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The precession of astrophysical jets produced by active-galactic nuclei is likely related to the dynamics
of the accretion disks surrounding the central supermassive black holes (BHs) from which jets are
launched. Two main mechanisms that can drive jet precession arise from Lense-Thirring precession and
tidal torquing. These can explain direct and indirect observations of precessing jets; however, such
explanations often utilize crude approximations of the disk evolution and observing jet precession can be
challenging with electromagnetic facilities. Simultaneously, the Laser Interferometer Space Antenna
(LISA) is expected to measure gravitational waves from the mergers of massive binary BHs with high
accuracy and probe their progenitor evolution. In this paper, we connect the LISA detectability of binary
BH mergers to the possible jet precession during their progenitor evolution. We make use of a semianalytic
model that self-consistently treats disk-driven BH alignment and binary inspiral and includes the possibility
of disk breaking. We find that tidal torquing of the accretion disk provides a wide range of jet precession
timescales depending on the binary separation and the spin direction of the BH from which the jet is
launched. Efficient disk-driven BH alignment results in shorter timescales of ~1 yr which are correlated
with higher LISA signal-to-noise ratios. Disk breaking results in the longest possible times of ~107 yrs,
suggesting a deep interplay between the disk critical obliquity (i.e., where the disk breaks) and jet
precession. Studies such as ours will help to reveal the cosmic population of precessing jets that are

detectable with gravitational waves.

DOI: 10.1103/PhysRevD.110.123034

I. INTRODUCTION

Astrophysical jets are bipolar outflows observed across
astronomical scales and often originate from forming stars
or accretion processes involving compact objects such
as pulsars, stellar-mass black holes (BHs), and active
galactic nuclei (AGN) hosting supermassive BHs [1-15].
Multiwavelength electromagnetic (EM) observations com-
bined with the long history of modeling of jets have led to
advancements in understanding the dynamical evolution of
the jet components, interactions with their environments,
and their connection to the evolution of their hosts [16,17].
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Among the best studied jets are those associated with
AGN [3,16]. These jets can have an observed range of
morphologies [18-20], exhibit substantial variability
[18,21,22], and extend across a wide range of spatial
and angular scales [23]. The components of a jet can be
ejected with different apparent proper motions and directions
on the sky plane, typically interpreted as arising from the
precession of the jet about a rotation axis [18,19,24-26].
Observing this precession can be challenging and relating it
to the kinematically driven evolution of the jet at ~0.1 pc
spatial and ~1 mas angular scales is uncertain [27].

The precession of a jet is most easily directly observable
if its axis of rotation is sufficiently along the line of sight. A
classic example is the “Rosetta Stone” blazar OJ287, whose
jet has been observed for 100+ years and is precessing
over a timescale of ~20 yrs [26,28], possibly driven by the
evolution of a BH binary [29]. The high-redshift blazar
JOO17 4+ 8135 has a jet precessing over a timescale
~12 yrs [30]. Alternatively, if the AGN is within sufficient
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proximity from us, the precession of an off-the-line-of-sight
jet can also be directly observed; this is the case of the
nearby galaxy M81, whose jet precesses over a timescale of
~7-12 yrs [25,31,32]. Other systems observed to host
dynamically evolving outflows, such as misaligned bubbles
and radio lobes, are thought to be tied to the motion of a jet
precessing over timescales ZMyr [19]. A good example is
Hydra A, where 3D hydrodynamic modeling of the high-
resolution radio observations suggest a precession time-
scale of 10° yrs [33]. Jet precession is also a possible
explanation for the locations of the bubbles in the Perseus
cluster, NGC 1275 (3C 84) [34,35], where the jet pre-
cession timescale was measured to be ~107 yrs by iden-
tifying the formation of four components: inner jets, outer
lobes, ghost bubbles, and ancient bubbles [36], though,
“cluster weather,” i.e., gas motions due to substructure
mergers, probably also plays a role.

Currently, EM observations of AGNs with jets indicate
that many can display strong curvature, see, e.g., [37,38],
some fraction of which may be due to jet precession [39]. The
fundamental cause(s) of jet precession are uncertain, but two
main possibilities involve the precession of an accretion disk
of a nuclear supermassive BH [16,40,41] where either (i) the
accretion disk precesses because of relativistic Lense-
Thirring torques or (ii) the accretion disk precesses because
of the tidal torque induced by a BH companion. The physics
of BH accretion and binary BH disk evolution are themselves
also uncertain, and connecting these processes with theo-
retical and observed jet precession properties is a nontrivial
task, see e.g. Ref. [42] and references therein.

As direct EM observations of jet precession are limited to
systems that are sufficiently nearby, to jet precession
timescales that are < a human lifespan, or to environments
that are sufficiently dense for the trace of the jet to be seen
over large distances, and as it is challenging to accurately
infer long jet precession timescales from indirect EM
observations of outflows, there exists an opportunity in
galactic astrophysics for complementary probes of jet
precession to emerge [42].

One possible new avenue comes from the gravitational
waves (GWs) that are emitted by merging binary BHs. The
Laser Interferometer Space Antenna (LISA) [43,44] will be
able to detect mili-Hertz GWs from the mergers of super-
massive binary BHs that result from galactic mergers across
a large range of BH masses M ~ 10*8M and redshifts
z 2 10. A significant fraction of these mergers are expected
to harbor sufficient gas for accretion to be relevant during
the galactic/BH merger process [45-47], implying that
LISA might have the potential to probe the broad range of
AGN jet precession timescales spanned by EM observa-
tions. However, to do so will ultimately require accurate
models of supermassive BH binary evolution which is also
currently an important open problem [48-50].

The journey of two BHs from initial pairing to forming a
Keplerian binary and evolving until GW emission guarantees

merger depends on many astrophysical processes, such as
dynamical friction, stellar loss-cone hardening, and viscous-
drag in disk migration [51]. While much work has anticipated
methods to constrain the complicated supermassive binary
BH evolution with GWs and EM counterparts [52,53], for
example accretion disk flares and jets associated with the BH
binary merger or with postmerger accretion of the merger
remnant, these require observational campaigns targeting
rare EM transients coincident with GW signals providing
accurate sky localization. Thus, a couple questions naturally
arise: Can we use GWs to constrain the precession of jets for
AGN systems that are challenging to observe with EM
facilities? How would such constraints depend on the
uncertainties related to the astrophysical evolution of BH
binaries?

In this work, we address these questions by connecting jet
precession that can occur during the phase of disk migration
at binary separations <0.1 pc with the LISA detectability of
GWs from binary mergers. To compute the jet precession
timescales that arise from Lense-Thirring and tidal torquing,
the latter of which can drive the disk to break, we assume that
jet precession is steered by the precession of an accretion disk
about the more massive BH. We make use of a state-of-the-art
semianalytic model [54] that solves the coupled evolution of
the BH spin orientations and the binary inspiral through a
circumbinary accretion disk. We then evolve the binary to
merger and compute its LISA signal-to-noise ratio. This
approach simultaneously parametrizes the two jet precession
timescales and correlates their dependencies on astrophysical
uncertainties with expectations for LISA detections of GWs
from the binary merger.

While the jet precession timescale due to Lense-Thirring
disk precession is generally of O(Myr), we find that the
orientation of the primary BH spin plays an important role in
determining the bounds on the tidal jet-precession timescale,
which can generically range from ~1 to 107 yrs subject to the
parameters of the binary BH and the uncertainties of disk
migration. Accretion disk breaking is correlated with the
longest possible tidal jet-precession timescales, since they
share the common cause of perturbations of the accretion
disk from the binary companion. Meanwhile, BH spin
alignment is correlated with the shortest tidal jet-precession
timescales. Coupling these predictions with LISA detect-
ability of binary BH mergers, we show how aligned-spin
systems have higher signal-to-noise than misaligned sys-
tems, implying a selection effect where LISA is more
sensitive to systems that evolved from progenitors that
experienced jet precession over a shorter timescale as
compared to systems whose accretion disk broke.
Additionally, we speculate how our model can help explain
the observed jet precession timescales of a few AGN systems,
and we discuss various future routes of exploration that are
motivated by our study.

This paper is organized as follows. We present the
adopted model of binary BH evolution and LISA detections
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in Sec. II, which we explore in Sec. IIl. In Sec. IV we
summarize our findings and in Sec. V we discuss their
implications.

II. MODELS OF BINARY DISK MIGRATION,
JET PRECESSION, AND LISA

We utilize semianalytic models of three binary-BH
evolution phases: disk migration, post-Newtonian inspiral,
and merger. We contend that this encapsulates important
phenomenological dependencies between the possible
precession of a jet during disk migration, the evolution
of the BH binary spin orientations, and the LISA detect-
ability of binary mergers.

A. Disk migration and jet precession

To connect the jet precession timescales to the evolution
of supermassive BH binaries, we use the semianalytic
model first presented in Ref. [54]. This model assumes that
the BH binary is initialized in a cavity carved from a
circumbinary disk which feeds the minidisk of each BH
[55] in order to compute the coupled evolution of the disk-
driven binary inspiral and the BH-spin alignment. These
minidisks are modeled as collections of annuli whose
evolution is governed by the classic disk evolution equa-
tions [56,57] that correspond to the conservation of mass
and angular momentum. Simplifying assumptions are
utilized to form a tractable boundary value problem without
resorting to numerically solving the full set of evolution
equations [54,58].

This model is well-suited for connecting the precession
of the accretion disk with the precession of a jet as it self-
consistently incorporates three main aspects of the
Bardeen-Petterson effect [5S9-61]: (i) the warping of the
minidisk due to Lense-Thirring precession, (ii) the warping
of the minidisk due to the tidal torque from the binary
companion, and (iii) the possible breaking of the minidisk
due to sufficiently strong tidal perturbations. Thus, it allows
us to relate the properties of both the accretion disk and the
BH with the precession of a jet during the BH-binary phase
of disk migration. A full description of the model is
provided in Refs. [54,62]. Here, we briefly restate the
ingredients that are essential for our analysis.

We refer to the more massive BH in a binary as the
primary denoted by a subscript 1 and the less massive BH
as the secondary with a subscript 2. The masses of the two
BHs are denoted by m;,, the spin dimensionless Kerr
parameters are denoted by y;,, the binary separation is
denoted by r and the misalignment angles between the
spins of the accreting BHs and the orbital angular momen-
tum of the outer edge of the minidisk (which is assumed to
be aligned with the angular momentum of the larger circum-
binary disk [63]) are denoted by 0, , € [0, z]. Before solving
the coupled binary-inspiral and spin-alignment problem, one
must first evaluate the warped disk profile. We use a locally

isothermal nonlinear viscous warp theory [64] to compute
the viscosity coefficients that appear in the disk evolution
equations, which we approximate via radially dependent
power laws with spectral index f = 3/2 to recast the
viscosities in terms of the dimensionless kinematic viscosity
parameter a [65] and the warp amplitude y [64].

Once we have the warped-disk profile, we compute the
time evolution d@/dr by integrating the Lense-Thirring
torque density in a quasiadiabatic approximation such that
the alignment timescale is much longer than the viscous
timescale (the canonical Bardeen-Petterson effect [59]) and
much shorter than the mass-accretion timescale. This
implies that the mass and spin magnitude of the accreting
BH remain constant. We assume that all gas funneled from
the circumbinary disk reaches the binary, i.e., f1 + f, = fr1
where f and f, are the relative Eddington fractions of the
primary and secondary BHs, respectively, and ft is the
Eddington fraction of the circumbinary disk, and we
assume differential accretion [66] that scales linearly with
the BH masses m; and m,, i.e., f»/f; = m;/m,. In this
multitimescale framework, we solve the coupled evolution
of df/dt and dr/dr to obtain the inspiral dependence 6(r).
The speed of the alignment of each accreting BH spin relative
to the binary inspiral enters the formalism of Ref. [54] with a
single dimensionless parameter  that depends on the binary
masses, the spin magnitude of the accreting BH, and on the
disk and inspiral prescriptions [62].

The tidal parameter x encodes the effect of the tidal
torque from the companion on the warped minidisk of the
accreting BH [54,58]. For the primary BH one has

k) =~ 0.66 <10T—1‘14@>2 (())f_g )2 (10131;%) <0.1rpc> 3
() () et 0

where H/R is the aspect ratio at the reference radius where
the viscosities are quoted [67,68], and ¢ = () is the ratio
of the vertical to horizontal viscosity in the small-warp limit
(with ¢ « 1/2a? for a — 0, [56,69]). For a generic binary,
one has a k parameter for each BH, where for the secondary
one should consider Eq. (1) with switched labels 1 < 2.

With this parameterization, the mass and momentum
equations reduce to a one-parameter family of solutions—
thatis, we solve d cos §/dk according tox = (Ryq/Ryi1)~"/>,
where R4 and Ry 1 are the disk radii such that the companion
tidal and Lense-Thirring torques, respectively, mostly affect
the warp profile [54]. As k o =3, larger (smaller) x provide
solutions that are more (less) perturbed by the binary
companion.

Itis possible that the warped minidisk around each BH can
break, see, e.g., Refs. [58,70,71]. In our semianalytic model,
this occurs for low viscosity a, large tidal perturbations x
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from the binary companion, or a large in-plane component of
the BH spin orientation 6 [54]. For given « and «, the critical
obliquity 6. bounds the range of misalignments for which
the disk breaks 0, < 0 < & — 0. This implies that either
the disk can be initialized broken or can break as the BH spin
aligns and the binary inspirals (i.e., as x increases). For
simplicity, after a disk is broken we hold € constant for the
remainder of the disk-driven inspiral [62].

Throughout this work, and without assumptions regard-
ing the nature of its formation or kinematics, we consider a
precessing jet from the primary BH that accretes from its
minidisk. We assume that the precession of the minidisk is
directly responsible for the precession of the jet, see,
e.g., Refs. [41,72,73]. This implies two timescales over
which this jet can precess corresponding to two main
sources of disk precession in our model of binary BH disk
evolution [62].

The first is the classic Lense-Thirring precession time-
scale [74], i.e., the time for the inner regions of the minidisk
to align with the primary BH spin, given by [54,57,75,76],

~6( X! 23 (H/R\3 (fr\~!

w=6(53)" (o) (61)

a \1/3 ¢ ~2/3
“(63) lavom] M @

The second jet-precession timescale arises from the
Newtonian tidal torque acting on the primary-BH minidisk
from the binary companion. One has [77]

r N3/ R, \-3/2
fia = 1.8 x 102 d
tid % <0.1 pc) <0.1 pc)

qm 172 _
< (i) Jeosor| o 6
(0]

where ¢ = m,/m; <1 is the binary mass ratio and Ry is
the radius of the primary minidisk. We estimate Ry directly
from our model of disk migration, which arguably provides
a more realistic approximation of the warping and pre-
cession of the accretion disk compared to typical analytic
treatments wherein the disk is treated as a rigid object and
Ry is taken as its outer radius [28,73]. In Eq. (3), we set
Ry = R4y = k¥R, for the disk radius since this is where
the effect of the companion is strongest on the warp of the
primary minidisk. The importance of x for 7;q in our
parametrization illuminates the phenomenological depend-
ence of #;4 on the binary disk evolution. Hence, we can cast
Eq. (3) in terms of the disk and BH parameters by
substituting Eq. (1) for x and Eq. (21) of Ref. [54] for
Ry ; this yields

ttid ~7.45x 104

(1+q>5/7 M -5/7
25/14%7 \2x10"M,

NI\
2o 0,11
x <0.1pc> <o.s> [cosd|

H/R\7( a\'2/7 ¢ 12/7
X(m) (@) [—1/<2Xo_zzj e @)

where M = m; + my, is the binary total mass. We note that
the above formula for f;q diverges at 6, = z/2 which
corresponds to the disk configuration where the minidisk is
broken at the start of the disk migration phase for any set of
initial parameters [54]. Thus, we expect a correlation
between binaries with broken primary minidisks and longer
values of .

We initialize the phase of disk migration at the transition
between binary hardening due to stellar loss-cone scattering
and viscous disk migration. In our fiducial model where
fr=0.1 and the scaling parameters are R, = 0.05 pc,
t, = 1 Myr, t, = 10 Myr, and R, = 0.1 pc [62], this pro-
vides an initial binary separation r; = 0.066 pc. The phase
of disk migration ends approximately when the angular
momentum of the binary decouples from the angular
momentum of the circumbinary disk [78],

M 4qg 15
~3x107*
=310 (5 ) |
H/R =45 (o \ ~2/5
— — . 5
x <0.002> (o.z) pe ®)
The decoupling separation provides the smallest separation
during the phase of disk migration and hence a lower limit for
t;q- In the results of Sec. III, we explicitly specify the

separation at which ¢4 is calculated. We also compute the
merger timescale of the binary due to GW emission via [79],

(I+q)?( r \* M -3
T.
4 \10%pc) \2x10m,) *
(6)

Figure 1 shows the above timescales as the binary total
mass M is varied; the other parameters are set to fiducial
values, see Sec. III. For the jet of the primary BH, the
Lense-Thirring precession timescale #;t, shown as the
black dotted line, is independent of M in our model, and
is generally larger than the tidal precession timescale #q,
which depends strongly on the spin orientation of the
primary BH 6, and the binary separation r. When evaluated
at the decoupling separation from Eq. (5), t;y becomes
linear in M, cf. Eq. (3). As we shall explore further in
Sec. III, a wide range of #;4 are possible, shown by the
light-pink patch in Fig. 1, depending on the misalignment
0;. Understanding the phenomenological dependence of 9,
is important for predicting #;q in AGN systems hosting

Tmerge = 14.4
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FIG. 1. The dependence of various timescales on the binary BH

total mass, M. The dashed red and dot-dashed blue lines are the
tidal disk precession timescale [Eq. (4)] for in-plane and aligned
primary BH spin, respectively, which define the allowed range of
values shown by the light-pink shaded patch. The dotted black
line is the Lense-Thirring precession timescale #; + [Eq. (2)], and
the black solid line is the GW-driven binary merger timescale
Imeree [EQ. (6)]. We use our fiducial values for the remaining
parameters as listed in Sec. III.

binary BHs. The similar dependence on r of #;q and fperge
implies that both timescales should be positively correlated.
Here and throughout this work, we fix the binary mass ratio to
q = 0.8 for simplicity. Varying ¢ for a range of major
mergers, i.e., ¢ 2 0.1, causes #;q and the GW merger time-
scale fyerge, Shown by the black solid line, to change only by a
factor of <3.

B. LISA detections of massive binary mergers

LISA is expected to have tremendous detection capabil-
ities for supermassive BH-binary mergers and is set to be the
main experimental facility for the milli-Hz GW regime, with
peak sensitivity in the frequency range f ~ 0.1 mHz to f ~
100 mHz [43]. This section briefly explains our calculation
of the signal-to-noise for these binary mergers. We specify
the distance of the source to the LISA detector as the redshift
z using cosmological parameters from Ref. [80].

From the end of the disk migration phase, i.e. at the
decoupling separation, we track the BH spin evolution
using an orbit-averaged post-Newtonian formulation as
implemented in the PRECESSION code [81] down to a final,
premerger separation.

First, we need to ensure that the final separation r; from
our post-Newtonian evolution is consistent with the GW
waveform we will utilize below. We obtain the final
separation via

rf=2x10—4< Siow >_2/3(M(1+Z)>1/3 pe.  (7)

0.1 mHz 2 x 10'M

where fi,, = 0.1 mHz is the instrumental lower-frequency
cutoff of the LISA detector which we take also as the
waveform reference frequency f,; (i.e. the frequency at
which time-dependent quantities such as the spin directions
are specified). For binaries with total masses M(1 + z) >
102(20 Hz/ fiow)Mo, rr above will be too small for the
post-Newtonian approximation to be valid. In those cases
we instead set

GM M(1+z)
= 10—5-~9.6 x 1070 ———=—2 8
" c? * <2 X 107Mo> pe (8)

and compute the waveform reference frequency via

M(1+2z) \™
~ 104
frer = 10 <2 <107 M ) Hz. (9)

We specify the spin directions in a frame where the
binary orbital angular momentum L is along the z-axis
Xi = (x- Xy Xz) = xi(sin;cos ;. sind; singh;,cos ;) where
ie{l1,2}, 6,€0,x] is the spin-orbit misalignment intro-
duced in Sec. II, and ¢; €[0,2x] is the in-plane angle
subtended by the spin vector which we sample uniformly
at the beginning of the PN evolution phase and evolve
down to ;.

Finally, to compute the frequency domain, inspiral-
merger-ringdown GW waveform 4 (f), we use the waveform
approximant IMRPhenomXPHM [82] through the pYcBcC [83]
software. We estimate the signal-to-noise ratio (SNR) of
LISA in the long-wavelength limit as the sum of the SNRs of
two L-shaped detectors p?> = (H,|H,) + (H,|H,). The
SNR in each set of L-shaped arms is [84],

2
(Hi|H,) _4/?2;;(#, (10)

where H; = \/3(F;  h, + F;  h,)/2 are the responses for
the two sets of arms assuming each measures the same signal
with the same detector noise, F; ., are the beam-pattern

coefficients for the h, and h, polarizations [85], and
h.(f) =2f|h(f)| is the characteristic strain [84] of the

GW signal and &, (f) = \/fS,(f) is the amplitude of the
(one-sided) noise power spectral density S,(f) of LISA,
which is composed of both instrumental [86] and galactic
confusion [87] noises. We employ Monte Carlo integration to
estimate the marginalized SNR over the binary inclination
angle 1 (uniform in cosi1), sky location longitude ¢, and
latitude 6, (uniform in [0, 2] and cos 6, respectively), and
the GW polarization ygw (uniform in [0, z]). We confirm the
convergence of the Monte Carlo integral with a standard error
of the mean <1, which is sufficient for our purposes. In the
results that follow we refer to the marginalized SNR as p.
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Nonzero BH spins that are misaligned from the binary
orbital angular momentum cause relativistic spin preces-
sion during the binary inspiral and merger which modulates
the waveform in amplitude, frequency, and phase by
shifting the radiated power among the multipole modes
of h(f). In turn this affects the LISA SNR in a nontrivial
manner, see e.g. Ref. [88].

III. RESULTS

In this section, we aim to reveal the connected aspects of
binary BH disk migration, AGN jet precession, and LISA
detections of binary BH mergers. This results in a large
parameter space exploration of which is beyond the scope
of this work. The inputs to our model are the BH-binary
parameters {m,my, x1,x2, 61,0, ¢y, P, }, the disk-migra-
tion parameters {a, H/R, f1} and those needed to compute
the LISA SNR {z,1, 6y, ¢, wgw }. Motivated by the results
of our previous study [62], we choose a fiducial set of
values, ¢ =my/m; =0.8, M =m; +m, =2x10"M,
21=x>=01a=02 H/R=2x1073, fr =0.1, and
z =72 (see e.g. [89]).

We sample random values of 6, 8,, ¢, and ¢, isotropi-
cally unless otherwise specified, and we marginalize over
1,0, ¢, and wgw when computing the SNR p.

2200 1
— 01=0,=0

20001 -=-= 01 =0, =m/4
I 91 = 92 = 7T/2

1800 1

1600 1

Q

1400 A

1200 1

1000 1

800 1 ,

2 4 6 8
tLT [Myr]

FIG. 2. The Lense-Thirring jet precession timescale 1 of the
jet of the primary BH during the phase of disk migration and the
LISA signal-to-noise ratio p of the binary BH merger after the PN
inspiral as we vary the dimensionless spin magnitude of the
primary BH y; from 0.01 to 0.9 which translates to the Lense-
Thirring period via Eq. (2). Three initial binary BH spin
orientations are indicated by the red (solid), blue (dashed), and
green (dash-dot) lines. Note that each value of y| corresponds to a
different system, as y; is constant in our model of binary disk
migration (see Sec. IT A).

Figure 2 shows the dependence of p on the Lense-
Thirring jet precession timescale f;r as the primary BH
spin magnitude y, is varied and all else held constant for a
single binary BH. For each value of y,, ; and 0, are equal
at the beginning of the phase of disk migration, as indicated
in the legend, and ¢; = 1.76 and ¢, = 4.97 are initialized
at the beginning of the ensuing PN inspiral. We note that
the modulations of p due to the relativistic precession of the
orbital plane are sensitive to these choices. As we assume
1 1s constant during disk migration and since y; remains
constant throughout the PN inspiral, the dependencies of p
and fi 7 on y; are correlated in our model, albeit from
different stages in the binary evolution. Larger values of y,
correlate with longer # 1 and larger p which is suppressed
by larger spin-orbit misalignments, i.e., going from the red
(solid) line to the blue (dashed) and to the green (dash-dot)
line. The disks of the binaries of the green line are
initialized as broken since 0; = z/2, which stifles BH
spin alignment and leads to large modulations in p. For our
fiducial initial disk parameters, the binaries with initial
spins aligned (red solid line) and modestly misaligned (blue
dashed line) end disk migration with aligned BH spins and
thus p is without modulation. However, for the blue line, we
instead choose to show the amount of modulation of p in
the case of inefficient spin alignment during disk migration,
which can occur generally for smaller binary mass and BH
spin magnitude [54,62].

While #; 1 is constant during the disk-driven binary inspiral
in our model, the jet precession timescale due to the influence
of the binary companion has a nearly quadratic dependence
on the binary separation, #,q ~ r'%/7, see Eq. (4). We explore
this dependence in Fig. 3, which shows the coupled evolution
of the binary inspiral (left panel) and alignment of the
primary BH spin (right panel) which together determine
the evolution of #,;4. Here, we end the evolution of the binary,
and hence of 7,4, when the evolution of the primary BH spin
x1 ceases due to being aligned or due to encountering a
broken minidisk. The distribution of binaries are initialized
with identical parameters except that their spin orientations
are isotropically distributed. Consistent with the results of
Refs. [54,62], this produces two subsets: binaries with y,
aligned (dotted blue lines and circles) and binaries with y4
misaligned due to disk breaking (dashed red lines and stars).
Binaries with aligned y attain the shortest 7,4 unless they are
initialized with nearly aligned spins in which case the
dependence on r dominates resulting in larger ;5. The
longest timescales #;q occur near the divergence cosf; =0,
indicated by the peak of red stars in both panels. This peak is
within the subset of the binaries initialized with a broken
disk, where the constancy of cos@; implies constant f;g
through the inspiral. For a given value of viscosity «, the
range of 8, corresponding to initially broken disks is set by
the initial value of the tidal parameter x; ~ 0.01, implying
that very long #,,4 is generically possible via disk breaking in
our model. We note that the fiducial set of initial parameters
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FIG. 3. The evolution of the tidal jet precession timescale f;4 during the phase of disk migration, which depends on both the binary

separation r (or equivalently k) and the spin-orbit misalignment of the primary BH ;. This distribution of binaries are initialized with
our fiducial parameters (Sec. III) and differ only by their initial spin orientations which are isotropic. Here we terminate the evolution of
the binary when the spin of the primary BH becomes aligned, shown by the blue dotted lines and open circles, or ceases to align further
due to encountering a broken accretion disk, as shown by the red dashed lines and stars. Note that f;3 = 3.6 yrs at the decoupling
separation, 7gecoup ~ 0.006 pc, for an aligned primary BH spin (cos ) = 1).

provide quick alignment of the primary BH relative to the
binary inspiral, i.e., @; & 1.45. This rapid alignment is not
generic since ; has a nontrivial dependence on the initial
parameters [54]. As demonstrated in Ref. [62], efficient spin
alignment is not ubiquitous across the parameter space,
implying that inefficient alignment provides #;q inspiral
evolution that is governed by the evolution of .

Next, we continue evolving the distribution of binaries in
Fig. 3 down to the decoupling separation [Eq. (5)] rgecoup =
0.006 pc to compute ¢4, and then down to the premerger
separation r¢ ~ 107 pc, where the spin-orbit misalign-
ments at r¢, 6y, and 0,y, carry the distinct imprints of
efficient alignment and disk breaking that occurred during
disk migration. We then compute the SNRs p of the
mergers in LISA. The resulting distributions of these
parameters are presented in Fig. 4. The tidal jet precession
timescale #;;4 is doubly peaked, where the steep spike arises
from binaries with aligned y; and the broader peak at
longer ;4 arises from binaries where the primary minidisk
broke and hence y; remained misaligned. As f;4 is
computed at rgeoup here, it is generally smaller than the
values shown in Fig. 3, however the general trend still holds
that shorter jet precession timescales #;4 require aligned y;
shown by the sharp peak in the histogram of .

The distribution of SNRs p has four peaks due to the four
possible combinations of aligned and misaligned spins of

the primary and secondary BHs: binaries in the peak at
p ~ 970 have both spins misaligned (both minidisks bro-
ken), binaries in the peak at p ~ 1000 have the secondary
spin aligned and primary spin misaligned (minidisk bro-
ken), binaries in the peak at p =~ 1020 have the primary
aligned and secondary misaligned (minidisk broken), and
binaries in the steep spike at p =~ 1050 have both spins
aligned from accretion. While this trend is a generic
outcome for the case of efficient spin alignment, the values
of p are highly sensitive to the assumed fiducial parameters.
These binaries generally have ; # 6,, implying that p here
can be lower than its value in the small-spin limit for the
fiducial mass and redshift used in Fig. 2. The distinct
maxima in p and their dependence on the binary BH spin
orientations indicate that LISA will have a unique capabil-
ity to probe the possible jet precession timescales #;q of
binary progenitors that evolved in gas-rich environments.

Lastly, Fig. 5 shows how #;;q (computed at the decoupling
separation as in Fig. 4) and p overlap as we vary the (source
frame) total mass M and redshift z of a binary BH that is
initialized at the start of the phase of disk migration and is
terminated as a merger in the LISA detection window.
Contours of constant t;4, depicted by the color bar, are
monotonic in M and independent of z, and contours of
constant p are shown by the labeled, solid black lines.
While 7,4 is larger for higher masses, i.e., see Fig. 1, this is
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FIG. 5. The dependence of the tidal jet-precession timescale 74
(colored regions) and of the LISA signal-to-noise p (solid black
lines) on the source-frame total binary mass M and the redshift z.
All other parameters are fixed to their fiducial values; the binary
BH spins are aligned during disk migration.

where p and hence the LISA detectability quickly vanishes.
However, here the range of values of 7,4 are actually lower
bounds since #q4 is larger for separations r > rgecoup, 1-€., S€€
Fig. 3. As such, the largest value of #;4 in Fig. 5 reflects the
fact that it is evaluated at the small separation r = rgecoup-

In Fig. 5, we assume small BH spin magnitudes y; =
x> = 0.1 and initial spin orientations that result in aligned
1 and y,. The resulting range of #,4 is not very sensitive to
changes in spin magnitude, except for when y; is mis-
aligned due to disk breaking during disk migration, which
provides for larger (smaller) 7,4 at a given M if y, is lower
(higher). These possibilities imply correlations between the
properties of precessing jets and the binary BH spin
precession as seen by LISA. This situation is further
complicated by the dependence of #;; on the properties
of the disk, such as « and H/R, underscoring the necessity
for comprehensive astrophysical modeling in producing
insightful predictions for LISA data analysis.

IV. SUMMARY

Astrophysical jets are among the most energetic phe-
nomena in the cosmos and in AGN they likely arise from
accreting BHs. In this work, we calculated the correlations
between the evolution of accreting binary BHs during their
phase of disk migration and the expected SNR for the GWs
emitted from their mergers as detectable by LISA. This
framework simultaneously connects, for the first time, the
astrophysical uncertainties of binary BH disk migration
with their corresponding jet precession timescales and
resultant GW signals. Therefore, we demonstrate that
LISA can probe the precession of AGN jets by trading
the necessity of coincident multimessenger signals for the
complicated astrophysical evolution of the progenitors of
LISA sources. This work is an important step toward the
development of new frameworks, possibly informed by EM
constraints, to probe the properties of AGN jets through
detections of GWs. Our main findings include

(i) The Lense-Thirring jet precession timescale occurs

characteristically over long timescales, #; 1~ Myr,
consistent with previous studies, see e.g. [57,75,76].

(i) The tidal jet precession timescale takes on a broad
range of possible values, #;4 ~ 1 to 107 yrs, depend-
ing strongly on the binary separation » and primary
BH misalignment 6.

(iii) Accretion disk breaking, which occurs for 0, ~ /2,
is strongly correlated with long timescales ;4 as
tig ~ 1/ cos @, implying that the dependence of the
disk breaking phenomena on a and x will be
important uncertainties for determining .

(iv) The decoupling separation 7y, €ssentially pro-
vides a lower limit for #;4 and hence sets the floor for
the range of ;4 that LISA can probe.

(v) As the SNR of LISA vanishes dramatically for

higher masses >108M, we find that LISA will
be most sensitive to binaries with relatively shorter
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tiq when the BH spin is aligned depending on the
spin magnitude of the primary BH, suggesting
possible correlations with the binary BH spin
precession dynamics.

Analytic approaches to modeling jet precession with
accreting BHs, see e.g. Ref. [73], typically assume that
(i) the disk is a rigid object and (ii) the jet precession is
directly related to the rigid disk’s precession. We have
advanced assumption (i) with our semianalytic model that
self-consistently treats warp propagation through the disk.
Although here we also used assumption (ii), we stress that it
can be tested using astrophysical modeling frameworks
similar to ours in conjunction with datasets from a GW
detector such as LISA.

We chose a modest fiducial value of the disk viscosity
a = 0.2, which is uncertain but can range from <0.1 to
~0.4 [90]. While # 1 [Eq. (2)] scales monotonically with a,
the dependence of 7;4 on « is more complicated due to disk
breaking. Less viscous disks are much more prone to
breaking [54], implying that the prevalence of long #;4
timescales in the parameter space is highly sensitive to the
value of a. Similarly, BHs that begin binary disk migration
with large values of the tidal parameter «, i.e. with small
binary separations, are also more prone to disk breaking
due to strong perturbations from the companion. This effect
is amplified for small values of a as k « a3, Therefore, we
expect the longest values of ;4 to be correlated with the
smallest values of @ and with the largest values of k. Also,
our model assumes a constant aspect ratio H/R of the BH
minidisks, which is likely an oversimplification [91] and
might imply that we underestimate the prevalence of disk
breaking, especially considering that x o« (H/R)™°. A more
realistic prescription for H /R will be important for accurately
modeling the relationship between disk breaking and #,;4. We
naively expect a correlation between f;q and the binary’s
merger timescale fy,. from GWs, as a larger binary
separation simultaneously implies larger 7;eroe and 4.

V. DISCUSSION

Our conclusions have immediate implications for EM-
observed precessing jets in AGN systems. Using our
fiducial initial parameters, let us compare the computed
tidal jet precession timescale t#;; with the observed jet
precession timescale ?.,, of four example AGN systems for
which the distance and BH mass are known, in order of
shortest to longest .. We assume the measured BH mass
is the total mass of a binary BH.

(i) 0J287, the seminal blazar, has distance z = 0.306
[92], binary BH mass M = 4 x 108M [93], and
tops = 20 yrs [26,28], implying that a primary BH
spin aligned from accretion provides #;4 ~ 50 yrs for
a binary separation r = rgecoup & 0.006 pc. The cor-
responding LISA SNR is p = 0 due to the high mass
and modest redshift placing it just outside the LISA

horizon (see e.g., Fig. 5), although a smaller in-
strumental lower frequency cutoff would make it
observable, e.g. fiow = 107> Hz as in [94].

(i) NGC 1275 (3C 84) has distance z = 0.0175 [95] and
binary BH mass M = 3.4 x 108M, [96], and a long
observed jet precession timescale 7, ~ 107 yrs
[36], implying that a large separation r > rgecoup
and an in-plane BH spin 6; = z/2 from a broken
accretion disk can provide t;q ~ 107 yrs. Compared
to OJ287, for its large mass the closer distance of
NGC 1275 makes it detectable by LISA with
p ~2733. Alternatively, one could speculate that
the long 7., is from geodetic precession and the
shorter VLBI-observed precession of 40 yrs [35]
corresponds to #;4 which would imply a small binary
separation and aligned BH spin.

(iii)) 2MASXJ12032061 4 1319316 [97] is a candidate
dual AGN and has distance z = 0.0584, binary BH
mass M = 1.56 x 108M, and an intermediate ob-
served jet precession timescale #.,, ~ 10° yrs, im-
plying that a large separation r > rgecop and either
an aligned (misaligned) BH spin 8, ~0 (6, ~ z/2)
from accretion disk alignment (breaking) can pro-
vide i~ 10* (10°) yrs, and in both cases is
detectable by LISA with p =~ 9055 (8045).

(iv) M81*#, the nuclear core of the M81 galaxy, has
distance z < 0.001 [98], binary BH mass M = 2 x
10’M, [31], and o, ~ 7 yrs [32], implying that a
primary BH spin aligned from accretion provides 7,4~
5 yrs for a binary separation r = rgecoup & 0.006 pc.
The corresponding LISA SNR is remarkably high,
P2 10°, due to the very small redshift and modest
binary mass.

These examples show that a broad range of observed jet
precession timescales can be explained without tuning the
disk migration parameters. This provides a simple inter-
pretation of observed jet precession timescales, but it also
implies significant degeneracies may exist in the parameter
space. In the four systems highlighted above, we have
assumed that a binary BH exists in the unresolved sub-
kinematic regime of the jet and the precession of an
accretion disk around the primary BH drives the precession
of the jet. This is observationally very uncertain, and in
most cases one cannot definitively conclude whether the
Lense-Thirring or tidal torque is responsible for the jet
precession. However there is some evidence of a binary BH
scenario for OJ287 [28,99] and 2 MAS [97]. Even if a
binary BH is present, the jet motion can in principle be
driven by the plunging of the secondary through the
primary accretion disk [100]. It is possible that several
of these mechanisms can contribute to observed jet
precession.

If LISA is able to uncover a population of BH binaries,

we can infer the prevalence of jets in their formation history
and predict statistical properties of precessing-jet AGN
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systems in the cosmos. Considering that such LISA
detections are generally expected to be dominated by
mergers at redshifts greater than those of the precessing
AGN jets we examined above, it might be challenging to
accomplish multimessenger (i.e. GW + EM) studies of
precessing jets. However, radio wavelength instrumentation
is improving fast, and good quality imaging is becoming
available at increasingly higher redshift, see e.g. [101].

While we underscore the use of GW observations and
astrophysical modeling to probe precessing jets, multi-
messenger studies of precessing jets are plausible. For
instance, we can relate the “fossil record” provided by the
jet evolution to an observed binary BH merger. The jet
precession timescale f;q can be significantly below the
binary BH merger timescale (Fig. 1), and #;q ~ 1 yr for
aligned-spin systems with masses M = 10°~10” M, whose
mergers are well observable with LISA (Fig. 5). For jets
typically traveling close to light speed and often with
apparent superluminal motion [e.g., [102,103]], this
implies one needs to resolve the jet structure at better than
1 pc resolution. If that could be achieved over ~100 pc,
perhaps aided by LISA revealing the host galaxy of such a
binary BH merger, the fossil record of the earlier binary
inspiral would be seen via an increasing frequency in the jet
oscillations. Observations of jets of this quality are indeed
achievable, for example, Cygnus A at redshift z = 0.056
has been observed with subparsec resolution on parsec
scales [104] and with different configurations and at
different frequencies almost continuously out to the kpc
scale [105—-107]. Other recent VLBI observations show
knotty, sometimes edge-brightened parsec-scale structure
that has been used to diagnose jet precession [108,109].

We focus on LISA detectability of AGN jet precession as
we do not conduct parameter estimation of LISA sources. We
can crudely approximate the errors on the binary BH spin
orientations in the limit of large SNR using the results of
other studies that have computed realistic errors on 6, and 6,,
which are uncertain. If we take typical uncertainties on ¢; and
6, to be ~10° for detectable sources [88,110], this suggests
that our binaries have uncertainties ~10/1000 = 0.01°. This
would be sufficient for measuring the distinct peaks in 6; and
6, shown in Fig. 4 and for probing the complicated
correlations between f;4 and p. Future studies such as ours
will open the door to understanding the jet precession of high
redshift AGN.

Our conclusions suggest correlations between binaries
that underwent disk migration and emitted precessing jets
with sources detectable by LISA, depending on the spins of
the massive binary BH population. These possibilities can
be imprinted on their LISA signal. For instance, a pop-
ulation of binaries with broken disks, i.e., those with
cos € ~ 0, will exhibit longer #;4 and enter the LISA band
experiencing significant binary BH spin precession.
Binaries with aligned spins from accretion during disk
migration will have short #;4 and can enter the LISA band

with large precession frequency of the binary BH orbital
angular momentum. Also, LISA measurements of binaries
with large nutation amplitudes of the binary orbital angular
momentum might be indicative of progenitors that encoun-
tered double disk-breaking during disk migration and
complicated jet precession timescales.

EM observations of OJ287 have revealed a jet motion
that occurs within a precession cycle, referred to as jet
nutation [28]. It seems unlikely for this jet nutation to be
caused by the nutation of the orbital angular momentum of
a binary BH which is a spin-spin coupling effect that is
likely negligible at the large distances where these jets exist
during disk migration. Instead, the jet nutation could be
linked to accretion disk breaking, e.g., if the disk breaks
and BH alignment is suppressed then the inner and outer
portions of the broken disk can precess at different
orientations such that the outer portion of the disk precesses
at a rate comparable to the binary orbital period while the
inner portion continues precessing normally.

A few caveats of our analysis are worth discussing.
Importantly, while our results depend on the assumptions of
our model of binary BH evolution and accretion, most
notably adopting a Shakura-Sunyaev disk prescription
compared to performing full GRMHD simulations, this
work is a first step toward future studies with better
accounting of astrophysical and general relativistic proc-
esses. More specifically, we assume that disk migration and
BH spin alignment occur in a quasiadiabatic inspiral, where
the mass and spin magnitude of the accreting BH are
constant. Investigating this assumption is an active topic of
research and a potential area for improving our semi-
analytic model and hence our predictions for ;3 and LISA.
We also assume that the disk radius R4 in Eq. (3) is given by
R4, which is a model-dependent choice, implying our
predictions for t;; may be quantitatively different than
those from other studies. We do not consider other
scenarios that might explain AGN jet precession time-
scales, but it will be important to include many possibilities
when attempting to find likely formation histories of these
precessing-jet systems. Future studies will open the door to
testing our assumptions about the connection between jet
precession and binary BH evolution in gas-rich AGN.

Ultimately, our work motivates many future studies:
(i) using multimessenger frameworks to constrain the
population of AGN jets with future GW and EM datasets
in conjunction with astrophysical modeling; (ii) connecting
cosmological simulations of galactic evolution with observ-
able properties of jets via a subgrid process, see e.g. [50],
that accounts for accretion disk precession and breaking;
(iii) using Bayesian inference and LISA datasets to predict
statistical properties of jets possibly arising from binary BH
disk migration; (iv) studying the possible correlations
between the recoil velocity of a binary BH merger and
the jet observables for the postmerger BH remnant if in a
gas-rich environment; (v) broadband-GW constraints on
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the population of AGNs with precessing jets by leveraging
the complementarity between pular-timing array and LISA
observations [111]; and (vi) using a similar modeling
approach to ours but for accreting stellar-mass binaries
that produce precessing jets and later emit GW chirps
detectable by ground-based detectors such as LIGO.
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