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During the evolution of a binary black hole, energy and angular momentum are exchanged between the
orbital motion and the individual black holes through horizon absorption, modifying both the binary
dynamics and the black hole masses and spins. This leaves an imprint on the emitted gravitational waves
that may be relevant for the accurate modeling of signals observed by current and future detectors, while
also offering a probe of the nature of compact objects. In this work, we derive, for the first time and at
leading order in the post-Newtonian expansion, the effect of horizon absorption in binary black hole
inspirals with both orbital eccentricity and spin-induced precession, and we incorporate these
corrections into the pyEFPEHM waveform model. We then quantify their impact through analytical
estimates of the orbital dephasing, waveform mismatches, and Bayesian parameter-estimation studies.
The effect is largest for systems with large spin components (anti)aligned with the orbital angular
momentum (|y; - i| ~ 1), highly unequal mass ratios (¢ = m,/m; < 1), and long inspirals spanning a
wide frequency range (10g(f max/fmin) => 1). For such systems, neglecting horizon absorption biases the
recovered binary parameters at moderate signal-to-noise ratios. In quasicircular binaries these biases
largely absorb the effect, rendering it difficult to detect. In eccentric binaries, however, the richer signal
morphology breaks this degeneracy, making horizon absorption potentially measurable in high signal-

to-noise-ratio events.

DOI: 10.1103/9s9q-hc3r

I. INTRODUCTION

As the LIGO-Virgo-KAGRA (LVK) Collaboration [1-3]
continues to observe with improving sensitivity [4] and to
expand the catalog of detected compact-binary coalescen-
ces into the several hundreds [5-9], it is becoming
increasingly clear that accurate waveform models for
generic systems, including orbital eccentricity and spin-
induced precession, are required to robustly analyze the
observed events and infer their astrophysical formation
channels. In particular, evidence for dynamical formation
channels has emerged from the observation of very massive
black holes with large spins [10,11], as well as from lower-
mass asymmetric systems with large primary black-hole
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spins [12], both suggestive of hierarchical mergers [13-15].
Similarly, evidence for orbital eccentricity in several high-
mass binary black hole mergers [16-23], as well as in a
neutron star—black hole merger [24-29], further supports
the presence of dynamically assembled binaries. These
observations, together with population studies showing
evidence for spin orientations misaligned with the orbital
angular momentum [30] suggest that hierarchical triples
[31-33] undergoing Lidov-Kozai oscillations [34-36] may
contribute to the compact-binary merger population
observed by the LVK.

The need for accurate waveform models including eccen-
tricity and precession becomes even stronger for next-
generation ground-based detectors such as the Einstein
Telescope [37-39] and Cosmic Explorer [40,41], as well
as space-based observatories such as LISA [42,43]. These
detectors will probe much lower frequencies, allowing
binaries to be observed earlier in their inspiral, where orbital
eccentricity is expected to be larger because the binary will
have had less time to circularize through gravitational wave
(GW) emission. At the same time, the significantly larger
signal-to-noise ratios expected in future detections will
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make physical effects that are subdominant in current LVK
observations increasingly important for the unbiased analy-
sis of future detector data.

One such effect, and the subject of this paper, is horizon
absorption [44-48]. This effect refers to the absorption (or
emission, in the superradiant case [49-53]) of gravitational
radiation by black hole horizons. In a binary, it leads to an
exchange of energy and angular momentum between
the orbital motion and the individual black holes, modify-
ing the binary evolution and the black hole masses and
spins. While there has been extensive work modeling
horizon absorption with different approaches [54-61],
leading to its effect being known to 1.5PN relative order
for eccentric-aligned spin binaries [62-65], the leading
post-Minkowskian order for generic spin scattering orbits
[66—-68], and can be computed numerically at leading order
in self-force for generic orbits [69,70], analytical results for
eccentric-precessing inspirals remain limited.

Horizon absorption is strongly enhanced for spinning
black holes, where it enters the binary phase at 2.5PN order,
which is significantly less suppressed in the PN expansion
than the 4PN correction arising in the nonspinning case.
This 2.5PN correction induces a dephasing that accumu-
lates logarithmically with the inspiral duration, making it
potentially relevant for sufficiently long signals. Horizon
absorption is particularly important in extreme mass-ratio
inspirals, where the associated dephasing scales inversely
with the binary mass ratio g = m,/m; [71,72]. While
horizon absorption effects have been observed in numerical
relativity simulations of close scattering encounters [73—
78], their impact on the waveform is typically small in the
comparable-mass, short-duration inspiral-merger-ring-
down regime accessible to current simulations. Horizon
absorption is incorporated into several state-of-the-art
waveform models, including within the effective-one-
body framework [79-81], for extreme-mass-ratio inspirals
[82-86], and in phenomenological models [87,88].
However, it is still neglected in many state-of-the-art
waveform models [89-93], although for those calibrated
against numerical simulations the calibration is likely to
absorb part of the effect.

Horizon absorption is not only important to model the
signals observed by future detectors with sufficient accu-
racy, but also provides a potential probe of the nature of
compact objects, as it is directly tied to the horizon structure
of black holes in general relativity and may help distinguish
them from exotic compact-object alternatives [72,94-97].

In this work, we derive for the first time the effect of
horizon absorption in eccentric, precessing binary black
hole inspirals, at the leading order in the post-Newtonian
(PN) expansion, and incorporate the resulting corrections
into the pyEFPEHM [98—101] waveform model, obtaining an
eccentric, precessing inspiral waveform that consistently
includes horizon absorption effects. We quantify the impact
of horizon absorption through analytical estimates of the

orbital dephasing, waveform mismatches, and Bayesian
parameter estimation studies. We find that the effect is
largest for systems with large spin components aligned or
antialigned with the orbital angular momentum ([y; -1| ~ 1),
highly unequal mass ratios (g=m,/m;<1), and long
inspirals spanning a wide frequency range (10g(fmax/
Sfmin) > 1). Neglecting horizon absorption can lead to
biased recovery of intrinsic parameters in both quasicircular
and eccentric systems. However, while in the quasicircular
case parameter shifts can largely compensate for the effect,
making it difficult to detect directly, in eccentric binaries
the richer signal morphology helps break this degeneracy,
making horizon absorption potentially measurable in high
signal-to-noise ratio events.

The paper is organized as follows. In Sec. II, we derive
the leading-order horizon-absorption corrections for eccen-
tric binaries with generic spin orientations and obtain their
orbit-averaged effect on the binary evolution. In Sec. III, we
estimate the accumulated dephasing, implement the dom-
inant correction in pyEFPEHM, and quantify its impact
through mismatch and parameter-estimation studies. We
conclude in Sec. IV, summarizing our main results and
discussing possible directions for future work.

Unless otherwise specified, we use geometric units
(G = ¢ = 1) and the Euclidean metric for tensor contrac-
tions. Vectors are denoted in boldface, with hats indicating
unit vectors.

II. COMPUTATION OF LEADING ORDER
HORIZON ABSORPTION EFFECTS

In this section we compute the leading post-Newtonian
(PN) effects of horizon absorption in spinning black hole
binaries on eccentric orbits, allowing for arbitrary spin
orientations.

A. Tidal heating and torquing on generic orbits

The evolution of the mass of black hole 1 due to tidal
heating from black hole 2 is, at leading PN order, given by
[62,64,65]

dml 8 ba abe
T m3 |:E)(l (1437240 SY

2 . Agnb Se
- g)(?gacgbds?s?sld] ’ (1)

where m; are the component masses, y; = S;/m? are the
dimensionless spin magnitudes, ¢ are unit vectors aligned

with the component spins, and S’?b = ¢ 5¢ are the
associated spin tensors. The tensor £,, in Eq. (1) is the
tidal field acting on black hole 1, which for a binary, at

leading PN order, is given by [48]
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where x“ is the relative position vector and r = \/x%x,. In
our leading-order PN computation of tidal torquing and
heating, we neglect the contribution from the magnetic tidal
field B,,, since its effect enters at relative 1PN order
compared to the electric tidal field &,

When computing the tidal torquing for binaries with
spins misaligned with the orbital angular momentum, both
the magnitude and direction of the spin are relevant. From
Ref. [48], the evolution of the spin vector, S¢, at leading PN
order is given by

dse
dr

= _€abcM?d5‘dc’ (3)

where €, is the Levi-Civita symbol and M¢? is the black
hole mass quadrupole. The latter can be decomposed into
an intrinsic contribution, present even for an isolated black
hole, and an induced contribution sourced by the external
tidal field [48,102],

M?b = M?,?ntrinsic + M?,?nduced’ (43)
ab 1 3,2(sab sash
Mi,intrinsic = gmi)(i (5 - 3si S )’ (4b)
2 an e
M?.?nduced = Emzs)(l M(Xi)((sab - 38?5?)5&15?‘;?

+8(1 + 3p2)Eclaeh) 5
+ 307251 5087, 3¢, (4c)

where v(@p?) = (v*0” + vPv%)/2 denotes symmetriza-
tion. The contribution from the intrinsic quadrupole is
already accounted for in the spin precession equations
[102], and will therefore be neglected in what follows.
Furthermore, the coefficient A(y;), related to the tidal
deformability of the black hole and left undetermined in
Ref. [48], was later shown to vanish in general relativity
[103,104]. Both of these contributions are proportional to
5 — 3§f§f’ , and substituting them into Eq. (3) yields a
purely conservative spin evolution of the form
8¢ = €4,.QPS¢, which does not affect the secular phasing
of the binary. Since contributions from the mass evolu-
tion of the companion (« ri1,) enter at higher PN orders,
they are neglected.

Taking these simplifications into account, and using in
Egs. (1) and (3) the explicit form of the leading-order tidal
field in Eq. (2), we obtain the leading-order tidal heating
and torquing for generic orbits,

dm, EapeS§xPx€

E T I G2)

dS¢ Aa §bx, x¢
= I

8 mym3 5 (3{x4\?] ,
Ki=35—3 11{1+3[1—Z(T> })(1} (5¢)

where the results for the second black hole can be obtained
by exchanging labels 1 <> 2. Equation (5) agrees with the
result derived in Ref. [105] using world-line effective field
theory.

B. Tidal heating and torquing on eccentric orbits

To compute the tidal heating and torquing at leading
order, we model the motion using Newtonian (OPN) orbits.
In doing so, we assume that the orbital period is much
shorter than the precession and radiation-reaction time-
scales. This is justified at the leading PN order considered
here, since precession and radiation reaction are 1.5PN and
2.5PN corrections to the orbit, respectively, and therefore
enter at the same relative order in the effect we compute.

For bound Newtonian orbits, the motion is given by the
Keplerian parametrization [106,107]

r(u) = a(l —ecosu), (6a)

14+e\/2 u
tan—|, (6b
1—e> anz] (60)

£(u)=n(t—ty) =u—esinu, (6¢)

¢(u) = v(u) = 2arctan K

where a is the semimajor axis, e the eccentricity (with
0 <e < 1), n =2x/P the mean motion (with P the orbital
period), and ¢, is a constant of integration; the auxiliary
variables u, v and £ are the eccentric, true, and mean
anomalies, respectively.

We parametrize the orbit using the eccentricity e and the
PN parameter

(Mw)'/3
y=—,
V1=¢?

where M = my + m, is the total mass, @ is the orbital
frequency and each power of y corresponds to a relative
0.5PN order in the PN expansion. These quantities are
related to the binding energy £ < 0 and angular momentum
L by

(7)

M*v
y="2 (8)
2EL?
62 =1 + W, (Sb)

where v = m;m,/M? is the symmetric mass ratio. The
orbital elements in Eq. (6) can then be written as [108]
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FIG. 1. Schematic representation of the binary configuration.
The orbital plane is perpendicular to the orbital angular momen-
tum vector. The angles y; are defined as the angles between the
projection of the spin vectors onto the orbital plane and the
Laplace-Runge-Lenz vector, defined in Eq. (16).

el .
n _Lﬁ?mf, (9b)

To carry out the computation, we choose coordinates
such that the relative separation vector is given by

x = r(cosv,sinv,0)

= a(cos(u) — e, V1 —esin(u),0) (10)
and the spin directions are parametrized as
§; = (sin 0; cosy;, sin 6; siny;, cos 0;), (11)

where, comparing with Eq. (10), 6, is the angle between the
spin vector and the orbital angular momentum, and y; is the
angle between the projection of the spin onto the orbital
plane and the periastron direction. A schematic represen-
tation of the binary configuration and the relevant angles is
shown in Fig. 1.

Substituting Eqs. (10) and (11) into Eq. (5), we can
obtain the instantaneous tidal heating and torquing.
However, for waveform modeling, the small periodic
variations in the spin and mass within each orbit are
subdominant compared to the secular changes accumulated
over many cycles. To extract this secular contribution, we
perform an orbital average defined by

1 [t 1 [=
D=3 | at 501 = ["ae 5(e)

T

—%/_:du(l—ecosu)f(u), (12)

where f represents an arbitrary periodic function with
period P and Eq. (6¢) has been used. Performing the orbital
average of the instantaneous tidal heating and torquing, we
obtain

A

(Dm;) o, = —Ml/zﬂ?)’ls(l 'xi)CDm,-v (13a)

<DSi>0rb = —le/z/i?ylz{cps[,;(){i - CDS,-.;@ b(i - (i Xl)i]
- CDS,-.e(é ')(i)é}’ (13b)
8 e° 9 15 -
= (=4 1262 YL+ 22+ =1 x)?
Com, <5+ e’ +9e +2>[+811+8( x,)}
45  45¢%  456%\
_e2 = T |2 )
e (4 2 o >|lx;(, cos2y;, (13c¢)

8 242 3¢t 9 15 -
C =+ 1+ +—=(I-y,)?
DS;y (5+ 5 + 3 ) |: +8}(1 + 8 ( x:) :|

9 3¢2\ .
—€2<§+%> |lXXi|2COS2'l//iv (13d)

4 6e* ¢ A 9 9¢?
Cos, = (5+% +15) 1+ 3D =l [+ %5

5 5 10 4 2
27¢* 2 (9 9¢?
ik 24 2w 1
+ o +e <4+32)cos 1//,}, (13e)
12 2% 9 15 4
C =[S+ ) 1 +224+=(1-5,)?
DS;.e e{<5+5>|:+8)(1+8( Xl):|
3e? .
—le6|lx;(i|200521//,}, (13f)

where u; = m;/M are the dimensionless mass parameters
and y; = y8; = S;/m? is the dimensionless spin vector, we
introduce the derivative operator

M d

p=—" 9
(1—e?)32dt

(14)

1 is the unit vector along the orbital angular momentum,

——=(0,0,1), (15)

and the eccentricity vector &€ = e/e is the unit vector along
the periastron line, with e the Laplace-Runge-Lenz vector,
defined as

XX (xxx) x

e = i = (e,0,0). (16)

Note that the eccentricity vector é is ill defined in the

quasicircular limit (e = 0). However, Eq. (13) shows that

the component of (DS;),, along & vanishes as e — 0,

consistent with the absence of a preferred periastron
direction.

To our knowledge, this is the first derivation of tidal

heating and torquing for precessing binaries. In the spin-

aligned limit, Eq. (13) reduces to previously known results
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in the literature, both for quasicircular [47,48,62,64,109]
and eccentric orbits [110].

C. Evolution of the orbits

The exchange of energy and angular momentum
between the black holes and the orbit modifies not only
the masses and spins of the black holes, but also the orbital
dynamics, which determines the GW phase evolution, the
primary observable in the signal. The variation of any
orbital quantity can be computed using the chain rule,

sz%DE—i—— DL—l—Z(

af
D —D,
m+0S S)

(17)

To obtain the horizon-absorption contributions to DE
and DL, we use the conservation of energy and angular
momentum, which implies

(DE)H = _fH = —Dml

— Dm,, (18a)

(DL),; = -Gy = -DS, — DS, (18b)
where F ; and Gy denote the energy and angular momen-
tum fluxes. Combining Egs. (8), (13), (17), and (18), we
obtain the leading-order horizon-flux contributions to the

evolution of the PN parameter and eccentricity,

" 8 24¢% 3¢t
(Dy)H=—vﬂ?yl4(l-xl){ <§+—5 += )
9 15 »
X |:1+§)(%+§(l'x1)2]

3
—e <z ¢ )|lx;(,|zcos2z;/,}+(1<—>2), (19a)

(D), _W3y13(lx>e2{(88 132¢2 11e4)

5T s T

111)}

<y
(77 +_> i x 1| cos 21//1}
+ (1«

where we have omitted the orbit-average brackets for
notational simplicity. Note that, in deriving Eq. (19), the
evolution of the masses and spins [i.e., the terms propor-
tional to df/om; and df/dS; in Eq. (17)] does not
contribute at leading order, entering only at relative 1PN
order. In the spin-aligned limit, the expressions in Eq. (19)
reduce to known results in the literature [110,111].

(19b)

In Eq. (19) we observe that, for unequal masses, the
effect of horizon absorption is strongly dominated by the
absorption of the primary black hole, with the contribution
of the secondary suppressed by a factor « ¢ for equal
dimensionless spins.

III. IMPACT OF HORIZON ABSORPTION ON
WAVEFORM MODELING

In this section we assess the impact of horizon absorp-
tion on waveform modeling. We begin with an analytical
estimate of the size of the effect, showing that its dominant
observable signature is a 2.5PN modification of the GW
phasing. We then incorporate this effect into pyEFPEHM
[101], obtaining an eccentric precessing inspiral wave-
form model with horizon absorption, which we use to
study its impact through mismatch and parameter-estima-
tion studies.

A. Analytical estimate of horizon absorption effects

To quantify the effects of horizon absorption, we use that
the evolution of the PN parameter and the eccentricity can
schematically be written as [98]

Dy =1vy"> a,(v.y. 2Ly x2)y". (20a)
n>0
De? = —vyszbn(v,y, A lyxixa)y",  (20b)

n>0

where a, and b, are dimensionless coefficients of order
O(1°y?), whose explicit dependence on y is limited to terms
proportional to log y starting at 3PN [98]. In particular, the
leading (OPN) order coefficients are given by [112]

32 28
a =75+~ e?, (21a)
608 , 242 ,
=— —e". 21
bh=75¢T75¢ (21b)

The leading-order evolution of the masses and spins as a
function of the PN parameter y can be obtained by dividing
Eq. (13) by Eq. (20a). The total change during the inspiral
then follows by integrating between an initial and final
value, y, and y. For generic eccentricity, these integrals do
not admit simple closed-form analytical expressions.
However, we can show that the result is dominated by
the quasicircular contribution. To do so, we note that the
integrands can be expanded in eccentricity as

=y lzofm . (22)

To integrate Eq. (22) we need an expression for e?(y),
found by solving Eq. (20). At OPN this can be done
analytically, obtaining
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1+;T241Lez —145/121 y —-19/3
6226(2)<7121 5 , (23)

1+meo Yo

where e, and y, are the eccentricity and PN parameter at
some initial reference time. From Eq. (23) we can construct
an upper bound on e? during the inspiral,

-19/3
e? < el (l) , (24)
Yo
with
. 121 145/121
et = e%(l +ﬂe%> . (25)

Although here we work at leading order, we note that
Ref. [101] showed that Eq. (24) remains valid up to 3PN
order when neglecting the residual eccentricity induced by
precession [113]. The bound of Eq. (24) can be used to
derive an upper bound to the contribution of each term in

Eq. (22), noting that
19
y\7"
<> y'~'dy
Yo

Yf _ Yf
Inm = / eZmyn—ldy < e%m/
Yo Yo

S2m,n —n
= o2 {1—(&>3 } (26)

and using that the final PN parameter is much larger than
the initial one (y; > y,), we have that

0 =
B Yo Yy m=<qigh
19
< 52m,,3M Yr _ 3
L S 4 &3"y5 logit  m=gn (27)
% n+1 3
0= Y0 m>igh

Therefore, we find that, for n > 0, all eccentric (m > 0)
contributions are suppressed by powers of the small
parameter y,, and the integral is therefore dominated by
the quasicircular (m = 0) terms. The intuitive explanation
is that eccentricity is radiated away faster than high-PN
contributions can accumulate. For the evolution of the mass
dm;/dy and spin dS;/dy, we have that n =7 and 4,
respectively, and therefore only the quasicircular contribu-
tions are expected to be significant.

To integrate Eq. (13) and obtain the secular changes in
the masses and spins, we must account for spin precession.
The precession equations for an eccentric system at next-to-
leading order (NLO), which we denote as 2PN to match the
PN counting used for the orbital phase evolution, are given
by [98,99,114,115]

N

DL = —)°(Q) + ). (28a)

Ds| = ury°Qy, (28b)
Ds, = /41)’592, <280)
where
S,

13 5 !
Qi = |Spi+5 (1= yxer) | I X 8; +5ys; x5, (29b)

2 2 2
Neff = I (51 +52). (29¢)

Comparing Eq. (28) with Eq. (13), we find that the
contribution to Ds; from horizon absorption enters at
relative 5.5PN order (i.e., N’LO). This is well beyond
the highest order currently available, which reaches 4PN
(i.e., N*LO) for quasicircular binaries [116-119].

The precession equations in Eq. (28) imply that the spins
and the orbital angular momentum precess about the
direction of the total angular momentum j = J/J, where

J=L+8 +38,, (30)

and the direction of j is approximately conserved over the
inspiral.

The characteristic timescale of the precessional motion is
T, ~O(y™), which is much shorter than the radiation-
reaction timescale Tgg ~ O(y~®). This separation of time-
scales allows us to average the rapid precessional motion
over the slower radiation-reaction evolution.

Since the spins undergo rapid precessional motion in the
orbital plane, the angle y; between the in-plane spin and the
periastron line increases monotonically, with Dy; ~ O(y°),
even when including the effects of periastron advance [99],
which implies that

A

(f(L.x:) cos 2yr;) = 0. (31)

where (-) denotes an average over the precessional time-
scale and f (i, x;:) is an arbitrary scalar function of I and Xi-

Similarly, when computing the spin evolution due to
horizon absorption by integrating Eq. (13b), the rapid
precession causes the components perpendicular to j to
average out. As a result, the secular spin evolution is
aligned with j, and we obtain

(DS;) = (- DSy)J. (32)

Taking into account this precession average, together
with the arguments around Eq. (27), the dominant con-
tribution to the tidal heating and torquing between an initial
and final PN parameter y, and y is given by the
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quasicircular, precession-averaged contribution. At leading
PN order, we obtain

1

Am; = = Mu( )y =3+ O(efye "y
+ 0%, (33a)
1 .
AS; = _EM2V<KH.i>[y4 — g + O(egyp)li
+0(°), (33b)
. 9 15 .
ki =i xi) |1 +§)(12 +§(l x|, (33¢)

where, in performing the integration, we have treated the
masses and precession-averaged quantities as constant,
since their evolution with y due to horizon absorption
and radiation reaction is PN suppressed.

From Eq. (33), we see that the changes in the masses and
spins due to tidal heating and torquing enter at relative
3.5PN and 2PN orders, respectively. Since the masses and
spins enter the orbital evolution equations (20) at OPN and
1.5PN order, both effects induce corrections to the phasing
at relative 3.5PN order. This is one PN order higher than the
leading contribution from horizon absorption to the orbital
evolution, given in Eq. (19).

Although the variations of the masses and spins formally
enter at the same order as the 1PN corrections to Eq. (19),
their impact on the phasing is expected to be subleading.
This is because these effects carry an additional suppres-
sion by the symmetric mass ratio, and therefore do not grow
in the extreme mass-ratio limit (v — 0).

Moreover, the small numerical prefactors in Eq. (33)
further suppress their contribution, implying that the effect
of mass and spin evolution due to horizon absorption
remains negligible compared to the direct flux contribu-
tions, even away from the extreme mass-ratio regime.

Therefore, the dominant impact of horizon absorption on
the waveform is a dephasing induced by the direct horizon
flux contributions in Eq. (19). To estimate this effect, we
use that, from Eq. (7), the mean orbital phase 4 evolves as

Dl = >, (34)

The dephasing AA =1 — 4, induced by an additional
contribution §(Dy) to a reference evolution (Dy),, can then
be written as

dAA DA DA
& DDy @y )

where §(Dy) may also include contributions induced by
modifications to the eccentricity evolution e?(y) arising
from corrections to De?. Assuming §(Dy) < (Dy),, we
expand to first order and obtain

dar
dy (Dy)3

ool o

Using for 6(Dy) the horizon absorption contribution in
Eq. (19), and for (Dy), the leading-order evolution from
Egs. (20) and (21), together with the precession averaging
and the arguments around Eq. (27), we find

=5 @ 10?4 oensd :
ay = {mgy()w(eoy) +O(?).  (37)

where we have defined
Ky =2(kpy + ko)

9 9
= [1 — 2w+ (s7+ S%):|)(eff + [5,“ + (s - S%)} oy

8 8
+ %Zcff‘s)(z + %ngf’ (38)
with
Su =y — Ha, (39a)
Yot =1 (s1+52), (39b)
Sy=1-(s; —5,). (39¢)

From Eq. (37), we observe that the leading-order horizon
absorption effect can accumulate an arbitrarily large dephas-
ing for sufficiently long inspirals, growing logarithmically
with y/y,. Furthermore, since Al « 1/v, the dephasing is
enhanced in the extreme mass-ratio limit (v — 0).

We also observe that eccentric corrections are not entirely
negligible. While they do not grow large with y, they
accumulate to a constant contribution of order O(e3/v),
which can become relevant in the extreme mass-ratio limit,
and should therefore be included in waveform models.

Finally, we note that the overall prefactor in Eq. (37) is
numerically small. As a result, accumulating an O(1)
dephasing from horizon absorption requires very long
inspirals (y > y,) or highly asymmetric mass ratios
(v < 1). In particular, comparing the contributions from
Eq. (19) to the 2.5PN spin-orbit terms [100], the horizon-
absorption terms are smaller by a factor of ~100.

B. Adding horizon absorption to pyEFPEHM

In pyEFPEHM, we include the dominant effect of horizon
absorption, namely the modification to the PN evolution
equations induced by the direct horizon flux contributions
in Eq. (19). Higher-order effects, such as the evolution
of the component masses and spins, are neglected, as
they enter at higher PN order and have a subdominant
impact on the waveform, as discussed in Sec. II[ A,
and would significantly complicate the implementation.
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For computational efficiency, pyEFPEHM employs preces-
sion-averaged equations of motion. The precession-aver-
aged horizon absorption contributions to the PN evolution
coefficients in Eq. (20), are given by

(40a)

44 66 11 B
o = (B+ Lo e ). on

where Ky is defined in Eq. (38), and the precession
averages of the quantities entering it are already computed
within pyEFPEHM [100,101].

After implementing the leading-order horizon absorption
effects in pyEFPEHM, we compare the dephasing predicted
by the model with the analytical estimate of Eq. (37) to
assess the validity of some of the approximations intro-
duced in Sec. IIT A. This is shown in Fig. 2, where we plot
the orbital phase difference Aly between pyEFPEHM wave-
forms with and without horizon absorption, compared with
Eq. (37), as a function of the PN parameter y and the initial
eccentricity e,

We consider a fiducial system with mass ratio
q = my/my = 0.1, and initial spins y; o = [-0.2,0.3,0.9]
and y,o, = [-0.4,-0.4,0.8], defined in a frame where
I= [0,0, 1], as in pyEFPEHM. In Eq. (37), we evaluate Ky
using the initial spin configuration (Ky o= 4.84), rather
than its precession average.

This configuration is not typical of the observed astro-
physical population [30], but is deliberately chosen so that
horizon absorption is large while the binary still precesses
appreciably, combining a highly asymmetric mass ratio
with near-extremal spins at moderate tilts.

We find good agreement between the analytical estimate
and pyEFPEHM. In particular, consistently with the discus-
sion in Sec. IIT A, the dephasing in pyEFPEHM is dominated
by the quasicircular contribution. As the eccentricity
increases, the deviation from Eq. (37) grows proportionally
to e} at low eccentricities, and rapidly saturates to a
constant as a function of y.

Finally, even in the quasicircular case (eq = 0), we
observe a residual difference that grows as ~y?. This
behavior is consistent with both the neglect of 1PN
corrections in (Dy), when deriving Eq. (37) from
Eq. (36), and the approximation of the time-dependent
(Ky) by its initial value Ky .

C. Measuring the impact of horizon absorption

A rough estimate for horizon absorption to have a
measurable impact is that it induces a significant orbital
dephasing, Ady ~ O(1). As shown in Fig. 2, the orbital
dephasing is well described by Eq. (37), which can be
written in terms of the initial and final orbital frequency and

0.8
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FIG. 2. Comparison of the orbital phase difference Aly
between pyEFPEHM waveforms with and without horizon absorp-
tion and the leading-order quasicircular prediction of Eq. (37), as
a function of the PN parameter y. Different colors correspond to
different values of the initial squared eccentricity e(z). We consider
a fiducial system with mass ratio ¢ = m,/m; = 0.1, and initial
spins y 9 = [—0.2,0.3,0.9] and y,c = [-0.4, 0.4, 0.8], chosen
so that horizon absorption is large while the binary still precesses.
In the top panel we show Ay from pyEFPEHM together with the
analytical prediction of Eq. (37), while in the bottom panel we
show their difference.

eccentricity as

oS &e) S fr(1=eg)Y?
A/IH~768V10g{fO (1—32> } (41)

The dephasing is proportional to &y, defined in Eq. (38).
While || can reach values as large as |k | = 8 in the limit
g — 0 with maximally (anti)aligned spins, it is typically
smaller. To quantify this, Fig. 3 shows the probability
density function of &y assuming uniform distributions in
g€10,1] and y; €10, 1], with isotropic spin orientations.
The distribution is symmetric and sharply peaked at
Ky = 0. It has standard deviation STD[ky] =~ 0.724, indi-
cating that Ky is typically an O(1) quantity. Large values
|Ky| ~ 8 are extremely rare, as they require both highly
asymmetric mass ratios and maximal spins with finely
tuned (anti)aligned spin configurations.

Assuming a quasicircular system (ey = ey = 0), equal
masses (v = 1/4), and an observation spanning two orders
of magnitude in frequency (f~ 10%f,), as typical for
broadband GW detectors, we obtain the following order-of-
magnitude estimate on the orbital dephasing
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FIG. 3. Probability density function for ky. The distribution is
obtained by evaluating Eq. (38) for 10'? samples with parameters
drawn from uniform distributions in the mass ratio ¢ € [0, 1] and
spin magnitudes y; € [0, 1], with isotropic spin orientations.

fr [ 1-€2 3/2
Ay ~ 0.12R 1/4 %% 1\ (42)
u BTy log 10? )

Under these conservative assumptions, we see that the
orbital dephasing is close to O(1) even when &y ~ O(1).
Relaxing these assumptions, the effect can be further
enhanced for sufficiently unequal mass ratios, due to the
1/v scaling, and for longer inspirals, due to the log(f/fo)
accumulation.

In Eq. (42), we observe that the orbital dephasing between
two orbital frequencies f and f  nominally decreases as the
initial eccentricity increases. Nonetheless, as the system
becomes more eccentric, higher-order harmonics are
excited, such that the orbital frequencies accessible at a
fixed GW frequency scale as (1 —e?)™%/2 [100]. As a
result, the observable orbital dephasing remains approxi-
mately constant. Moreover, the presence of multiple har-
monics helps break parameter degeneracies and improves
the measurability of the dephasing, implying that smaller
values of A1 may be detectable [100].

These analytical considerations suggest that horizon absorp-
tion may be detectable in favorable configurations, particularly
for systems with long observable inspirals, unequal mass
ratios, and relatively large values of |k |. However, an orbital
dephasing of Ady ~O(1) is only a rough criterion for
detectability, and full waveform models for eccentric precess-
ing inspirals exhibit a rich structure where different physical
effects can interplay with horizon absorption.

To assess the actual impact of horizon absorption on GW
observations, we now turn to quantitative measures based on
waveform mismatches and parameter-estimation studies.

1. Mismatch studies

While the orbital dephasing provides useful intuition
about the distinguishability between waveforms, a more

quantitative measure of waveform difference is the mis-
match. The relevant quantity to compare is the detector
strain, which, in the long-wavelength approximation [120]
can be written as

h=F (a8 y)h, +Fy (a8 y)h,, (43)

where F_ and F, are the antenna pattern functions, which
depend on the detector geometry and on the sky location
(a,8) and polarization angle w. For convenience, this
detector response can be recast in terms of an effective
polarization angle x(a, 8, ) as [121]

h = A(a,8.y)[cos (2k)h, + sin (2k)h,].  (44)

Given two strains h; and h,, their mismatch MM
[122,123] is defined as

(hy|hy)
Vi ) (holhy)

(45)

MM(h],hz): 1 —M(hl,hz): 1 -

where M (h;, h,) is the match, and the noise-weighted
inner product (-|-) is defined as

where f;, and f,.c are the minimum and maximum
frequencies analyzed, and S,(f) is the one-sided noise
power spectral density (PSD) of the detector.

A commonly used criterion for distinguishability is that,
for two signals to be observationally distinguishable, their
mismatch must satisfy [124]

Ny

>
MMz 3%

(47)

where p is the signal-to-noise ratio (SNR) and N, is the
effective number of parameters describing the signal.

While the mismatch provides a necessary (though not
sufficient) condition for distinguishing two waveforms,
parameter biases depend on the detailed structure of
waveform errors and on whether they can be absorbed
by shifts in the inferred parameters [125]. In practice, part
of the waveform differences can be absorbed by shifts in
parameters that are not of interest, such as the orbital phase
¢o, the coalescence time 1, the polarization angle x, the
mean anomaly ), or rigid rotations of the in-plane spins by
an angle ¢g. To obtain a measure that is more directly
related to potential biases in the parameters of interest, we
minimize the mismatch over these “nuisance” parameters.
We thus define the minimized mismatch as
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FIG. 4. Noise ASDs used in the mismatch computations for
Advanced LIGO A+, the Einstein Telescope (ET), and LISA,
plotted over the corresponding frequency ranges employed in the
analysis.

MM(hy, hy) = min MM (., hy). (48)

$o-10K,
20-¢s

Following Ref. [126], the minimization over the polari-
zation angle k is performed analytically, while the mini-
mization over the reference time 7, is efficiently carried out
using the fast Fourier transform (FFT) followed by a local
refinement using Brent’s method [127]. The minimization
over the reference phase ¢, the mean anomaly #, and the
in-plane spin rotation angle ¢y is performed numerically
using a Bayesian optimization algorithm [128], which we
make publicly available in [129].

Here, we compute mismatches for representative
ground- and space-based detectors, namely Advanced
LIGO, the Einstein Telescope (ET), and LISA. In each
case, the noise-weighted inner product of Eq. (46) is
evaluated using the corresponding PSD, integrating over
the frequency range where the detector is sensitive. The
amplitude spectral densities (ASD = +/PSD) used in our
analysis, plotted over the frequency ranges used in the
mismatch computation, are shown in Fig. 4.

For LIGO, we use the projected “Advanced LIGO A+~
PSD [4,130], and perform the integration over the fre-
quency range f € [10 Hz, 2048 Hz].

For ET, we use the PSD corresponding to a 10 km
triangular configuration with both high- and low-frequency
interferometers (“ET 10 km HF + LF” in Ref. [131]), and
perform the integration over the frequency range f €&
[1 Hz,2048 Hz].

For LISA, we use the analytic noise model described
in Ref. [132], assuming a mission duration of 4 yr.
This model effectively includes instrumental noise, the
detector response, and the Galactic confusion background.
The integration is performed over the frequency range
f€[107* Hz, 1 Hz].

In all cases, the waveforms are generated up to the
innermost stable circular orbit [100]. For LIGO and ET,

10!

—1 P
1074 LIGO A+ {),/
1072 e
s 10-3 3 g
S 10 g
107° Al >0
3 x Ay <0
107645 === MM = 0.0107|AAg]?
10°
107! i
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10-2 v
s 1073 g
2 Lot 101j
1072 W o
&te % X Adg <0
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e
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FIG. 5. Scatter plots of the minimized mismatches MM as a
function of the absolute value of the approximate horizon
absorption dephasing |AAy| of Eq. (37). The top, middle, and
bottom panels correspond to Advanced LIGO A+, ET, and LISA,
respectively. In all panels, the color of the points indicates the
chirp mass in solar masses (Mg).

waveforms start when the / = m = n = 2 main GW mode
of the binary equals the minimum analysis frequency. For
LISA, however, we sometimes choose a higher initial
frequency to ensure that the signal duration does not
exceed the assumed mission lifetime of 4 yr.

For each interferometer, the chirp mass range explored is
chosen such that the signals contain a significant inspiral
phase where pyEFPEHM is applicable. In particular we study
M. €[1,10]M in Advanced LIGO A+, M, €[1, 100]M,
in ET and M, € [10, 10°]M, in LISA. Therefore, some of
the signals studied are extremely long, making the mis-
match computation computationally expensive. To address
this, we minimize the mismatch over ¢, ), and ¢ using a
Bayesian optimization algorithm [128] with support for
periodic parameters, which reliably finds the minimum
with O(50) evaluations.

We start by exploring the relation between the minimized
mismatch and the approximate horizon absorption dephas-
ing derived in Eq. (37). To this end, we compute
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FIG. 6. Minimized mismatch MM as a function of mass ratio ¢ = m,/m; €[0.05, 1] and initial eccentricity e, € [0, 0.7] for different
chirp masses and detectors. Each panel corresponds to a different choice of chirp mass (indicated in the panel title). The top, middle, and
bottom sets of panels correspond to Advanced LIGO A+, ET, and LISA, respectively. The spins are fixed to the fiducial configuration
X10 = [—0.2,0.3,0.9] and y,, = [-0.4, -0.4,0.8], for which horizon absorption is large.

mismatches between pyEFPEHM waveforms with and with-
out horizon absorption for random samples uniformly
distributed in the logarithm of the chirp mass, the inverse
mass ratio 1/g €[1,20], the component spin magnitudes
xi€[0,1], and the initial eccentricity ey € [0,0.6], with
isotropic binary orientations and spin directions. In
Fig. 5 we show, for the three detectors studied, the
mismatch of the samples against their approximate dephas-
ing computed using Eq. (37). We observe that in all cases
the mismatch is strongly correlated with the approximate
dephasing, with
MM  |Ady)?, (49)
with detector-dependent proportionality constants given in
Fig. 5. This is consistent with the expectation that the
mismatch is proportional to the square of the waveform
dephasing [124] and that, as we saw in Sec. III A, Eq. (37)
for Ay is a good estimate of the dephasing. Therefore, the
dephasing of Eq. (37) can serve as a simple proxy for
whether or not horizon absorption is detectable, even in the
case of eccentric precessing binaries.
In Fig. 5 we observe that the correlation between the
mismatch and the dephasing is not perfect. For the same

dephasing the mismatch can vary by more than an order of
magnitude based on the other binary parameters.

To better understand the dependence of the mismatch on
the physical binary parameters, we study the mismatch
as a function of the chirp mass, mass ratio, and initial
eccentricity, while fixing the remaining parameters to
fiducial values. In particular, we adopt the same spin
configuration as in Fig. 2, namely y;, = [-0.2,0.3,0.9]
and y, o = [-0.4, -0.4, 0.8]. We further fix the initial mean
anomaly 7, = 4.3, inclination 1, = 7/3, reference phase
¢o = 1.2, and effective polarization k = /2.

The results for the three interferometers are shown in
Fig. 6, where we plot the minimized mismatch MM as a
function of the mass ratio ¢ and the initial eccentricity e,
for several choices of the chirp mass. We observe that the
mismatch depends most strongly on the mass ratio,
increasing for more unequal systems, consistent with the
1 /v scaling of the dephasing induced by horizon absorption
[see Eq. (41)].

For LIGO and ET, the mismatch increases for smaller
chirp masses. This can be understood from two effects:
lower-mass systems merge at higher frequencies, enhanc-
ing the log(f s/ fo) factor in Eq. (41), and they accumulate a
larger number of cycles, making it more difficult for the
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nuisance parameters to absorb the induced dephasing. For
LISA the behavior is more nuanced. For high masses
(M, > 10%, the same trends and reasoning apply.
However, for lower masses, where the inspiral proceeds
more slowly, the signal duration is limited by the mission
lifetime (4 yr). Therefore, the systems start being observed
from a higher starting frequency f,, reducing the
log(f;/fo) factor in Eq. (41) and thus decreasing the
mismatch.

The dependence on eccentricity is more subtle. On the
one hand, increasing eccentricity reduces the dephasing
predicted by Eq. (41). On the other hand, higher eccen-
tricities excite additional harmonics, which enhance the
sensitivity to phase differences by effectively providing
multiple phase tracers. Intuitively, as the signal becomes
more burstlike, a small shift in the time of periastron
passage can lead to noticeable mismatches. At the same
time, increasing eccentricity shortens the signal, reducing
the number of cycles and allowing nuisance parameters to
absorb part of the dephasing.

As a result of these competing effects, we find that
eccentricity generally increases the mismatch for long
signals (low chirp mass and moderate eccentricity), while
decreasing it when the signals become too short (high chirp
mass and very large eccentricity).

We observe that, across detectors, the mismatch ranges
from ~0.3 for unequal-mass systems observed over a
broad frequency range to ~5 x 107> for near-equal-mass
systems observed over a narrower frequency interval.
Using the distinguishability criterion of Eq. (47), this
corresponds to distinguishable SNRs ranging from p ~
O(5) for the largest mismatches to p = O(400) for the
smallest ones, assuming a typical number of effective
parameters N, ~ 15. This indicates that horizon absorp-
tion may be observable at moderate SNRs in highly
spinning unequal-mass systems with long inspirals, while
for near-equal-mass binaries its detection is limited to very
high-SNR events.

Since the spins have been held fixed in this analysis, it is
useful to note how these results depend on them. As
Ay « &y, Fig. 5 implies that the mismatches above scale
approximately as MM « &%, so that for the more typical
O(1) values of |ky| of Fig. 3 they could be more than an
order of magnitude smaller, correspondingly increasing the
distinguishable SNRs.

2. Parameter estimation studies

Bayesian parameter estimation (PE) is the primary
method used to analyze compact binary coalescence signals
observed by GW detectors [133,134]. While the mis-
matches studied in Sec. III C 1 provide a rough indication
of when signals with and without horizon absorption may
become distinguishable, they are not sufficient to determine
whether neglecting horizon absorption leads to biased

parameter recovery or whether this effect can be detected
in practice.

In Bayesian inference, we aim to compute the posterior
probability distribution, p(6|d), of the signal parameters 6
given the detector data d using Bayes’s theorem,

L(d|0)=(0
plola) = L1070 (50)
where 7(0) is the prior, £(d|0) is the likelihood, and Z is
the evidence. Assuming stationary Gaussian noise, the

likelihood reduces to the Whittle likelihood [133,134],

clao) xexp{ =3 h(0)-aln0)-ay,

i=1

se{S (@ - nomon,)

i=1
(51)

where d; and h; represent the measured data (including
noise) and the GW signal in the ith detector, respectively.
Similarly, (-|-); denotes the noise-weighted inner product
introduced in Eq. (46), evaluated using the PSD of the ith
detector. The evidence introduced in Eq. (50),

Z = / £(d|0)z(8)do. (52)

ensures that the posterior probability distribution is nor-
malized. The evidence measures the average likelihood
over the prior volume and it is used for Bayesian model
comparison [135]. In particular, ratios of evidences
between different hypotheses define Bayes factors, which
quantify the degree to which the data prefer one model over
another.

Due to the complexity of the integral in Eq. (52),
stochastic sampling methods are required to explore the
posterior distribution and estimate the evidence. Here, we
perform PE using BILBY [136—138], employing its imple-
mentation of the DYNESTY [139] nested sampling algo-
rithm. We perform zero-noise injections [140] to avoid
statistical fluctuations associated with individual noise
realizations, as well as the additional uncertainty present
in analyses of real events, where the true source parameters
are unknown. Synthetic signals are injected into the LIGO
Hanford (H1), LIGO Livingston (L1), and Virgo (V1)
detectors, assuming the LIGO A+ and Virgo AdV+
sensitivity curves projected for O5 [4,130]. The data are
analyzed from a minimum frequency of f;, =20 Hz,
which is also taken as the initial frequency of the pyEFPEHM
waveform. Consequently, the initial eccentricity ey is
defined at 20 Hz.

Due to the computational cost of PE, the number of
analyses that can be performed is limited. We therefore
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TABLE I. Summary of the injections including horizon ab-
sorption used in the PE analyses, labeled by their eccentricity and
luminosity distance. For each injection, we report the optimal
network SNR together with the logarithm of the Bayes factor
comparing analyses performed with and without horizon absorp-
tion [Eq. (53)]. Positive values of log BIA,, . indicate a preference
for the analyses including horizon absorption. The uncertainties
in the log-Bayes factors are obtained by propagating the nested-
sampling uncertainties in the evidences entering Eq. (53).

d; [Mpc] Injection SNR log BIA,

ey =0 500 21.6 —0.04 £0.31
200 54.0 0.06 + 0.36

100 108.0 0.12 £0.39

50 216.0 0.32+0.43

ey =03 500 21.5 0.13+0.34
200 53.8 1.19+0.39

100 107.6 3.02+0.42

50 2153 8.60 + 0.45

focus on a fiducial system with component masses m; =
14M, and m, = 1.4M, and with the same spin vectors
used throughout this work, namely y;, = [-0.2,0.3,0.9]
and y, o = [-0.4,—0.4,0.8]. We further fix the initial mean
anomaly 7 = 4.3, inclination 1, = n/3, reference phase
¢o = 1.2, polarization angle yw = 0.6, right ascension
a = 1.0, declination 6§ = —0.316, and coalescence GPS
time ¢, = 1262276684 s. We consider both quasicircular
injections with ey, =0 and eccentric injections with
eo = 0.3. For each case, signals are injected at luminosity
distances d; = 500, 200, 100, and 50 Mpc. The corre-
sponding SNRs are listed in Table I. In all cases, the
injected signals include horizon absorption, while the
recovery is performed both with and without horizon
absorption.

The secondary should be understood here as a low-mass
black hole rather than a neutron star, although its nature is
largely irrelevant, since as discussed in Sec. II C, horizon
absorption is dominated by the primary, with xy,/ky &
8 x 10~* for this system, so that removing the horizon
absorption of the secondary changes Ky by less than 0.1%.

To facilitate direct comparisons between analyses, iden-
tical priors are adopted for all PE runs. In particular, we use
broad, uninformative priors that are uniform in the com-
ponent masses, spin magnitudes, eccentricity, and coales-
cence time, and isotropic in sky position as well as binary
and spin orientations. The luminosity distance prior
assumes sources are distributed uniformly in comoving
volume, using the Planckl5 cosmology [141].

In Figs. 7 and 8 we show the posterior probability
density functions (PDFs) for the most relevant intrinsic
parameters obtained from the analyses of the quasicircular
(ep = 0) and eccentric (ey = 0.3) injections, respectively.
The minimized mismatch [Eq. (48)] between waveforms
with and without horizon absorption, evaluated at the

—— HA (dj, = 500 Mpc) === mno HA (d;, = 500 Mpc)
—— HA (dy, = 200 Mpc) === no HA (dr = 200 Mpc)
—— HA (dj, = 100 Mpc) === no HA (d; = 100 Mpc)
—— HA (d;, = 50 Mpc) === no HA (d; = 50 Mpc)
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FIG. 7. Posterior probability density functions (PDFs) for the
most relevant intrinsic parameters, obtained by the PE analyses of
the quasicircular (ey = 0) injections including horizon absorp-
tion. The analyses with horizon absorption (labeled “HA”) are
shown with solid lines, while the ones without (labeled “no HA”)
are shown with dashed lines. Different colors are used to
represent the different luminosity distance of the injections. In
each panel we show the posterior PDF for a different parameter.
From top to bottom, we have the component masses m, and m,,
initial eccentricity e, the component dimensionless spin magni-
tudes y; and y, and tilt angles #; and 6,.

injected parameters, is 0.017 and 0.014 for the quasicircular
and eccentric cases, respectively. Assuming an effective
number of parameters of N, ~ 15, these correspond to
distinguishable SNRs of approximately 21 and 23.
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FIG. 8. Posterior probability density functions (PDFs) for the
most relevant intrinsic parameters, obtained by the PE analyses of
the eccentric (e, = 0.3) injections including horizon absorption.
The analyses with horizon absorption (labeled “HA”) are shown
with solid lines, while the ones without (labeled “no HA”) are
shown with dashed lines. Different colors are used to represent
the different luminosity distance of the injections. In each panel
we show the posterior PDF for a different parameter. From top to
bottom, we have the component masses m; and m,, initial
eccentricity e, the component dimensionless spin magnitudes y
and y, and tilt angles €, and 6,.

The injections at d; =500 Mpc have SNR %22 in
both cases, placing them near the distinguishability
threshold, and no clear differences are visible between
the posteriors obtained with and without horizon

¢ eg’j =0 +
81 4 =03

50 100 150 200
Injection SNR

FIG. 9. Logarithm of the Bayes factor comparing analyses
performed with and without horizon absorption [Eq. (53)] as a
function of the SNR for the quasicircular and eccentric injections.
Positive values of log B4, indicate a preference for the
analyses including horizon absorption. The error bars correspond
to the uncertainty in the log-Bayes factor obtained through
propagation of the nested-sampling uncertainties in the evidences
entering Eq. (53).

absorption. However, for the injections at d; =
200 Mpc (SNR = 54), small differences begin to appear
in the posterior of the primary spin magnitude. For the
highest-SNR injections, at d; = 100 Mpc (SNR ~ 108)
and d; =50 Mpc (SNR = 220), posterior differences
become visible in multiple parameters and grow increas-
ingly significant. While analyses including horizon
absorption accurately recover the injected parameters,
analyses neglecting it recover biased values for the
component masses and the primary spin magnitude,
and, in the eccentric case, also for the spin tilt angles.

The biases in the recovered parameters found in Figs. 7
and 8 when neglecting horizon absorption can affect the
inferred astrophysical interpretation of the events and,
potentially, the estimated properties of the compact binary
population. Nonetheless, parameter biases alone do not
provide definitive evidence for the presence or absence of
horizon absorption in the signal, since there is no inde-
pendent measurement of the true binary parameters against
which the recovered values can be compared. To assess
whether the data statistically favor waveform models
including horizon absorption, we instead consider the
Bayes factors,

ZHA

Zno HA

log Biys = log ) (53)

where Zy5 and Z,, ya are the evidences obtained from the
PE analyses with and without horizon absorption, respec-
tively, and log denotes the natural logarithm, as throughout
this work.
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The resulting Bayes factors are reported in Table I and
shown as a function of SNR in Fig. 9. For the quasicir-
cular injections, the Bayes factors remain consistent with
zero even for the loudest injections, indicating that
the effect of horizon absorption can be almost fully
absorbed by shifts in the binary parameters. In contrast,
for the eccentric injections, the Bayes factor increases
steadily with SNR and reaches log BHA,, ~9 for the
loudest case. This suggests that, in the eccentric case
where the signal morphology is more complex, shifts in
the parameters of the waveform without horizon absorp-
tion are less able to reproduce the signal including
horizon absorption, making the presence of this effect
more readily detectable.

IV. CONCLUSION

In this work, we have derived for the first time the effect
of horizon absorption in eccentric, precessing binary black
hole inspirals. In particular, we obtained the leading-order
correction for spinning black holes, which enters the binary
evolution at 2.5PN order. We then incorporated these
corrections into pyEFPEHM, resulting in an eccentric, pre-
cessing inspiral waveform model that consistently includes
horizon absorption effects.

We analytically studied the orbital dephasing induced by
horizon absorption and compared it against the dephasing
predicted by pyEFPEHM, finding good agreement between
the analytical estimates and the numerical waveform
model. We find that the dephasing is largest for systems
with large spin components aligned or antialigned with the
orbital angular momentum (|y; - I| ~ 1), highly unequal
mass ratios (¢ = m,/m; < 1), and long inspirals spanning
a wide frequency range [log(y;/yo) > 1].

We computed mismatches between pyEFPEHM wave-
forms with and without horizon absorption for LIGO,
ET, and LISA sources. We found that the mismatch is
strongly correlated with the estimated dephasing of
Eq. (37), following the analytical expectation MM
|AJy|> [124], so that this dephasing provides an in-
expensive proxy for the detectability of horizon absorp-
tion, even in eccentric, precessing binaries. Studying the
dependence of the mismatch on the binary parameters, we
obtained mismatches exceeding 1% for highly spinning
binaries with mass ratios ¢ < 0.2, indicating that horizon
absorption may become observable in realistic signals
detected by current and future ground- and space-based
GW detectors.

To investigate the detectability of these effects in more
detail, we performed full Bayesian parameter estimation
analyses on simulated signals injected into the LIGO-Virgo
detector network, comparing waveform recoveries per-
formed with and without horizon absorption. We found
that neglecting horizon absorption leads to systematic
parameter biases in both quasicircular and eccentric sys-
tems, particularly in the primary spin magnitude and the

component masses. For quasicircular binaries, neglecting
horizon absorption can be largely compensated by shifts in
the intrinsic binary parameters, resulting in Bayes factors
that remain consistent with no preference for models
including horizon absorption, even at very high SNRs.
In contrast, for eccentric binaries, where the waveform
morphology is more complex, parameter shifts are less
effective at reproducing signals that include horizon
absorption when this effect is neglected in the recovery.
As a result, the Bayes factor increasingly favors waveform
models including horizon absorption as the SNR grows,
making the effect potentially detectable in high-SNR
eccentric events.

We note that in current waveform models calibrated
against NR simulations, such as the SEOBNR [89,93] and
IMRPhenom [142,143] families, horizon absorption is
partly reabsorbed into the calibration even when not
modeled explicitly. As our PE results suggest, however,
this compensation might be less effective for eccentric,
precessing binaries, where the richer signal morphology
and more complicated parameter dependence of the hori-
zon absorption correction make the effect harder to mimic.

In this work we have only derived the leading-order
correction due to horizon absorption. This contribution is
expected to usually dominate, since entering at 2.5PN
means it accumulates logarithmically over long inspirals.
Although higher-order corrections entering at 3.5PN order
and beyond do not accumulate over long inspirals, they can
still become relevant for highly unequal-mass-ratio sys-
tems, as their contribution to the dephasing also scales as
1/v. Note that for sufficiently small black hole spins, the
nonspinning horizon absorption correction that first
appears at 4PN can dominate over the leading-order
spinning correction studied here. For aligned-spin binaries,
horizon absorption corrections are currently known up to
4PN order [65], and extending these results to generic
eccentric and precessing systems would therefore be an
important next step.

In the extreme-mass-ratio regime where such higher-
order PN contributions become important, the dynamics is
expected to be more accurately captured by gravitational
self-force (SF) methods rather than a purely PN description.
Nevertheless, these higher-order PN corrections can still
play a relevant role in the construction of accurate SF-PN
hybrid waveform models [84,85].
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