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GW190521 is the compact binary with the largest masses observed to date, with at least one black hole in
the pair-instability gap. This event has also been claimed to be associated with an optical flare observed by
the Zwicky Transient Facility in an active galactic nucleus (AGN), possibly due to the postmerger motion
of the merger remnant in the AGN gaseous disk. The Laser Interferometer Space Antenna (LISA) may
detect up to ten such gas-rich black-hole binaries months to years before their detection by Laser
Interferometer Gravitational Wave Observatory or Virgo-like interferometers, localizing them in the sky
within ~1°2. LISA will also measure directly deviations from purely vacuum and stationary waveforms
arising from gas accretion, dynamical friction, and orbital motion around the AGN’s massive black hole
(acceleration, strong lensing, and Doppler modulation). LISA will therefore be crucial to enable us to point
electromagnetic telescopes ahead of time toward this novel class of gas-rich sources, to gain direct insight
on their physics, and to disentangle environmental effects from corrections to general relativity that may

also appear in the waveforms at low frequencies.

DOI: 10.1103/PhysRevLett.126.101105

GW190521 is the most massive compact binary merger
observed by the Laser Interferometer Gravitational Wave
Observatory and Virgo Collaboration (LVC), with progen-
itor black-hole (BH) masses of 8572 Mg and 667/ My
[1,2]. The larger BH lies in the pair-instability gap
~[50,130] Mg [3-5], calling for interpretations beyond
standard stellar-evolution models. A viable channel to
produce such massive BHs is via repeated mergers (which
would also explain the large misaligned spins of
GW190521 [1,2]), e.g., in stellar clusters [6—8] or active
galactic nuclei (AGNs) [9-11]. While repeated mergers
might be rare in globular clusters due to BH ejection by
gravitational recoil [2], nuclear star clusters have higher
escape velocities and more efficiently retain merger rem-
nants. Alternatively, GW190521 may have formed in an
AGN disk, where mass segregation and dynamical friction
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(DF) favor BH accumulation near the center (enhancing
merger rates) and their growth by mergers and accretion
[9-13]. The large GW190521 masses may also be con-
sistent with metal-free, population-III star progenitors [14]
(see also [15—17]). Other less standard scenarios include
beyond-standard-model physics [18], primordial BHs [19],
boson stars [20], and extensions of general relativity (GR)
[21]. Finally, [22,23] note that there is a non-negligible
probability of GW190521 being a “straddling” binary
with components below and above the pair-instability
gap. Although some analyses [24-26] suggest that eccen-
tric waveforms might fit the data better, supporting a
dynamical origin in dense environments, the formation of
GW190521 remains mysterious.

Remarkably, the Zwicky Transient Facility observed an
optical flare (ZTF19abanrhr) interpreted as coming from

© 2021 American Physical Society


https://orcid.org/0000-0002-2685-1538
https://orcid.org/0000-0002-8751-9889
https://orcid.org/0000-0001-5393-2205
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.126.101105&domain=pdf&date_stamp=2021-03-12
https://doi.org/10.1103/PhysRevLett.126.101105
https://doi.org/10.1103/PhysRevLett.126.101105
https://doi.org/10.1103/PhysRevLett.126.101105
https://doi.org/10.1103/PhysRevLett.126.101105

PHYSICAL REVIEW LETTERS 126, 101105 (2021)

the kicked GW190521 BH merger remnant moving in
an AGN disk [27]. If confirmed, this would be the first
electromagnetic counterpart to a BH coalescence (see,
however, [28,29]). The flare occurred ~34 days after
GW190521 (the delay being ascribed to the remnant’s
recoil) in AGN J124942.3 + 344929 at redshift z = 0.438.
If the flare is indeed associated with GW190521 and due to
the remnant’s recoil in the AGN disk, [27] finds a total
binary mass of ~150 Mg, a kick velocity of ~200 km/s
at ~60° from the disk’s midplane, a disk aspect ratio
(height to galactocentric radius) of H/a ~ 0.01, and a gas
density of p ~ 1071 g¢/cm3. The [27] authors also argue
that the binary is most likely located in a disk migration
trap (galactocentric distance a ~ 700 GM/c?> with M ~
103-10° M, as the mass of the AGN’s BH) where gas
torques vanish and binaries accumulate as they migrate
inward [30]. While the GW190521-ZTF19abanrhr asso-
ciation is debated [31], our results will not rely on it but
only assume that GW190521-like systems reside in gas-
rich environments (e.g., AGNs [9-13]).

Months or years before merging in the Laser
Interferometer Gravitational Wave Observatory and Virgo
band, BH binaries with masses above a few tens M, spiral in
the mHz band of LISA [32], a gravitational-wave (GW)
space-borne experiment scheduled for 2034. Observing the
inspiral with LISA would permit estimating the source
parameters very precisely [33-35], e.g., the chirp mass
and distance to fractional errors ~107* and ~0.4, respec-
tively, the sky position below ~1°2, and it would allow for
predicting the coalescence time within a minute weeks
before the signal is detected from Earth. This would permit
alerting electromagnetic telescopes in advance, pointing
them at smaller sky regions, and looking for electromagnetic
counterparts [33] coincident with the coalescence.
Moreover, GR extensions typically predict low-frequency
corrections to the GW phase, e.g., vacuum dipole emission
at —1 post-Newtonian (PN) order, which will be tested to
exquisite precision by LISA’s inspiral observations [36—38].

We argue below that LISA might detect several gas-rich,
high-mass BH binaries. Besides observing these sources
beforehand and localizing them accurately [39], LISA
will also detect the environmental (i.e., nonvacuum [40])
effects in the GW signal, namely gas accretion and DF on
the component BHs, the binary’s acceleration around the
AGN’s BH, and possibly the Doppler modulation and the
lensing and Shapiro time delay from the central BH. These
effects may be degenerate with low-frequency tests of GR
but may help localize the source by correlating with AGN
catalogs. Henceforth, we use units where G = ¢ = 1.

Event rates.—Assuming binaries with parameters
drawn from the LVC posteriors, Ref. [2] estimates the
comoving merger rate of GW190521-like systems as
0.13793% yr~! Gpc=. With the same hypotheses, LISA will
observe 1-10 such systems, depending on high-frequency
laser noise, mission lifetime, and operation duty cycle, for

z < 0.5 (for more details, see [39]). However, if GW 190521
lies at the low-mass end of a heavy-BH population extending
beyond 100 Mg, the LISA rates would be significantly
higher (because in the 10-10° M, range the LISA horizon
distance is o« M5/3, with M the source-frame chirp mass
[34]). Indeed, conservatively assuming a Salpeter mass
function extending to 200 M, the inferred LVC rate would
boost LISA detections by about an order of magnitude
(see also [41]).

Detectability of environmental effects.—We model
accretion from the AGN disk by the Eddington ratio fryq =
m/mgqq between the mass accretion rate 7z of either BH
and ritggq = Lggq/n, With Lggg the Eddington luminosity
and 77 = 0.1 the radiative efficiency. The mass growth of the
BHs, (i = 1, 2), is m;(t) = m;(0) exp(fraqt/7s), With 7g =
4.5 x 107 yr the Salpeter time. The phase term in the
Fourier-domain GW signal / ~ | e induced by the mass
growth can be evaluated in the stationary-phase approxi-
mation at leading PN order [42]:

75M

~13/3
8519687, [f M1+ )7,

(1)

with f the observed GW frequency, z the redshift at
coalescence, and £ ~ (1) a factor parameterizing the drag
produced by momentum transfer from the accreted gas
[42], which we conservatively set to zero.

The binary’s center of mass (CoM) acceleration around
the central massive BH also modifies the waveform
(c.f. [43-45] for CoM accelerations almost constant during
the observation period). The phase correction reads [43—45]

&accretion ~ _fEdd(8§ + ]5)

~ 25M
Ly Al -13/3
¢acceleratlon 65536 v (tC) [”fM (1 + Z)] ? (2)

where !l is the acceleration along the line of sight,
computed at coalescence, dominating over the cosmologi-
cal acceleration (which we neglect). For quasicircular
galactocentric orbits, ¥/l ~ (3.2 x 107" m/s?)e, where [43]

.o Vorb 210 kpc cos 3)
~\100km/s) ~ a v

with v, the galactocentric orbital velocity and y the angle
between line of sight and acceleration. Since cosy =
cossin(Qr + ¢g) (with ¢ the inclination angle of the line
of sight relative to the AGN disk, Q = /M /a*/?, and ¢,
the initial phase), the assumption of constant acceleration
only holds at sufficiently large galactocentric distances a
(i.e., low Q). We will verify this assumption a posteriori
(and relax it) later.

Equations (1) and (2) show that accretion and (constant)
acceleration are degenerate since they both appear at —4 PN
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FIG. 1. Distribution of Fisher-matrix errors on environmental

effects for the LVC samples with LISA alone or jointly with
ground detectors.

order [40,42,43,46] (accretion always yields a negative
phase contribution, while acceleration can give contribu-
tions of either sign). Both effects can be included in the
waveform via a phenomenological PN term D_ypn =
@_4lmfM(1 + 2)]713/3 [47], with ¢@_, related to fpqq and
e for accretion and acceleration, respectively.

We also consider the DF from gas with density p
surrounding the binary. Assuming a binary’s CoM approx-
imately comoving with the gas, the DF exerts a drag
force on each BH (opposite to the BH’s velocity 7; in the
CoM frame), Fpg; = 42p(Gm;)*1(r;, v;)/v?, where r
is the distance of the BH from the CoM, and we assume
v; > ¢, (with ¢, the sound speed; note that v; is relativistic
for binaries in the LISA band). We use the analytic
“Coulomb logarithm” I(r, v) of [48], which was validated
against simulations for v;/c; < 8 but which we extrapolate
further (c.f. [49]).

We assume ¢ = vy (H/a) [50], with H/a ~ 0.01 [27].
Following [48] (see also [51-53]), we only include
the effect of the wake created by each BH on itself
and neglect the companion’s [54]. For f 5 0.3 Hz, this
is a good approximation, since the orbital separation of
GW190521 in the LISA band is larger than the wake’s size.
In the adiabatic approximation, the DF-induced phase
correction first enters at —5.5 PN order:

257(3v — 1) M?

PoF = =P 30308,

yorlfM(1+2)]7163, (4)

with ypp = =247 log (f/fpr) — 39 + 304 log(20) +
38 log (3125/8) and fpr = c,/[22n(m; + m,)] being v =
mym,/(m; + m,)?* the symmetric mass ratio.

In Fig. 1, we show the distribution of errors, produced
with the augmented Fisher formalism of [35], for the
Eddington rate fgqq, the acceleration parameter e, and
the gas density p, (normalized to p, = 10710 gecm™ [27]),

considering modifications one by one. We use fgq = p =
€ = 0 as injections, i.e., the distributions represent opti-
mistic upper bounds on the parameters. We use the LVC
masses, spins, distance, and inclination samples for the
NRSur7dg4 model [55] and, for each sample, we set the
time to coalescence to the mission’s duration (six years)
and draw sky location and polarization randomly. The extra
terms of Egs. (1), (2), and (4) were added to PhenomD
waveforms [56,57] one by one, and we accounted for the
antenna motion during observations following [35,58,59].
We consider detections by LISA alone and jointly with
ground interferometers. In the LISA + Ground case, we
mimic a multiband detection by assuming that masses,
spins, and merger time are measured by ground detectors,
thus removing them from the analysis.

We find that LISA alone can detect super-Eddington
accretion rates (fgqq 2 6), which may be typical in dense
environments [60], and acceleration parameters € > 3 x 10,
corresponding to a ~ 1 pc for M = 103 My, The DF effect
is even stronger, with p/p, constrained at percent level.
All errors improve by about an order of magnitude in the
LISA + Ground scenario (e.g., sub-Eddington accretion
rates become measurable).

Next, we focus on one system compatible with the LVC
posteriors and perform a Markov chain Monte Carlo
analysis [61] like in [35], injecting nonzero values (plau-
sible for sources in AGNs) for all environmental effects
(considered simultaneously): fgqq = 5, € = 3.2 x 10° (cor-
responding to a =~ 0.4 pc for M = 108 My) and p = p,,.
Figure 2 shows the posterior distributions for the density
(p/po) and the parameter ¢_, accounting for acceleration
and accretion. Both parameters can be measured well, since

P-4
—— LISA-only
—— LISA+Ground
A p/po
%‘?9
g
T O
* j
/Qb Q.Q Qb \/Q QCO c} \fb q/.b"
Py x107° p/po

FIG. 2. Posterior distribution of gas density and —4 PN phase
term (i.e., constant acceleration and/or accretion), with 68%, 95%,
and 99% confidence contours for a best-case event consistent with
GW190521. Black lines indicate the injected values.
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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 nonmodulated one (dashed) (coalescence is at t = 0). The right panel shows the
amplitude of the Fourier-domain transfer function (3/ fz)( f), with a horizontal line at 1. In both panels, the shaded bands show the
frequency bands where the time-to-frequency map becomes multivalued.

they appear at different (negative) PN orders. Note that the
sign of ¢_, can help distinguish accretion (¢_4 < 0) from
acceleration (¢_4 of either sign). We focus on a system with
a (LISA-only) signal-to-noise ratio of 9.6, the highest
among the LVC events, at a distance of ~1.4 Gpc. Since
this system is close to the LISA detection threshold (signal-
to-noise ratio ~8), we conclude that even for near-threshold
events environmental effects are measurable, and their
observation will only be limited by the event detectability.

We have checked that the assumption of constant
acceleration holds, i.e., verified that the systematic error
produced by the variation of € over the observation time
T s 1s negligible relative to the statistical error. For a <
0.25 pc[M/ (108 Mg)]*7[Tops/ (6 yr)]*7 (i.e., orbital peri-
ods T<1200yr[M/(108Mg)]Y7[T s/ (6yr)]*/7). However,
this may no longer be true. This is the case, e.g., if
GW190521 lies in a disk migration trap. Ref. [27] estimates
the trap’s distance from the central BH as a ~ 700 M,
corresponding to 7' ~ 1.8 yr, i.e., the acceleration cannot
be assumed constant over the observation time. In this
situation, the Taylor expansion leading to Eq. (2) breaks
down, and the GW signal can be estimated as s(7) =
h[t + dl(t)], with h(t) the source-frame strain. The delay
d| (1) arises from the change in the source distance due to the
orbital motion and is given by the orbit’s projection on the
line of sight: dll(¢) = acosisin(Q¢ + ¢). This time-vary-
ing delay produces an oscillating Doppler modulation
DDoppler ~ 27 fdll of the observed signal. The magnitude
of this phase is approximately

N 4 M f a
2nfa~2x10 rad(lo8 Mo> <10mHz> <7OOM>‘ )

This effect strongly impacts the signal, dominating the
Doppler modulation produced by the LISA motion
(=30 rad), and happening on comparable timescales.

The GW frequency suffers redshifts and blueshifts as the
binary’s CoM moves away from or toward LISA (see Fig. 3).
These modulations dominate the GW-driven chirp rate,
leading to a multivalued time-to-frequency map in the
shaded bands of Fig. 3 where the chirping and antichirping
parts of the signal overlap. This strongly affects the Fourier-
domain observed signal 3(f), with the transfer function
amplitude |7 (f)| = |3(f)/A(f)| showing interference pat-
terns in the shaded bands. The impact on detection and
parameter estimation is under study [39].

Another potentially detectable effect, particularly for
edge-on AGN disks, is the strong lensing of the GWs
by the central BH, which occurs at scales given by the
Einstein radius

re =~ (4MD,)'/? = [AMa cos 1sin(Qt + ¢¢)]'/%,  (6)

where we assume a < D,, with D, the lens angular
diameter distance. Significant lensing occurs when the
source passes within ~rp of the lens, and the lensing
probability is thus the fraction of time (during a full orbit
around the central BH) for which this happens [62,63]. 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 [63], depending on the
observation time T, and M. The probability of strong
lensing is (see Fig. 4)

10121 -3/2M 2
Piens =Min [——Obs <£> -9 } Zarcsin [2
T

M
2 yr \M M’ ’

a

(7)

Strong lensing also affects the observed waveform
directly. For a plane wave, the lensed signal (in real space)
is given by
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FIG. 4. Lensing probability as function of observation time,
T s> and galactocentric distance, a/M, for M = 108 My,
h (1) = F(f.1)h(1) (8)

in terms of the amplification factor F(f, r). For a pointlike
lens in the geometric-optics approximation [64,65],

F(fot) = e |2 = i 22, (9)

where the magnification of each image, uy =1/24(y*+2)/

(2y+/y*+4), depends on time through the lensing param-
eter y = b/rg, with b the impact parameter. The time delay

between two images is  Ar = Atga{y/2V/y* +4+

In [( \/y +4+y)/(\/y*+4-y)]} where Atgq~2x
1073(1 + z)M /Mg, sec. Periodic passages of the orbit
behlnd 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
¢s1. = Arg[F(f,t)]. We have checked, however, that this
dephasing is typically smaller than the Doppler modulation
described above (c.f. [39] for details).

Discussion.—If GW190521-like events occur in dense
gaseous environments, these GW sources may provide a
unique probe of AGN properties. By detecting the inspiral
of these binaries months or years before their coalescence
in the band of ground-based detectors [39], LISA will
measure the binary parameters with exquisite precision and
help localize potential electromagnetic counterparts (which
would in turn help identify the host galaxy among the
thousands—of which just a few are AGNs—present within
the 1°2 LISA error box). Moreover, LISA may uncover
nonvacuum effects carrying information on the astrophysi-
cal source environment, further confirming the identifica-
tion with an electromagnetic counterpart (if any).

Detecting environmental effects is also crucial to test
GR [40]. Effects like extra dimensions or a time-varying

Newton constant enter the inspiral waveform at —4PN order
[66], being thus degenerate with accretion or acceleration.
Other effects, like vacuum dipole emission, also appear at
negative PN orders [36]. If negative PN corrections are
measured by standard parameterized tests [47], an electro-
magnetic counterpart in the LISA sky-position error box
would favor an environmental origin over a beyond-GR one.

Given these tantalizing prospects, dedicated simulations
would be needed to carefully describe environmental effects
in binaries, accounting, e.g., for radiative transfer and out-
flows that may affect DF and accretion [60,67] and modeling
strong accelerations in relativistic binaries accurately [39].
Relativistic corrections might also impact the signal if the
binary is close to the central BH (note that a ~ 700 M
corresponds to v,y =~ 0.04). These include orbital periapse
precession, spin-orbit [68] and spin-spin [69] precession, and
gravitational redshift. The Shapiro time delay can also be
significant, i.e., 5t ~ 10° s(M/10% Mg,) as we will discuss in
[39]. The central BH may also produce Lidov-Kozai oscil-
lations, increasing the binary’s eccentricity [70,71].

Besides the merger remnant’s electromagnetic emissions
that are in the visible band of the electromagnetic spectrum,
x-rays from accretion onto the binary components and
radio flares from jets are expected. Following [42], we find
both effects difficult to observe even with future telescopes
(e.g., Athena+, Square Kilometer Array) [39].
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