironment a↵ect these binaries, both because interesting in
themselves and because they may bias tests of GR.

Recently, LIGO and Virgo have detected a particularly mas-
sive BH binary, GW190521, with total mass in excess of 100
M� [3, 4]. Such a large mass, as well as the possibility that
this system may have an optical counterpart [14], may sug-
gest that this binary formed in a gas-rich environment, e.g.
an AGN disk, and that it might the first of many AGN (or
GW190521-like) GW events.

In this work, we have extended our earlier analysis of
GW190521-like binaries in LISA [27] to include two e↵ects:
the Doppler and Shapiro e↵ects induced by the galactocen-
tric motion of the binary. We proposed a way of producing
accurate frequency-domain waveforms, combining the chirp-

Fitting factor Bias in chirp mass

Bias in coalescence timeBias in mass ratio
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Lensing of GW by the central AGN

4

FIG. 1. [Laura: CBE?] Left: distribution of the SNR in LISA for GW190521, averaged over the sky position and polarization assuming that
the binary merges shortly after 10 years of LISA observations. Dashed lines corresponds to MRD sensitivity, and all distributions assume
Tobs = 10 yrs. Right: number of GW190521-like events detectable by LISA as a function of the SNR threshold, for a pessimistic (SciRD, 6
yrs) and optimistic (MRD, 10 yrs) mission configuration. SciRD points are shifted for clarity. Both plots assume 75% duty cycle.

a
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FIG. 2. Snapshot of the system for ⌦(t + �0) = ⇡/2.

tween the outer orbit and the line of sight: the Doppler and
Shapiro e↵ects. We will only briefly discuss e↵ects that might
be relevant at shorter separations (e.g. Lense-Thirring preces-
sion) or for highly aligned systems (lensing).

The GW signal emitted by a binary close to a third object
and seen by our detector can be written as

hobs(t +
X

i

di(t)) = hsource(t) = h(t), (3.1)

where di(t) are time-dependent delays and we sum over the
relevant (source-related) e↵ects, described below. Similarly
to pulsar timing (see, e.g., Ref. [47]), these include the proper
motion of the binary around the third object and the gravi-
tational influence of the third object. For simplicity, in this
Section we neglect the proper motion of the LISA spacecraft,
which can be addressed separately.

[Laura: new, from Nicola and Chiara’s old notes:] [Giu-

lia: This derivation is very nice :-)] The relation between
the observer-frame and source-frame time can be derived as
follows. We can use the McVittie metric [48, 49]

ds2 = �

"
1 � µ(t, r)
1 + µ(t, r)

#2
dt2 +

⇥
1 + µ(t, r)

⇤
a2(t)d~x2 , (3.2)

with µ(t, r) = m
2ra(t) to describe an observer in an expanding

(flat) Universe in the presence of a static object of mass m
(corresponding to a Schwarzschild black hole when a(t) = 1),
from which the coordinate r originates. This is a good de-
scription for sources at cosmological distances (& Gpc) from
us – for those at closer distances, we could simply use the
Schwarzschild metric. For m/r ⌧ 1 this can be put in the
standard form of a perturbed expanding universe in longitudi-
nal gauge (e.g., [50]),

ds2 = � (1 + 2 )dt2 + a2(t)(1 � 2�)d~x2

=a2(⌧)
h
�(1 + 2 )d⌧2 + (1 � 2�)d~x2

i
, (3.3)

with = � = �2µ. The source is moving with a four-velocity
uµs =

�s
a (1 � s,~vs) and we neglect motion and potential at the

observer, which can be taken into account separately. At the
source, the wave-vector of the gravitational wave is perturbed
to kµs = a�2(1+k0

s , n̂+~ks), while we again neglect perturbations
at the observer. The redshift between the observer and the
source is then given by [50]

(1+z) =
dto
dts
=

(gµ⌫uµk⌫)s

(gµ⌫uµk⌫)o
' �s

ao

as

�
1 �~vs · n̂ +  + �

�
(3.4)

where we neglected higher order terms mixing the potential
and the peculiar motion, and we neglected the time derivatives
of the potential. We can finally integrate the redshift to obtain
the time measure by the observer, [Giulia: shall we put a bar

on the redshift prefactor? It is background redshift, right?]

to =�s(1 + zs)
"
ts �

Z
~vs · n̂dt +

Z
( s + �s)dt

#

=�s[(1 + zs)ts + dD + dS ] (3.5)

The second term represents the delay due to the peculiar
motion (Doppler delay, in short, Section III A), while the

Lensing setting

Lensing magnification
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• Lensing limited to edge-on 
systems

• Two images: primary and 
secondary, delayed

• Magnification of both images 
when behind the lens 

• Contribution of lensing 
to the delay (geometrical 
delay), not captured by Shapiro 
delay

• Here geometric optics; wave 
optic effects relevant

[Preliminary]
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Lensing effects for the primary image

[Preliminary]

Magnification (+ image) in time-domain

Lensing-specific (+ image) dephasing in time-domain
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Lensing effects in the Fourier domain

Overlap lens/no lens 30%
Lensing delay a priori detectable

[Preliminary]
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Summary & outlook

• Investigated proposed SBHB systems in orbit in an AGN disks

• LISA rates for GW190521-like systems: observable but challenging

• Observations at low frequencies with LISA crucial to see the imprint of the 
environment

• Strong modulations of the GW signal due to the orbit: Doppler delay, Shapiro 
delay

• Built a compact and efficient waveform model with these effects 

• The Shapiro delay breaks degeneracies and allows to determine all AGN 
parameters to few-percent precision

• Recovered the isolated system limit and investigated parameter biases

• (Exploratory) lensing contributions to the delays

• Much more to explore ! Parameter space, archival analysis SNR<8, other 
relativistic effects…
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Matter effects

3

approximation, the DF-induced phase correction first enters at
�5.5PN order:

�̃DF ' �⇢
25⇡(3⌫ � 1)M2(1 + z)2

739328 ⌫2
�DF

⇥
⇡ fM(1 + z)

⇤�16/3 ,

(4)
with �DF = �247 log ( f / fDF) � 39 + 304 log(20) +
38 log (3125/8) and fDF = cs/[22⇡(m1 + m2)], being ⌫ =
m1m2/(m1 + m2)2 the symmetric mass ratio.

In Fig. 1 we show the distribution of errors – produced with
the augmented Fisher formalism of [33] – for the Eddington
rate fEdd, the acceleration parameter ✏, and the gas density
⇢, (normalized to ⇢0 = 10�10 g cm�3 [25]). We use fEdd =
⇢ = ✏ = 0 as injections, i.e. the distributions represent
optimistic upper bounds on the parameters. We use the
samples released by the LVC, for the NRSur7dq4 model [53]
and, for each sample, draw sky location and polarization
randomly. The extra terms of Eqs. (1), (2), and (4) were
added to PhenomD waveforms [54, 55] one at a time, and
we accounted for the antenna motion during observations as
done, e.g., in [33, 56, 57]. We consider detections by LISA

FIG. 1. Distribution of Fisher-matrix errors on environmental e↵ects
with LISA alone or in combination with ground detectors.

alone, and in combination with ground interferometers. In
the latter case, we assume that the masses, spins, and merger
time can be measured by ground detectors, which reduces the
parameter-space dimension.

We find that LISA alone can detect super-Eddington
accretion rates ( fEdd & 5), which may be typical in dense
environments [58], and acceleration parameters ✏ & 3 ⇥
105, corresponding to a ⇡ 1 pc for M = 108M�. The
DF e↵ect is even stronger, with ⇢/⇢0 constrained at percent
level. All errors improve by about an order of magnitude
with multiband detections (e.g. sub-Eddington accretion rates
become measurable).

Besides considering environmental e↵ects one by one, we
focus on a single system compatible with the LVC posteriors
and perform a Markov-Chain-Monte-Carlo analysis [59]
similar to that of [33], injecting non-zero values (plausible
for sources in AGNs) for all environmental e↵ects: fEdd = 5,

FIG. 2. Posterior distribution of gas density and -4PN phase term
(corresponding to constant acceleration/accretion), with their 68%,
90% and 99% confidence contours. Black lines indicate the injected
values.

✏ = 3.2 ⇥ 106 (corresponding to a ⇡ 0.4 pc for M =
108 M�) and ⇢ = ⇢0. Fig. 2 shows the posterior distributions
for the density (⇢/⇢0) and the parameter '�4 accounting for
acceleration/accretion. Both parameters can be measured
well, since they appear at di↵erent (negative) PN orders. Note
that the sign of '�4 can help distinguish accretion ('�4 < 0)
from acceleration ('�4 of either sign).

We have verified a posteriori the assumption of constant
acceleration, i.e. for the results above the systematic error
produced by the variation of ✏ over the observation time Tobs
is negligible with respect to the statistical error. For a .
0.25 pc [M/(108M�)]3/7[Tobs/(6yr)]2/7 (i.e. orbital periods
T . 1200 yr [M/(108M�)]1/7[Tobs/(6yr)]3/7), however, this
may no longer be true. This is the case, e.g., if GW190521
lies in a disk migration trap. Ref. [25] estimates the trap
distance from the central BH as a ⇠ 700M, corresponding to
T ⇠ 1.8 yr, i.e. the acceleration cannot be assumed constant
over the observation time.

We can estimate the e↵ect of non-constant acceleration as
follows. Ignoring cosmic expansion, the observed signal is
s(t) = h(t+dq(t)), with h(t) the source-frame strain. The delay
dq(t) arises from the change in the source distance due to the
orbital motion, and is given by the projection of the orbit on
the line of sight: dq(t) = a cos ◆ sin(⌦t+�0). This time-varying
delay produces an oscillating Doppler modulation �Doppler ⇠

2⇡ f dq of the observed signal. The magnitude of this phase is
of order

2⇡ f a ⇠ 2 ⇥ 104 rad
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This e↵ect strongly impacts the signal, dominating over
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This e↵ect strongly impacts the signal, dominating over

• Constrains with 0 injection
• Gas density, Eddington fraction, 

acceleration parameter

• Injection with all effects and 
non-0 value

• Acceleration/accretion -4PN, 
dynamical friction -5.5PN

• Recovery of -4PN phase 
parameter and gas density[Toubiana&al 2020]
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FIG. 8. Full parameter estimation of a GW190521-like binary around an AGN. The parameters are, from left to right: chirp mass, mass ratio,
symmetric spin combination (�PN), asymmetric spin combination (��), initial GW frequency, luminosity distance, azimuthal position of the
observer in the source frame, ecliptic longitude and latitude, polarization phase, orbital angular velocity of the binary around AGN, projections
of the orbital separation a• cos ◆•, a• sin ◆•, and initial centrogalactic orbital phase. The black lines mark the true parameters of the injected
signal.
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Parameter estimation with and without the AGN

The SBHB parameters are recovered with 
a similar precision with/without the AGN
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Lensing passage and chirp rate
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Secondary image signal breaks the SPA…

[Preliminary]
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