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Extreme Mass Ratio Inspirals (EMRIs) can be classified as dry EMRIs and wet EMRIs based on their for-
mation mechanisms. Dry (or the “loss-cone”) EMRIs, previously considered as the main EMRI sources for the
Laser Interferometer Space Antenna, are primarily produced by multi-body scattering in the nuclear star clus-
ter and gravitational capture. In this work, we highlight an alternative EMRI formation channel: (wet) EMRI
formation assisted by the accretion flow around accreting galactic-center massive black holes (MBHs). In this
channel, the accretion disk captures stellar-mass black holes that are intially moving on inclined orbits, and
subsequently drives them to migrate towards the MBH - this process boosts the formation rate of EMRIs in such
galaxies by orders of magnitude. Taking into account the fraction (O(10−2 − 10−1)) of active galactic nuclei
where the MBHs are expected to be rapidly accreting, we forecast that wet EMRIs will contribute an important
or even dominant fraction of all detectable EMRIs by spaceborne gravitational wave detectors.

I. INTRODUCTION

The primary astrophysical sources for space-based gravita-
tional wave detectors, such as Laser Interferometer Space An-
tenna (LISA) [1] and TianQin [2], include massive black hole
(MBH) bianaries, extreme mass ratio inspirals (EMRIs) [3],
galactic binaries and stellar-mass black hole (sBH) binaries.
Other systems, e.g. intermediate mass ratio inspirals [4, 5],
extremely large mass ratio inspirals [6, 7] and cosmic strings
[8], may also be detectable, albeit with larger uncertainties.
Among these sources, EMRIs provide unique opportunities in
testing the Kerr spacetime [9, 10], probing the galactic-center
cluster distribution [11–13], understanding the astrophysical
environmental effects [14–16], and inferring the growth his-
tory of MBHs [17–19]. Loud EMRIs can serve as dark stan-
dard sirens for measuring the Hubble constant H0 and the dark
energy equation of state [20].

EMRI formation mechanism can be classified into two
main channels. In the “dry EMRI” channel, an EMRI may be
produced after a sBH is gravitationally captured by a MBH,
following the multi-body scatterings within the nuclear clus-
ter [21–23] (other processes involving tidal disruption or tidal
capture of binary sBHs, or tidal stripping of giant stars [24–
27] may also contribute a fraction of dry EMRIs). There are
two characteristic timescales [28, 29] in this process: the GW
emission timescale tgw on which the sBH orbit shrinks and
the relaxation timescale tJ on which the orbital angular mo-
mentum of the sBH changes, due to scatterings by stars and
other sBHs. If tgw > tJ , the sBH will likely be randomly scat-
tered either into or away from the MBH (sBHs scattered into
the MBH are known as prompt infalls). If tgw < tJ , the sBH
orbit gradually spirals into the MBH to form an EMRI while
random scatterings are negligible. The generic rate can be ob-
tained by solving the Fokker-Planck equation or by N-body
simulations [11–13], subject to assumptions on the initial dis-
tributions of stars and sBHs in the nuclear cluster. In addi-
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tion to the generic rate per MBH, the EMRI rate density in
the universe also depends on the mass function of MBHs, the
fraction of MBHs living in stellar cusps and the relative abun-
dance of sBHs in stellar clusters. Taking into account these
astrophysical uncertainties, Babak et al. [22, 23] and Fan et
al. [30] forecasted that there will be a few to thousands of
detectable (dry) EMRIs per year by LISA and TianQin, re-
spectively. In a recent paper [31], Zwick et al. reanalyzed the
GW emission timescales of inspiraling eccentric binaries and
realized Post-Newtonian (PN) corrections to the commonly
used Peters’ formula [32] are necessary. With PN corrections
implemented, the dry EMRI rate decreases by approximately
at least one order of magnitude [33].

Wet EMRIs come from MBHs in gas-rich environments,
where the distributions of nearby stars and sBHs are signifi-
cantly affected by the accretion flow. About 1% low-redshift
(z . 1) galaxies and 1% − 10% high-redshift (1 . z . 3)
galaxies are active [34, 35] and known as active galactic nu-
clei (AGNs), in which galactic MBHs are believed to be rap-
didly accreting gas in a disk configuration. In the presence of
an accretion disk, the periodic motion of a sBH generally gen-
erates density waves which in turn affect the sBH’s motion by
damping both the orbital inclination with respect to the disk
plane and the orbital eccentricity, and driving the sBH’s mi-
gration in the radial direction [36–39]. As long as the sBH is
captured onto the disk, the density waves together with other
disk-sBH interactions, e.g., head wind [40, 41], accelerate its
inward migration until the vicinity of the MBH where GW
emissions become prevalent. In addition to sBHs captured
onto the disk, star formation and subsequent birth of sBHs
in the AGN disk may also contribute to wet EMRI formation
[42–44]. In this paper, we show that an accretion disk usually
boosts the EMRI intrinsic rate per individual MBH by orders
of magnitude compared with the loss-cone channel [45]. In
particular, we suggest that wet EMRI formation is an impor-
tant or even dominant channel for all observable EMRIs by
spaceborne GW detectors.

The remaining part of this paper is organized as follows.
In Sec. II, we summarize the interactions of AGN disks with
sBHs and stars. In Sec. III, we introduce the Fokker-Planck
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equation which governes the evolution of sBHs and stars in
a cluster with or without the presence of an AGN disk. In
Sec. IV, we present the generic dry EMRI rate per MBH and
the wet EMRI rate per AGN. In Sec. V, we calculate the LISA
detectable EMRI rate from both channels, and we discuss the
applications of wet EMRIs in Sec. VI.

Throughout this paper, we will use geometrical units G =

c = 1 and assume a flat ΛCDM cosmology with Ωm =

0.307,ΩΛ = 1 −Ωm and H0 = 67.7 km/s/Mpc.

II. DISK-SBH AND DISK-STAR INTERACTIONS

In addition to the gravitational forces from the MBH and
the stars/sBHs in the cluster, the orbital motion of a sBH
around an accreting MBH is influenced by disk-sBH inter-
actions: density waves, head wind [36–39, 41] and other sub-
dominant interactions including dynamic friction [46, 47] and
heating torque [48, 49].

As a sBH orbits around the MBH, its periodic motion ex-
cites density waves consisting of three components [38, 39]:
regular density waves arising from the circular motion, eccen-
tricity waves arising from the non-circular motion and bend-
ing waves arising from the motion normal to the disk. The
density waves in turn affect the motion of the sBH: the regu-
lar density waves exert a (type-I) migration torque on the sBH
and drives its migration in the radial direction on the timescale
tmig,I; the eccentricity and bending density waves damp the
orbit eccentricity and the inclination with respect to the disk
plane on the timescale twav. Previous analytic studies [38, 39]
calibrated with numerical simulations [50] show that the type-
I migration torque can be formulated as

J̇mig,I = CI
mbh

M
Σ

M
r4Ω2

h2 , (1)

where mbh is sBH mass, and M = M(< r) is the total mass of
the MBH, stars, sBHs and the disk within radius r; the pref-
actor CI = −0.85 + d log Σ/d log r + 0.9 d log Tmid/d log r de-
pends on the disk profile; Σ(r),Tmid(r), h(r),Ω(r) are the disk
surface density, the disk middle plane temperature, the disk
aspect ratio and the sBH angular velocity, respectively. The
corresponding migration timescale and damping timescale are

tmig,I =
J

|J̇mig,I|
∼

M
mbh

M
Σr2

h2

Ω
, twav =

M
mbh

M
Σr2

h4

Ω
, (2)

where J = r2Ω is the specific angular momentum of the sBH,
and twav ≈ tmig,Ih2, i.e., the eccentricity/inclination damping
is faster than the migration by a factor h2. Therefore the or-
bit should become circular long before the sBH migrate into
the LISA band. A gap in the disk opens up if the sBH is so
massive that its tidal torque removes surrounding gas faster
than the gas replenishment via viscous diffusion. After a gap
is opened, the type-I migration turns off and the sBH is sub-
ject to type-II migration driven by a type-II migration torque
J̇mig,II [51].

For a sBH embedded in the gas disk, surrounding gas in
its gravitational influence sphere flows towards it. Consider-

ing the differential rotation of the disk, the inflow gas gener-
ally carries nonzero angular momentum relative to the sBH,
so that the inflow tends to circularize and form certain local
disk or buldge profile around the sBH. Depending on the ra-
diation feedback and magnetic fields, a major part of captured
materials may escape in the form of outflow and only the re-
maining part is accreted by the sBH [52, 53]. Because of the
circularization process, it is reasonable to expect that the out-
flow carries minimal net momentum with respect to the sBH.
As a result, the head wind in the influence sphere of the sBH
is captured, and the momentum carried by the wind eventually
transfers to the sBH. Therefore the specific torque exerted on
the sBH from the head wind is

J̇id
wind = −

rδvφṁgas

mbh
, (3)

where the upper index “id” denotes in-disk objects, δvφ :=
vφ,gas − vφ,bh is the head wind speed, and ṁgas is the amount of
gas captured per unit time (see [13] for detailed calculation).

In summary, the migration timescales of in-disk (id) sBHs
and those outside (od) are

tbh,id
mig =

J
|J̇mig,I,II + J̇gw + J̇wind|

, tbh,od
mig =

J
|J̇mig,I + J̇gw|

, (4)

where J̇mig,I,II = J̇mig,I or J̇mig,II and J̇wind = J̇id
wind [Eq. (3)] or

0, depending on whether a gap is open. The specific torque
arising from GW emissions is [54]

J̇gw = −
32
5

mbh

M

( M
r

)7/2

. (5)

The damping timescale of sBH orbital inclination and eccen-
tricity is given by Eq. (2)

tbh,od
wav =

M
mbh

M
Σr2

h4

Ω
. (6)

The above discussion of disk-sBH interactions also equally
applies to stars in the cluster, except stars are usually lighter
(mstar < mbh), and the head wind impact on stars is weak
(J̇star

wind ≈ 0) considering that the wind could be largely sup-
pressed in the presence of star radiation feedback and solar
wind [55, 56]. Becuse the structure of AGN disks has not been
fully understood, we consider three commonly used AGN disk
models: α-disk, β-disk [57] and TQM disk [58] in this work.

III. FOKKER-PLANCK EQUATION

Statistical properties of stars and sBHs in the stellar clus-
ter are encoded in their distribution functions fi(t, E,R) (i =

star/bh) in the phase space, where

E := φ(r) − v2(r)/2 , R := J2/J2
c (E) (7)

are the specific orbital (binding) energy and the normalized
orbital angular momentum, respectively. Here φ(r) is the (pos-
itive) gravitational potential, v is the orbital speed, and Jc(E)
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is the specific angular momentum of a circular orbiter with
energy E. Given initial distributions fi(t = 0, E,R), the sub-
sequent evolution is governed by the orbit-averaged Fokker-
Planck equation. In the case of no gas disk, the Fokker-Planck
equation (for both stars and sBHs) is formulated as [59–61]

C
∂ f
∂t

= −
∂

∂E
FE −

∂

∂R
FR , (8)

where f = fi(t, E,R), C = C(E,R) is a normalization coeffi-
cient, and FE,R is the flux in the E/R direction:

−FE = DEE
∂ f
∂E

+DER
∂ f
∂R

+DE f ,

−FR = DRR
∂ f
∂R

+DER
∂ f
∂E

+DR f ,
(9)

where the diffusion coefficients {DEE ,DER,DRR}i and the ad-
vection coefficients {DE ,DR}i are functions of fi(t, E,R) [59–
61]. From flux {FE , FR}bh, we can compute the EMRI rate via
the lose cone mechanism as

Γlc(t) =

∫
E>Egw

~F · d~l , (10)

where ~F = (FE , FR), d~l = (dE, dR) is the line element along
the boundary of the loss cone, and Egw is a characteristic en-
ergy scale above which the sBH GW emission is dominant
with tgw < tJ [11–13, 28, 31, 33].

In the presence of an AGN disk, stars and sBHs settle as
two components: a cluster component and a disk component.
We expect the distribution functions of cluster-component
stars and sBHs acquire some dependence on the orbital in-
clination as interacting with the disk. For convenience, we
choose to integrate out the inclination and work with the
inclination-integrated distribution functions fi(t, E,R) of the
cluster-component stars and sBHs. Considering the density
waves excited on the disk to damp the orbital inclinations
and eccentricities of orbiters, and to drive the orbiters’ inward
migration together with head winds and GW emissions, we
rewrite the Fokker-Planck equation as

C
∂ f
∂t

= −
∂

∂E
FE −

∂

∂R
FR + S , (11)

where flux FE,R are defined in Eq. (9), with the advection co-
efficients modified by disk-star/sBH interactions as

DE,bh → DE,bh − C
E

tbh,od
mig

, DR,bh → DR,bh − C
1 − R

tbh,od
wav

,

DE,star → DE,star − C
E

tstar,od
mig

, DR,star → DR,star − C
1 − R

tstar,od
wav

,

and the negative source term S = S i(t, E,R) arising from
spherical-component stars/sBHs captured onto the disk is pa-
rameterized as

S bh = −µcapC
fbh

tstar,id
mig

, S star = −µcap
mstar

mbh
C

fstar

tstar,id
mig

, (12)

with µcap ∈ [h, 1] mbh
mstar

a phenomenological parameter quanti-
fying the disk capture efficiency (see [13] for more details). A
new EMRI forms if a sBH is captured onto the disk and mi-
grate to the vicinity of the MBH within the disk lifetime Tdisk,
therefore the EMRI rate assisted by the AGN disk is given by

Γdisk(t; Tdisk) =

∫ ∫
tbh,id
mig <Tdisk

−S bh(t, E,R) dEdR . (13)

IV. EMRI RATE PER MBH/AGN: DRY AND WET

A. Dry EMRIs

Given initial distributions of stars and sBHs in the stellar
cluster, one can evolve the system according to the Fokker-
Planck equation (8) and calculate the EMRI rate in the loss
cone channel using Eq. (10). As shown in Refs. [11–13], the
EMRI rate mainly depends on the total number of stars within
the MBH influence radius, which determines the relaxation
timescale and the relative abundance of sBHs in the stellar
cluster. Following Ref. [22], the time-averaged EMRI rate per
MBH can be parameterized as

Γdry(M•; Np) = Cdep(M•; Np)Cgrow(M•; Np)Γlc(M•) , (14)

with

Γlc(M•) = 30
(

M•
106M�

)−0.19

Gyr−1 , (15)

where Np is the average number of prompt infalls per EMRI;
Cdep and Cgrow are correction factors accounting for possi-
ble depletion of sBHs in the cusp as sBHs accreted by the
MBH and capping the maximum MBH growth via accreting
sBHs, respectively, and the loss-cone EMRI rate in Eq. (15)
is lower than previous calculations [11–13, 22] by one order
of magnitude because these previous results were based on
the Peters’ formula [32] which underestimate the GW emis-
sion timescales of eccentric binaries and the true EMRI rate
should be lower by approximately at least one order of mag-
nitude [31, 33].

Following Ref. [22], we explain the two corrections
Cdep(M•; Np) and Cgrow(M•; Np) to the generic dry EMRI
rate. Consider a MBH with mass M•, whose influence sphere
(r < rc = 2M•/σ2) encloses a number of sBHs with total mass
Σmbh ' 0.06M•, and these sBHs will be depleted by the MBH
via EMRIs and prompt infalls on a timescale

Tdep(rc) =

∑
mbh

(1 + Np)Γlc(M•)mbh

=
200

1 + Np

(
mbh

10M�

)−1 (
M•

106M�

)1.19

Gyr ,
(16)

where Np is the average number of prompt infalls per EMRI.
On the influence sphere, the relaxation timescale of the star
cluster is approximately [61]

Trlx(rc) '
(

σ

20km/s

) (
rc

1pc

)2

Gyr , (17)
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where the velocity dispersion is related to the MBH mass by
the famous M•−σ relation [62]. The depletion correction Cdep
is defined as

Cdep(M•; Np) := min.
{

Tdep

Trlx
, 1

}
, (18)

where

Tdep

Trlx
'

12
1 + Np

(
mbh

10M�

)−1 (
M•

106M�

)0.06

. (19)

The growth correction

Cgrow := min.
{

e−1 M•
∆M•

, 1
}

(20)

arises from requiring the MBH grows no more than e−1 via
accreting sBHs, where

∆M• = mbh(1 + Np)Cdep(M•; Np)Γlc(M•)Temri(M•) , (21)

is the MBH growth via accreting sBHs, and

Temri(M•) =

∫
dz

dt
dz

Ccusp(M•, z) (22)

is the effective growth time when the MBH lives in a stellar
cusp.

In Fig. 1, we show 3 sample models of dry EMRIs with
Np = {0, 10, 102}, where Γdry(Np = 0) is the same as the
generic rate [Eq. (15)] in the mass range of interest, Γdry(Np =

10) is capped by the accretion growth limit Cgrow for light
MBHs, and Γdry(Np = 102) is further reduced by the sBH
depletion Cdep across the entire mass range.

B. Wet EMRIs

More technical complications are involved in calculating
the wet EMRI rate due to the uncertainties in AGN accretion
history, AGN accretion disks and initial conditions of stellar
clusters, which we outline as follows in accordance with our
previous work [13].

In this paper, we conservatively assume a constant AGN
fraction fAGN = 1% throughout the universe, though it can be
10 times higher [34, 35]. Being consistent with the AGN frac-
tion, the total duration of active phases of an AGN is about
108 yr [63], therefore MBHs are in quiet phase most of the
time. Another complication is that AGN accretion is likely
episodic [64, 65], i.e., a MBH may become active for multiple
times during its whole life. Without detailed knowledge of the
duty cycle of an MBH, we simplify it as a long quiet phase of
T0 = 5 Gyr followed by a short active phase of Tdisk = 107

or 108 yr. For Tdisk = 108 yr, there is only one active phase.
On the other hand, there are on average 10 active phases for
models with Tdisk = 107 yr, and we only consider the follow-
ing two extremal cases. If a (low-redshift) AGN that has gone
through all the 10 active phases and the relaxation between
different active phases is not expected to substantially change

the sBH distribution, the average EMRI rate is approximately
same to that in the case of Tdisk = 108 yr. If a (high-redshift)
AGN that has gone through only 1 active phase, the duty cy-
cle is simply a long quiet phase with duration T0 = 5 Gyr
followed by a short active phase with duration Tdisk = 107 yr.
That is to say, Tdisk in our model is approximately the total
duration of all active phases an AGN has gone through.

The structure of AGN disks has not been fully understood
either, partially due to the large range over which an AGN disk
extends: from an inner radius of a few gravitational radii of the
MBH to the outer radius of parsec scale where the AGN disk
connects to the galactic gas disk. Three commonly used AGN
disk models: α-disk, β-disk [57] and TQM disk [58], are dif-
ferent in their prescriptions of disk viscosity and/or disk heat-
ing mechanism which lead to large differences in predicted
disk structures. Each disk model is specified by two model
parameters, the MBH accretion rate Ṁ• and a viscosity param-
eter [13]: an α parameter which prescribes the ratio between
the viscous stress and the local total/gas pressure in the α/β-
disk and a X parameter which prescribes the ratio between the
radial gas velocity and the local sound speed in the TQM disk.
For calculating the wet EMRI rate, we consider both an α-disk
model [57] with the viscosity parameter α = 0.1 and accretion
rate Ṁ• = 0.1ṀEdd

• , and a TQM disk [58] with the viscosity
parameter X = 0.1 and accretion rate Ṁ• = 0.1ṀEdd

• (β-disk is
different from α-disk only in the inner region where radiation
pressure dominates over gas pressure, and this difference has
little impact on the wet EMRI rate).

For calculating the wet EMRI rate, we also need to specify
the initial distributions of stars and sBHs in the stellar clus-
ter, which we assume the commonly used Tremaine’s clus-
ter model [66] with a power-law density profile nstar(r) ∼ r−γ

deep inside the influence sphere of the MBH and nstar(r) ∼ r−4

far outside, and sBHs are of the same density profile with a
relative abundance δ.

Given initial distributions of stars and sBHs in the stellar
cluster, we first evolve the system for time T0 according to the
Fokker-Planck equation (8), then turn on an accretion disk and
continue the evolution for time Tdisk, according to the modi-
fied Fokker-Planck equation (11). In the active phase, the disk
assisted EMRI rate is computed using Eq. (13). We show the
time-averaged EMRI rate per AGN

Γwet(M•;M) =
1

Tdisk

∫ T0+Tdisk

T0

Γdisk(t,M•;M)dt , (23)

for different models M in Fig. 1, where M denotes models
parameterizing initial distributions of stars and sBHs in the
cluster, duty cycles of MBHs and AGN disk model (see Ta-
ble I for model parameters for all the 9 models considered in
this work).

Because sBHs are captured onto the disk and migrate in-
ward efficiently, and the sBH loss via prompt infalls is negli-
gible (Np � 1), the wet EMRI rate is mainly limited by the
number of sBHs available in the stellar cluster. As a result,
we find the presence of an AGN disk usually boosts the EMRI
formation rate by orders of magnitude [13, 67] regardless of
the variations of different disk models considered.
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FIG. 1. Average EMRI rates per MBH in the loss cone channel Γdry(M•; Np) and per AGN in the disk channel Γwet(M•;M), where Np is the
number of prompt infalls per EMRI, andM consists of all model parameters of initial condition of stellar clusters, AGN duty cycles and AGN
disk model, where the AGN fraction is fAGN = 1%.

V. TOTAL AND LISA DETECTABLE EMRI RATES

For calculating the total EMRI rate, we consider two
redshift-independent MBH mass functions in the range of
(104, 107)M�,

f•,−0.3 :
dN•

d log M•
= 0.01

(
M•

3 × 106M�

)−0.3

Mpc−3 ,

f•,+0.3 :
dN•

d log M•
= 0.002

(
M•

3 × 106M�

)+0.3

Mpc−3 ,

(24)

where the former one is approximate to the mass function as
modelled in Refs. [68–71] assuming MBHs were seeded by
Population III stars and accumulated mass via mergers and
gas accretion along cosmic history, and the latter one is a phe-
nomenological model [18]. The differential EMRI rates (in
observer’s frame) in the two formation channels are written as

d2Rdry

dM•dz
=

1
1 + z

dN•
dM•

dVc(z)
dz

Ccusp(M•, z)Γdry(M•; Np) ,

d2Rwet

dM•dz
=

fAGN

1 + z
dN•
dM•

dVc(z)
dz

Ccusp(M•, z)Γwet(M•;M) ,
(25)

where the factor 1/(1 + z) arises from the cosmological red-
shift, Vc(z) is the comoving volume of the universe up to red-
shift z, Ccusp(M•, z) is the fraction of MBHs living in stellar
cusps which are supposed to be evacuated during mergers of
binary MBHs and re-grow afterwards [68–71]. For cases with
mass function f•,+0.3, we use the same Ccusp function as in [22]
and we simply take Ccusp = 1 for cases with phenomenologi-
cal mass function f•,+0.3 [72].

In order to calculate the LISA detectable EMRI rate in
each channel, we construct a population of EMRIs with sBH
mass mbh = 10M�, MBH spin a = 0.98, and MBH masses
and redshifts randomly sampled according to the differential
EMRI rates [Eq. (25)]. For each individual EMRI, we need
10 more parameters to uniquely specify its binary configura-
tion at coalescence and its gravitational waveform [73–75]:
sky localization n̂, MBH spin direction â, 3 phase angles, co-
alescence time t0, inclination angle ι0 and eccentricity e0 at
coalescence. For both dry and wet EMRIs, we assume the

sky locations and the MBH spin directions are isotropically
distributed on the sphere, 3 phase angles are uniformly dis-
tributed in [0, 2π], coalescence times are randomly sampled
from [0, 2] yr, and cosines of inclination angles are randomly
sampled from [−1, 1]. Distributions of eccentricity e0 are dif-
ferent: uniform disbribution of e0 in [0, 0.2] for dry EMRIs
v.s. e0 = 0 for wet EMRIs.

For each EMRI, we compute its time-domain waveform
h+,×(t) using the Augment Analytic Kludge (AAK) [73–75]
with the conservative Schwarzschild plunge condition, be-
cause the PN corrections used for constructing the AAK
waveform model are increasingly inaccurate as the orbital sep-
aration decreases. Extending the waveform to the Kerr last
stable orbit likely leads to an overestimate of the signal-to-
noise ratio (SNR) [22, 75]. The SNR is calculated as a noise
weighted inner product in the frequency domain [76]

SNR =

√
4
∫ ∞

0

h+( f )h∗+( f ) + h×( f )h∗×( f )
S n( f )

d f , (26)

where S n( f ) is the sky-averaged detector sensitivity of LISA
[22, 77]. The expected LISA detectable EMRI rates (SNR≥
20) of different models in each mass bin are shown in Fig. 2,
and the total event rates and the LISA detectable rates are col-
lected in Table I. From Fig. 2 and Table I, wet EMRI formation
is evidently an important or even dominant channel for all the
models we have considered.

VI. APPLICATIONS OF WET EMRIS

Due to the high LISA sensitivity to the EMRI eccentric-
ity whose value at coalescence can be measured with typical
uncertainty as low as 10−5 [22], wet EMRIs can be distin-
guished from dry ones via eccentricity measurements, as wet
EMRIs are expected to be circular in the LISA band as a re-
sult of the efficient eccentricity damping by the density waves
(twav � tmig), while dry EMRIs from the loss-cone channel are
highly eccentric as entering the LISA band and remain mildly
eccentric at coalescence [22, 28]. Another subdominant dry
EMRI channel involving tidal stripping of giant stars seems
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FIG. 2. Forecasted LISA detectable dry and wet EMRI rates Ndet per mass bin (M•[M�]) per year for different models, where f•,±0.3 are the
two different MBH mass functions [Eq. (24)], Np is the number of prompt infalls per EMRI in the loss cone channel, and the wet EMRI model
parameters of M1,...,5 are detailed in Table I.

TABLE I. Comparison of dry and wet EMRI rates in different models, where f• is the MBH mass function. The last two columns are the total
EMRI rate in the redshift range of 0 < z < 4.5 and the corresponding LISA detectable (SNR≥ 20) rate.

Dry EMRIs f• Np Total rate [yr−1] LISA detectable rate [yr−1]
f•,−0.3 0 3500 150

10 1300 120
102 150 14

f•,+0.3 0 160 10
10 130 10
102 15 1

Wet EMRIs f• M : (γ, δ) µcap (Tdisk [yr], fAGN) AGN Disk Total rate [yr−1] LISA detectable rate [yr−1]
f•,−0.3 M1 : (1.5, 0.001) 1 (108, 1%) α-disk 11000 600

M2 : (1.5, 0.001) 0.1 11000 760
M3 : (1.5, 0.002) 1 24000 1500
M4 : (1.8, 0.001) 1 8100 240
M5 : (1.5, 0.001) 1 (108, 1%) TQM disk 23000 1900
M6 : (1.5, 0.001) 1 (107, 1%) α-disk 39000 4200
M7 : (1.5, 0.001) 0.1 21000 3000
M8 : (1.5, 0.002) 1 80000 9800
M9 : (1.8, 0.001) 1 22000 1400

f•,+0.3 M1 : (1.5, 0.001) 1 (108, 1%) α-disk 2100 49
M2 : (1.5, 0.001) 0.1 2000 57
M3 : (1.5, 0.002) 1 4300 100
M4 : (1.8, 0.001) 1 1900 18

unlikely to produce such circular EMRIs either [26], while the
prediction of the channel involving tidal disruption of binary
sBHs is more uncertain [24, 27]. The disk-environmental ef-
fects may produce measurable phase shift in the EMRI wave-
form [40, 41, 78].

EMRIs have unprecedented potential to probe fundamental
laws of gravity and the nature of dark matter [9, 10, 79, 80].
In previous studies, such tests using EMRIs have been im-
plicitly assumed in vacuum without any environmental con-
tamination. However, as we have shown here, wet EMRIs are
possibly more common in the universe, for which the environ-
mental effects on the EMRI waveform are inevitable. The pos-
sible degeneracy calls for a systematic framework for search-
ing new fundamental physics with EMRIs, with astrophysical
environmental effects taken into account.

In the context of wet EMRIs, AGN jet physics and ac-
cretion physics are promising realms where LISA and next-
generation Event Horizon Telescope (ngEHT [81]) may syn-
ergize. According to the estimate in [19], a fraction of low-
redshift (z . 0.3) EMRIs can be traced back to their host

galaxies with LISA observations alone, and host AGNs of
∼ 50% of low-redshift (z . 0.5) wet EMRIs can be identi-
fied considering the much lower density of AGNs. Combin-
ing GW observations of wet EMRIs with radio obervations of
AGN jets by, e.g. ngEHT, one can simultaneously measure
the MBH mass M•, the MBH spin â, the rotation direction of
the accretion disk L̂, the jet power Ėjet and the jet direction
n̂jet. This set of observables provide unprecedented opportu-
nites to probe the AGN jet physics. For example, an ensemble
of events with {n̂jet · â, n̂jet · L̂} data may help us to constrain
various jet launching models, i.e., powered by the rotating en-
ergy of the MBH [82] or by the accretion disk [83]. In addi-
tion, certain disk properties are directly constrained with GW
observations via the disk environmental effects on the EMRI
waveform [40, 41, 78], and accretion physics of AGN disks is
also one of the primary targets of ngEHT.

Wet EMRIs with host AGNs identified are ideal “bright
sirens” for constraining the late time cosmology (e.g., the
Hubble constant and the equation of state of dark energy), be-
cause the luminosity distance and the redshift can be measured
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from GW and electromagnetic observations, respectively. It
will be interesting to compare the sensitivity of this method to
other approaches, with the predicted wet EMRI rate from this
study.

Wet EMRIs encode additional information of MBH growth
in their orbital inclination angles ι0 with respective to the
MBH spin. If all MBHs grow up via coherent gas accretion
where gas feeds are from a fixed direction, orbital inclination
angles of wet EMRIs at coalescence should be ι0 ≈ π/2. If
MBHs grow up via chaotic gas accretion from a random di-
rection in each active phase, a fraction of wet EMRIs form be-
fore the MBH spin direction â is aligned with the disk rotation
direction L̂ via the Bardeen-Petterson mechanism [84], and
their orbital inclinations are approximately ι0 ≈ cos−1(â · L̂).

In a similar way, MBH growth via different merger channels
also imprints differently on the inclinations of wet EMRIs.
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