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Direct detections of gravitational waves provide a unique opportunity to probe the astrophysical origin of
compact binary mergers. The formation channels of these systems remain highly debated, and a fraction
may originate in dynamical environments or active galactic nuclei. Binaries formed in such environments
are expected to experience line-of-sight acceleration from their surroundings, which can imprint
characteristic signatures on the observed gravitational wave signal. Here, we rederive the line-of-sight
acceleration effects and implement them in state-of-the-art quasicircular waveform models with precession
and higher-order modes. We also implement the corrections in eccentric waveform models, applying them
consistently to all contributing harmonics. Using this model, we investigate the impact of these effects on
the inference of line-of-sight acceleration and analyze several selected events from the Gravitational-Wave
Transient Catalog observed during the third observing run of LIGO and Virgo. We find no substantial
evidence for line-of-sight acceleration in these events. We also show that an inconsistent treatment of line-
of-sight acceleration between higher harmonics can lead to biased conclusions. Our model provides a
robust framework for uncovering line-of-sight acceleration in current and future gravitational wave
observations, enabling more accurate probes of environmental signatures in compact binary formation.
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I. INTRODUCTION

The LIGO-Virgo-KAGRA (LVK) gravitational wave
(GW) detectors network [1-3] has reported over 390 events
through the second part of the fourth observing run [4-10],
all of which are produced by mergers of compact binaries.
The fifth observing run is expected to deliver a significant
boost in sensitivity [11]. These detections, comprising
mergers of binary black hole (BBH), binary neutron star,
and neutron star—black hole (NSBH) systems, have opened
new avenues for studying compact objects and the envi-
ronments in which they form and evolve.

The growing catalog of compact binary mergers has
enabled population-level studies of masses, spins, and
merger rates, providing new constraints on compact object
formation [12,13]. However, disentangling formation chan-
nels remains challenging because multiple scenarios can
produce overlapping distributions in mass and spin [13,14].
In particular, the relative contributions of isolated binary
evolution and dynamically driven mergers remain uncer-
tain. The latter can occur in a variety of environments,
including dense stellar systems, such as nuclear star clusters
[15,16], hierarchical triples or higher-order multiples
[17-19], as well as gas-rich environments, such as active
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galactic nucleus (AGN) disks [20-22]. Compact objects
embedded in AGN disks may migrate close to the central
supermassive black hole (SMBH) and become trapped
there [23].

Orbital eccentricity is a promising discriminator between
isolated and dynamical formation scenarios, since dynami-
cally assembled binaries can retain measurable eccentricity
when entering the detector band [24,25]. Nevertheless,
eccentricity alone cannot uniquely identify which dynami-
cal channel produced a given merger [26]. Recent studies
have, therefore, proposed joint mass-spin-eccentricity sig-
natures as a more powerful probe of formation channels
[26,27]. However, eccentricity can be substantially radiated
away before the signal reaches the sensitive bandwidth of
ground-based detectors, reducing its discriminating power
[28,29]. Moreover, degeneracies among mass, spin, and
eccentricity in the waveform parameter space can make
eccentricity-spin disentanglement difficult [30-33]. These
limitations motivate the development of complementary
approaches that search for direct environmental signatures
encoded in the GW signal.

Line-of-sight acceleration (LOSA) of the binary’s center-
of-mass motion induced by an external potential or a
nearby perturber provides a promising probe of dynamical
formation [34—44]. This acceleration can arise in hierar-
chical triples, dense stellar environments, or AGN-assisted
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scenarios [36,38,45-49], and imprints a characteristic
frequency-dependent distortion in the waveform. For the
latter, another particular signature could be that of lensing,
due to the emitted GW being lensed by the central black
hole [50]. Should such events be detected, they would be
excellent targets to search for LOSA.

Crucially, unlike a constant redshift (from cosmology) or
a constant line-of-sight (LOS) velocity, which is degenerate
with a simple rescaling of detector-frame masses, LOSA
induces a time-dependent Doppler modulation. This time
dependence cannot be absorbed into a constant mass
rescaling and instead leaves a characteristic imprint on
the waveform phasing. Working to linear order in the LOS
redshift, the leading-order correction to the Fourier domain
phase can be written as [34,37]

5 GMay
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where a is the acceleration of the source along LOS, M and
n denote the total mass and symmetric mass ratio of the
binary, and v = (zGMf/c?)'/3 is the post-Newtonian (PN)
velocity parameter (often just called the PN expansion
parameter). This leading-order correction enters at —4PN
order relative to the leading vacuum phase and is enhanced
for low-mass systems that spend longer in the band.

The LOSA effect on GW signals has been explored in
several contexts. Focusing on cosmic acceleration,
Takahashi and Nakamura [34] provided an early frequency
domain treatment of waveform distortions induced by a
time-dependent redshift, which is conceptually similar to
LOSA effects from center-of-mass motion. Bonvin et al. [37]
formulated LOSA as a time-dependent Doppler modulation
and derived the leading-order correction to the Fourier
domain phase, emphasizing its impact on parameter infer-
ence, particularly for long-lived inspirals. Tamanini et al.
[39] extended the treatment to higher-order corrections to
this leading contribution, up to 1.5PN order, and presented
forecasts for constraints on a; /¢ from stellar-mass binaries
observed with LISA, where the long observation times
could significantly enhance the relevance of LOSA.
Vijaykumar et al. [40] derived the correction to the
quasicircular inspiral phase through 3PN order (to linear
order in a|/c), and also provided the leading-order ampli-
tude correction. A follow-up study by Tiwari et al. [41]
implemented LOSA waveform corrections for parameter
estimation, computed the phase correction up to 3.5PN
order (to linear order in a/¢), and carried out a systematic
study of potential biases and modeling uncertainties rel-
evant for LOSA inference. Another recent study by Lazarow
et al. [43] constructed an analytic frequency domain model
by treating the (approximately constant) center-of-mass
acceleration as a perturbation to the TaylorF2 approx-
imant, and computed the waveform phase through 3PN
order at linear order in a| /c, providing Fisher forecasts for

current and next-generation detectors. A complementary
approach by Chamberlain et al. [51] derived Doppler shifts
using a stationary-phase treatment in the frequency domain,
incorporating both phase and amplitude corrections.

Most recently, LOSA has been included as part of the
Gravitational-Wave Transient Catalog 4.0 (GWTC-4.0) tests
of general relativity (GR) [52], using a quasicircular imple-
mentation based on the dominant quadrupole treatment and
following the waveform correction prescription developed in
[40,41]. In that analysis, the LOSA study was restricted to
inspiral-dominated systems, including selection cuts on the
total mass and only considering near-equal-mass events g =
my/m; > 0.25 to avoid biases due to higher-order multi-
poles when using a dominant quadrupole LOSA implemen-
tation. As a result, only a subset of events satisfies the
selection criteria. The GWTC-4.0 analysis reports no sta-
tistically significant evidence for LOSA, and provides 90%
credible intervals on @ /c for that subset of events.

The existing LOSA treatments have primarily focused on
quasicircular binaries and derive the waveform correction
by propagating the Doppler-induced redshift through the
PN evolution and reconstructing the Fourier domain phase.
While this is fully adequate for the dominant mode,
extending it to higher harmonics or eccentric waveforms
is cumbersome because the mode-dependent frequency
mapping must be treated separately for each harmonic.

In this work, we extend the treatment of LOSA beyond the
dominant quasicircular quadrupole by incorporating higher
harmonics and eccentric compact binaries. Our formulation
is based on the integrated time delay induced by the LOS
redshift and expresses the Fourier domain phase modifi-
cation in a closed form in terms of the stationary-phase
time. In this form, the LOSA effect can be applied mode by
mode by replacing the quadrupolar stationary-phase time
with the corresponding harmonic-dependent quantity
tym(f), and can likewise be generalized to eccentric
waveforms by using the appropriate stationary times for
each contributing harmonic. This provides a unified frame-
work in which LOSA corrections can be implemented
consistently across waveform models with richer harmonic
structure.

The remainder of this paper is organized as follows. In
Sec. II, we summarize the LOSA waveform correction and
describe its implementation in higher-harmonic and eccen-
tric waveform models. In Sec. III, we present injection
studies quantifying measurability and biases when higher
harmonics or eccentricity are omitted. In Sec. IV, we
analyze selected LVK events, and we conclude in Sec. V
with a discussion of implications and prospects for future
detectors.

II. PHASE AND AMPLITUDE CORRECTIONS
FROM LINE-OF-SIGHT ACCELERATION

We derive the leading-order correction to the frequency
domain GW phase induced by a time-dependent Doppler
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shift arising from the L.OS acceleration of the binary’s center
of mass. Throughout this work, the LOS redshift is treated to
linear order, assuming |z,| < 1. The LoOs redshift is defined
as 2y (tye) = V) (tge)/ ¢, Where v (£ ) is the LOS velocity of
the binary’s center of mass. For constant acceleration a,
the redshift evolves as

a
Zf(tsrc> =20+ Iﬂtsrc’ r= ?H ’ (2)

where z, represents a constant velocity contribution.

A. Phase correction

We first consider the waveform in the source frame. The
dominant mode of the time domain waveform can be
written as Age(fye) = A(fge)e=), In the stationary phase
approximation (SPA), the Fourier transform of the wave-
form is dominated by stationary times satisfying

a4

dt (tsrc) = Zﬂfsrc’ (3)

where f. is the GW frequency in the source frame. For
compact binaries, the GW phase is related to the orbital
phase @ through ¢ () = 2®(¢). Since ¢ (1) = 2Q(¢), with
Q the orbital frequency, Eq. (3) implies Q(ty.) = 7fgec.
Thus, 7. represents the emission time at which a GW of
source-frame frequency f . is generated. In PN theory, it is
convenient to introduce the velocity parameter
v = (ZMfy)'3. In the TaylorT2 approximant [53], the
time-to-coalescence is expressed as a function #(v).
Equivalently, in the SPA used in TayloxrF2 [54], the
stationary time is given by the derivative of the frequency
domain phase (W) with respect to the source-frame
frequency,

1 d¥,,
C 2ndfe

1(fsre) (4)

which coincides with the PN time-to-coalescence in the
TaylorT2 construction. Hence, 7. = #(f.). We measure
source times relative to the coalescence time ?., so that
tye = 0 at merger and 7, < 0 during the inspiral.

We now introduce the Doppler mapping between source
and detector frames. The detector time 74, and the source
time t,, are related by

dtdet
dtsrc

=1+ Zf(tsrc)' (5)

Integrating this relation gives the cumulative delay

[ 1
— _ ’ _ 2
Al‘(l‘src) = ldet — le = / Zf(tl)dt/ = Zolse T _FtSI'C‘

2
(6)

The term proportional to z, corresponds to a constant
Doppler shift and is degenerate with a rescaling of intrinsic
parameters, such as the masses and the coalescence time.
The acceleration term, however, produces a frequency-
dependent distortion of the waveform.

This effect can be interpreted as a time-dependent Rgmer
delay: the line-of-sight motion of the binary’s center of
mass changes the light-travel time between emission and
detection, producing an accumulated arrival time shift that
translates into a frequency-dependent phase distortion.
Equivalent Rgmer delay formulations have been used
extensively in the context of externally perturbed binaries
and hierarchical triples [45,46,55]. A related frequency
domain treatment of Doppler-induced corrections within
the stationary-phase approximation was presented in [51].

Since the Fourier domain phase is defined relative to the
coalescence time, W(f) = 2zft, — ¢, + wpn(f), the rel-
evant delay is the cumulative redshift accumulated between
the emission time and merger,

mm=/%@mw. 7)

The corresponding correction to the Fourier domain
phase is

AY(f) = =2zfAd(f). (8)

Retaining only the acceleration term in Eq. (6) yields

A¥(f) = -z Tft(f)* ©)

We note that, since the Fourier domain phase is referenced
to coalescence, the acceleration-induced phase correction
vanishes at the merger frequency. The constant velocity
contribution proportional to z; is absorbed into intrinsic
parameters, while only the acceleration term produces a
frequency-dependent phase distortion that is largest at low
frequencies and decreases toward coalescence.

The above expression can be straightforwardly general-
ized to higher-order modes. For a given (£, m) mode, the
stationary time entering the phase correction is replaced by
the corresponding mode-dependent SPA time 7, (f).
The frequency domain phase for an arbitrary mode is
related to the dominant quadrupole mode by ., (f) =
m/2woy(2f/m), which implies t,,,(f) = t2,(2f/m). The
correction to phase for the (£, m) mode, therefore, becomes

Al{lzf’m(f) - _ﬂrftfm(f)z‘ (10)

Higher-order modes, therefore, probe different portions of
the inspiral through their mode-dependent stationary times
tem(f), typically corresponding to earlier inspiral times
than the dominant (2,2) mode at a fixed observed fre-
quency. As a result, the associated LOSA phase corrections
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can differ appreciably across modes when the higher-order
mode content is non-negligible.

B. Amplitude correction

In addition to the phase, the LOSA acceleration also
modifies the Fourier domain amplitude through the map-
ping between source-frame and detector-frame variables.
We derive this correction following the same setup used for
the phase. The time domain spherical-harmonic modes are
written in terms of source-frame quantities as

hfm(tsrc) = Afm (xsrc)eiqbﬁ"(tm)v (1 1)

where xg. = (2zMfg./m)*3 is the source-frame PN
expansion parameter for a generic m-mode. We similarly
define the detector-frame PN parameter by x=
(2zM f/m)*3, where f is the observed Fourier frequency.
In the absence of a time-dependent redshift, these two
quantities coincide.

In the stationary-phase approximation, the Fourier
domain amplitude can be written as

2

A%;A (f) =Asm (xsrc> W,

(12)

where & = dx/dtg, is the detector-frame chirp rate, evalu-
ated at the mode-dependent stationary time t,. = ,,,(f).
For a given observed frequency f, different harmonics
correspond to different orbital frequencies and, therefore, to
different stationary times through x,,(f) = (2zMf/m)*/3.
Following the phase derivation, the LOSA induces a time-
dependent redshift that relates source-frame and detector-
frame frequencies according to

fsrc = f[l + Zf(tsrc)]7 Xsre = x[l + Zf<tsrc>]2/3' (13)
Differentiating Eq. (13) with respect to 74, and using
Eq. (6) yields

dx
dt, det

dxg. 2 I'x
dtsrc 3 (1 + ]‘—‘Z‘SI'C)2 ’

= (1 +Tty) ™ (14)

where d/dtge; = [1/(1 4+ Tty )]d/dty.. At Newtonian
order, the intrinsic source-frame evolution is

dx g, 64n 5
( %)N o IN (15)

Substituting Eq. (15) into Eq. (14) and expanding to first
order in I" gives

dx
dt det

5 o
— K |1 4+2T, —— |
* [ MRS SKxJ

where K = 64#/(5M). The Newtonian stationary time for
the (£, m) mode is

1 SM

tem(f) = TAKL

_ o -4
256p" ™"

where 7,,,(f) < 0 during the inspiral. Therefore,

2r 8

- =Tt (f).
3Kxfn 3 fm(f)

Combining this term with the first contribution proportional
to I', we obtain

dx dx 13
i (@), [ 5me0] 0

Here, the coefficient 13/3 is common to all harmonics,
while the stationary time t,,,(f), or equivalently x,,(f), is
mode dependent.

At fixed observed frequency f, the detector-frame
quantity x = x,,(f) is fixed. However, Eq. (12) shows that
the Fourier domain amplitude receives two distinct LOSA
corrections. The first arises from the intrinsic time domain
amplitude, which is evaluated at the source-frame quantity
Xge,» and the second comes from the modification of the

detector-frame chirp rate appearing in the SPA factor x~'/2.
Thus,
SASPA B SATD 16k (15)
A A

To evaluate the first contribution, we define the loga-
rithmic slope of the time domain mode amplitude,

_dInAg,
afm(x)= dlnx . (16)
From Eq. (13),
2
KXegre — X |:1 +§thm(f):| + O(Fz) (17)

Expanding A, (x,.) about x, the source amplitude con-
tribution is

SATD 2
ATK]J) = gafm(x)rtfmoc)' (18)
‘m

The second contribution follows directly from Eq. (16).

Since the SPA amplitude is proportional to x~'/2,
16x 13
—s—=——Ttz,(f). 19

The total leading-order fractional amplitude correction
1s, therefore,
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SASPA 2 13
= [fom g Tt @

This expression includes both the Doppler shift of the
intrinsic time domain waveform amplitude and the modi-
fication of the SPA curvature. The former depends on the
leading frequency scaling of each individual mode through
azn, While the latter is determined by the acceleration-
induced correction to the detector-frame chirp rate. For the
leading Newtonian time domain mode amplitudes, the
generic scaling is given by [56]

AI;Im(x) X X(erefrn)/z’ (21)

where €,,, = 0 for mass-type multipoles where £ + m is
even and €;,, = 1 for current-type multipoles where £ + m
is odd. Therefore, a = (¢ +€z,)/2, and for the (2,2)
mode, the leading-order amplitude correction is

5ASPA

SPA
A22 lead

60 TM
T 2048 n

— (22)

C. Implementation in Phenomxphm model

The Phenomxphm waveform model is a frequency domain
inspiral-merger-ringdown model for generically precessing
BBHs [57,58]. It incorporates higher-order harmonics by
constructing the waveform in a coprecessing frame and
then rotating it to the inertial observer frame [59]. In this
way, the dominant precession effects are captured through a
time (or frequency)-dependent rotation, while the under-
lying mode structure is modeled in a frame approximately
aligned with the instantaneous orbital angular momentum.

In this model, the GW polarizations in the inertial
J-frame, R’ (f), are written in terms of the spherical

harmonic modes %%, (f) defined in the coprecessing

L-frame as
L 0 =AY SR (e
f>2m>0
X Z _lmadf (B) 2Y 4,
+ (=1)7e™d? (B) Y5, (23)

f) _ Z /27 TiSPA ol Raf A= p(i74)~n/4)

where the + signs on the right-hand side correspond to the
+ and x polarizations, respectively. Effectively, the above
equation can be written as

R (f) =Y HE (). (24)
£.m

Here, d” ,(p) are the real Wigner d-matrices, (a, f,y) are
the Euler angles that rotate the coprecessing L-frame into
the inertial J-frame, and _,Y,, are the spin-weighted
spherical harmonics of spin weight —2.

For the LoOsA implementation we first extract the
effective mode contributions H 4 from the LALSimulation
subpackage in LALSuite software [60]. We then apply the
LOSA correction to each mode individually using Eqgs. (10)
and (20), and finally reconstruct the corrected polarizations
in the inertial frame,

ilj _ H+~>< 1 % —iA¥y, (f) 25
tx(f) = E em () 1+ ASPA )€ - (29)
‘m

‘,m

To compute 7,,,(f), we employ the PN phasing coefficients
of the TaylorF2 model up to 3.5PN order, as imple-
mented in LALSuite software [60].

D. Implementation in pyEFPE model

The pyEFPE waveform model is a frequency domain
inspiral model for precessing eccentric compact binaries
[61], constructed within the efficient fully precessing
eccentric (EFPE) waveform paradigm [61-63]. In this
framework, the orbital motion is described using the
post-Newtonian formalism together with the quasi-
Keplerian parametrization [64,65]. The spin precession is
incorporated through a multiple-scale analysis [66,67],
assuming that the spins and orbital angular momentum
evolve slowly. The waveform is assembled from stationary-
phase quantities for each contributing harmonic together
with a shifted uniform asymptotics (SUA) treatment of the
amplitude [68]. At present, pyEFPE is an inspiral-only
model and does not include higher-order modes or the
merger-ringdown part of the signal.

In this waveform model, the stationary-phase quantities
3PA TSPA and ySPA are computed for each contributing
harmonics before waveform assembly,

mdx

> Ad (5P 4+ KTSPA). (26)
k*_km\x

Vv
Fourier modes

Effectively,

Zh (f) =

SUA correction to amplitude (A3UA)

ZASUA\/z_ﬂ TSPA exp {lePA} (27)
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where , (1) TSPA =
dt 1—SPA

=2xf,

Explicitly, the pyEFPE waveform generator first com-
putes 574, THPA ySPA “and APUA | and then substitutes them
into Eq. (27).

The effect of LOSA is incorporated by modifying these
stationary-phase quantities according to Eq. (9). For con-
stant acceleration, the phase correction implemented in the
model is

ApSPA(f) = =T F(5PA)2, (29)
with the corresponding amplitude correction applied multi-
plicatively through the LOSA -corrected T5PA.

III. IMPACT OF HIGHER HARMONICS

In this section, we investigate the impact of higher
harmonics in the LOSA analysis by comparing waveform
models that either include or omit them. We consider
injections for which higher-order modes contribute signifi-
cantly to the signal and perform the analyses using the
Phenomxp [57] and Phenomxphm models. The latter includes
both precession and higher-order modes, whereas the
former includes precession but neglects higher-
order modes.

We perform Bayesian inference using the PARALLEL
Bilby library based on the Bilby package [69—71], with the
nested sampling algorithm Dynesty [72,73]. We use 1500 live
points, the acceptance-walk sampling method, and
set the acceptance parameter to naccept=60.1 We use the
same setup throughout this work.

A. GW190814-like injections

To carry out this study, we select a remarkable event in
GWTC-2, GW190814, for which strong evidence for
higher-order modes was reported [74,75]. The source is
a compact binary with a highly asymmetric mass ratio,
making it particularly suitable for assessing the role of
subdominant harmonics. We use the maximum likelihood
sample of the SEOBNRv4PHM model released in the GWTC-
2 catalog [7]. We generate injections using the Phenomxphm
model assuming a three-detector network consisting of
Hanford (H1), Livingston (L1), and Virgo (V1). To avoid
statistical fluctuations from a particular noise realization,
the injections are simulated assuming a zero-noise reali-
zation. In the parameter estimation runs, the likelihood
inner product is weighted by the advanced-design power
spectral densities, aLIGOZeroDetHighPower for H1 and L1 [76],

'Further details on the Dynesty sampler settings are available at:
https://bilby-dev.github.io/bilby/dynesty-guide.html.

d*¢(1)

-1/2
. and ySPA = 27 fSPA — p(£SPA) — /4. (28)

i
1—SPA

|

and AdvVirgo for V1 [77], as implemented in LALSuite.
With this setup, the resulting optimal signal-to-noise ratios
(SNRs) (piyj) in individual detectors are 28.7, 33.6, and
12.3 in HI1, L1, and V1, respectively. We consider four
GW190814-like injections:

(i) Case I: the maximum likelihood sample with I" = 0,
the resulting network pj; ~45.9;

(i) Case II: the maximum likelihood sample with the
primary spin increased to a; = 0.72, in order to
assess the impact of spin effects, and I' =0, the
resulting network p;,; ~ 48.0;

(iii) Case II: the maximum likelihood sample with
I' = 1.5 x 107 57!, the resulting network p;,; ~ 45.8;

(iv) Case IV: the maximum likelihood sample with
I'=-15x107s7!, the resulting network p,; ~
45.8;

For the prior setup, we assume a uniform prior on
component masses, a uniform prior on individual spin
magnitudes with isotropic orientations, and a luminosity
distance d; prior that is uniform in comoving volume.
For the acceleration parameter, we assume a uniform prior
symmetric around zero.

Figure 1 shows corner plots comparing the recovered
marginalized posterior distributions obtained from LOSA
inference with Phenomxp versus Phenomxphm for an injected
LOSA (red dashed lines indicate the true parameters). This
figure clearly demonstrates that excluding higher har-
monics in the recovery waveform leads to systematic
biases in the LOSA inference. We summarize the results in
Table 1.

In all four cases, both the Phenomxphm and Phenomxp
analyses show that the recovered posterior of I is consistent
with the injected value. However, the noninclusion of
higher-order modes leads to a considerably broader pos-
terior, ~3 — 4x larger. This broadening indicates a loss of
sensitivity to small LOSA effects when higher harmonics are
omitted. Beyond the posterior width, the contour orienta-
tions also reveal the underlying parameter degeneracies. In
particular, the (M,,T") contours show a strong positive
correlation, indicating that part of the LOSA -induced phase
correction can be partially reabsorbed by a shift in the chirp
mass, since both affect the inspiral phasing. The shape of
this degeneracy depends on whether higher harmonics are
included in the recovery waveform.

For nearly nonspinning injections (Cases I, III, and IV),
we also notice significant biases in the recovered luminos-
ity distance, which in turn biases the estimation of source-
frame masses. While the high-spin injection (Case II)
does not show a noticeable bias in luminosity distance,
the posteriors of masses and spins are broader when
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Case 1

GW190814-like injections
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FIG. 1.

Case II (high spin)

q dr[Mpc] T'[1073s71]

Case IV

i
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7/
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0 X Y NS A AT AT N

Mc[Mo] q di[Mpc] T [1073s71]

Systematic biases in LOSA inference due to missing higher harmonics in the recovery waveform, shown for GW190814-like

injections. The corner plot compares the recovered posteriors with Phenomxphm (blue) and Phenomxp (orange) models, where the
injections are generated using the Phenomxphm model. The red dashed lines indicate the injected values. The vertical dashed-dot lines in
1D histograms represent the 90% credible interval. The two consecutive contours in the 2D joint plot correspond to 50% and 90%
credible regions. When LOSA is present and related corrections are neglected in higher-order modes of the recovery waveform, biases are

observed.

higher harmonics are omitted. We also note that Cases I1I
and IV, despite having equal-magnitude but opposite-
sign injected accelerations, show very similar posterior
shapes. This indicates that the dominant behavior is
controlled by the degeneracy of I" with the intrinsic phasing
parameters rather than by the sign of the injected accel-
eration alone.

B. GW200105-like eccentric injections

GW200105 is one of the first confirmed NSBH obser-
vations reported by LVK [78]. A recent analysis further
found strong evidence for orbital eccentricity, inferring a
median eccentricity of ~0.145 at a GW frequency of 20 Hz
(noted e,() [79], using an eccentric precessing waveform
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TABLE L

Summaries of the LOSA inference for GW190814-like injection analyses are tabulated for various parameters. For each

injection case, the first row (shaded) contains injection values and the second row shows the 90% credible intervals obtained from the
analyses with the Phenomxphm'\Phenomxp model. The other injected extrinsic parameters are set for all the cases as follows: polarization
angle of 2.3, geocentric GPS time of 1264316116.4 seconds, sky location at right ascension 5.6 and declination 0.04, and a coalescence

phase of 0.41.

M, [Mo)] q Xeit pa d; [Mpc] L1072 s7!]
Case | 6.42 0.11 0.03 0.06 237.14 0.0
6411501 \6.412567 0.111GG1N\0.11255) 0.01569\0.01750¢ 0.031555\0.041555 240.0735:1\309.9135% —0.02:565\~0.08 1753
Case 11 6.42 0.11 0.46 0.53 237.14 0.0
6421001 \6.412957 0.11X551\0. 112957 0.451563\0.4470G7 0.537063\0.55501" 237.74113\239.14[23 ~0.011557\~0.06173"
Case III 6.42 0.11 0.03 0.06 237.14 1.5
6.421001\6.412053 0.111501\0.11209) 0.02008\0.0100¢ 0.03Z53\0.042005 240.553¢\311.35557 1482005\ 1.431959

Case IV 6.42 0.11 0.03

6415501 \6-41 007 011250, \0- 11057 0.055\0.01°560

0.06 237.14 -15
0.03%553\0.04055 239.71578\31021585 —1.527557\—1.577)33

model pyEFPE [79]. The presence of eccentricity in this
event has also been found in several other analyses using
different waveform models [80-84]. Measurable eccentric-
ity suggests formation history involving dynamical inter-
actions beyond isolated binary evolution, where
acceleration is expected to be enhanced by external
perturbers. This event is, therefore, a particularly interesting
target for a LOSA analysis.

We use the maximum likelihood sample obtained for this
event with the pyEFPE model. As described in the
previous section, we perform zero-noise injections for a
three-detector network consisting of H1, L1, and VI,
assuming their advanced-design sensitivities. To assess
the impact of eccentricity on the LOSA measurement, we
consider two types of injection analyses. In the first, both
the injection and recovery are performed with the pyEFPE
model. In the second, we set the eccentricity of the same
maximum likelihood sample to zero and perform both the
injection and recovery with the Phenomxp model. In both
cases, we adjust the luminosity distance so that the injected
signal has a network SNR of 30.

We keep the injection and recovery models identical in
each case in order to isolate the effect of eccentricity on the
measurability of LOSA. Since pyEFPE does not include
higher-order modes, we use Phenomxp rather than Phenomxphm
for the quasicircular comparison.

Figure 2 shows the recovered marginalized posteriors
from the LOSA inference using the pyEFPE and Phenomxp
models, with the injected values indicated by the red dashed
lines. Although eccentricity enriches the waveform by
activating radiation beyond twice the orbital frequency,
the recovery of the acceleration parameter is less precise for
the eccentric signal than for the quasicircular one. Thus, in
this case, the additional waveform structure does not
improve the LOSA measurement, but instead leads to a
broader posterior on I'. The two-dimensional posteriors
provide a clearer view of this behavior. In particular, the
(T, e59) contours for the eccentric recovery are strongly

elongated with a negative slope, showing that larger values
of I' can be partially compensated by smaller values of
eccentricity. This is the main degeneracy that limits the
LOSA measurement in the eccentric case.

This behavior is driven by the strong degeneracy between
LosA and eccentricity. The leading-order LOSA phase cor-
rection enters at —4PN, while the leading eccentric correc-
tion enters at —(19/6)PN, so the two effects appear at nearby
PN orders and can partially compensate each other in the
waveform. This is reflected directly in the orientation of the
(T', e59) contours: the likelihood can trade acceleration-
induced dephasing against eccentricity-driven dephasing
over the finite detector band. Along the same lines, previous
studies of LOSA inference using quasicircular templates for
eccentric injections have reported biases and false evidence
for acceleration [41]. Similarly, including the leading-order
eccentric phase correction on top of quasicircular LOSA
waveforms highlighted the strong degeneracy [85].

To illustrate the level of this degeneracy, we also perform
an additional analysis with I" = 0, shown in green in Fig. 2.
In this case, the posteriors on the eccentricity and chirp
mass become significantly narrower than in the analysis
with I" # 0. The comparison with the I = 0 analysis further
illustrates how the inclusion of LOSA broadens the eccen-
tricity and chirp-mass posteriors through correlations with
I". Therefore, although eccentric binaries are astrophysi-
cally promising targets for LOSA because they are likely to
be hosted in dynamically perturbed environments, the
degeneracy with eccentricity can limit our ability to
measure the acceleration reliably.

Looking more closely at the dominant eccentric con-
tribution, at low eccentricity, the frequency domain inspiral
phase can be written as a circular contribution plus an
eccentric correction. For the ith harmonic, the leading-
order phase is expressed as [86]

2355

(f)N i =5 i 8/3 1 S 2 -19/3 (30)
Vi) ="008, " 2 1462 “et% |
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Case 1

GW200105-like injections
—-— Injection

—— pyEFPE: T =0
—— pyEFPE:T'=0
PhenomXP: I" # 0

Case II (high eccentricity)

o 5 RS O
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Mc[Mo] Xt €20 r[10-3s71]

FIG. 2.
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Mlustrating LosA inference for GW200105-like eccentric injections. The corner plot compares the recovered posteriors with

PYEFPE (blue) and Phenomxp (green) models, highlighting strong I'eccentricity degeneracy. For all these injections, both the injection
and recovery models are the same. The red dashed lines indicate the injected values. The vertical dashed-dotted lines in the one-
dimensional histograms mark the 90% credible interval, and the two contours in the two-dimensional panels enclose the 50% and 90%
credible regions. The right panel shows the high-eccentricity injection (e,, = 0.4), where the ["-eccentricity correlation increases and the

LOSA measurability degrades, leading to broader posteriors.

Here, e,.s = e(fr) is the eccentricity defined at a reference
frequency fiep, and y = v/vyp, Where vpp = (M frep)'/3.
In the SPA, the stationary time associated with the ith
harmonic is given as

SM i\ 83 157
t_SPA ~ -8 > 1= 2 ,,—19/3 . 31
i (f) 2567] v <2> |: 43 eref)( ( )

Using the low-eccentricity expansion of the SPA time in
Eq. (29), the leading-order LOSA correction for the ith
harmonic becomes

25MT _13<i)16/3[1 157 ,

2
Aw(f) o — 077 L _ 7 -19/3|"
vill) == 55536 2. \2 43 Creit }

(32)

Both the eccentric correction to the inspiral phasing in
Eq. (30) and the LOSA correction are dominated by the
lowest-frequency portion of the signal: the eccentric con-
tribution grows toward low frequency through the velocity
order v=3%/3, while the LOSA phase shift enters at v=3/3. As
a result, over a finite detector band, the likelihood can
partially trade off a nonzero I' against eccentricity-driven
dephasing, producing strong posterior correlations between
I' and e,; when eccentric features are not measured with
sufficient precision.

At moderate eccentricity, the eccentricity-dependent fac-
tor in Eq. (32) becomes more prominent, amplifying the
correlation between I and e in the inference. At the same
time, eccentricity accelerates the intrinsic inspiral, reducing
the time-to-coalescence at a given frequency and thereby
decreasing the overall magnitude of the LOSA phase shift,
since Ay; o f(#3P4)2. Consequently, increasing eccentricity
can both amplify the I" — e,; degeneracy and reduce the net
LOSA contribution to phase, leading to a broader posterior on
I' and degraded LOSA measurability in high-eccentricity
injections, as shown in the right panel of Fig. 2.

Equation (32) suggests a nonmonotonic dependence on
eccentricity: increasing e, initially reduces the LOSA
correction through the negative e2:y~' contribution,
while for sufficiently large e, it could eventually increase
again. However, for moderately to highly eccentric signals,
the dominant effect is the change in the SPA time itself. As
eccentricity increases, the inspiral proceeds more rapidly
because of the enhanced dissipation near periastron, so the
stationary time-to-coalescence SPA at a given frequency
decreases in magnitude. Since the LOSA phase correction is
proportional to #2(f), this reduction suppresses the net
LosA effect even when the eccentricity-dependent factor in
Eq. (32) becomes sizable. This behavior is illustrated in
Fig. 3, where we compute the fractional phase shift
AySPA JySPA directly from pyEFPE for a sequence of
eccentricities. The fractional dephasing decreases with
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increasing eccentricity, implying that the reduction of the
SPA time-to-coalescence in highly eccentric inspirals
suppresses the net LOSA effect.

IV. ANALYSIS OF REAL EVENTS

We analyze a subset of LVK events selected for their
potential relevance to LOSA effects. In particular, we
consider three events observed during O3: GW190814
[74], GW200105 [78], and GW190728_064510 (hereafter
GW190728) [7]. For this analysis, we use the data released
in the GWTC-2.1 and GWTC-3 catalogs by LVK [6,87,88].
We follow the parameter estimation configuration used in
the corresponding LVK analyses.

A. Analysis of GW190814

A recent study by Yang et al. [89] reported evidence for
LOsA in GW190814, with an inferred 90% credible interval
of '~ 1.570% x 1073 s7!, and interpreted this as suggesting
the presence of a nearby compact object. A subsequent study
by Hendriks et al. repeated the analysis and found no support
for LosAa in GW190814 [90], showing that the apparent
evidence disappears when the signal is analyzed using a
sufficiently long data segment. This discrepancy motivates a
reanalysis of the signal using updated waveform models. For
the prior setup, we broaden the chirp-mass range to
M, €[5,7]M to avoid railing effects that may arise from
the degeneracy with acceleration.

Figure 4 shows the results for GW190814, comparing
the posteriors inferred using the Phenomxp and Phenomxphm
models. The recovered values for acceleration are
—1.84117¢ x 1073 57! and —1.51773 x 1073 s7!, respec-
tively. For both models, I = 0 lies outside the 90% credible
interval, but remains within the posterior support. To

_1-

10 Eccentricity e3¢
S — 0.1 — 0.6
103 — 04 — 0.7
=
ms — 0.5 —0.8
X107
[a
wn
>
< 10 5
_ ~ -3¢q-1
107 I'~107"s
107 -10' -10° 0
tSPA
FIG. 3. Fractional LOSA -induced phase shift AySPA/ySPA

computed as a function of the stationary time 574 for a set of
eccentricities e, and fixed acceleration I' ~ 1073, We assumed an
equal-mass nonspinning binary with component masses 1.4M .

quantify the significance of this offset, we compute the
fraction of the posterior enclosed by the smallest highest-
posterior-density (HPD) interval that contains the vacuum
value, I' = 0. We find that the vacuum value is contained
within the 98.7% and 95.6% HPD intervals, respectively.
We also note that the logarithmic Bayes factors for the LOSA
hypothesis relative to the vacuum hypothesis are close to
zero: specifically, Alog;, B = 0.52 and 0.03, respectively.
We, therefore, conclude that the evidence supporting a
LOSA effect is not significant.

To illustrate the role of higher-order modes in the LOSA
inference, we also compare the recovered posteriors for the
source-frame chirp mass M, ¢, and y.; between the
Phenomxp and Phenomxphm analyses. Among these parameters,
the most noticeable change appears in M, while the
posteriors for g and y.; remain broadly consistent between
the two models. This behavior is consistent with a biased
inference of d; when higher-order modes are omitted in the
recovery waveform, which propagates into the source-
frame mass conversion. Overall, this trend is consistent
with the Case I injection study presented in Sec. III A.

We now comment on the apparent tension between the
LOSA claim by Yang et al. [89] and the null result reported
by Hendriks et al. [90]. Yang et al. report a nonzero LOSA
posterior for GW 190814 and a Bayes factor value of 58/1
in favor of the LOSA hypothesis over the isolated case.
Hendriks er al. show that the reported LOSA evidence

iy Analysis of GW 190814
i i PhenomXP
I —— PhenomXPHM
U‘Q\g} ]
o
Q.\ T T
P
1 1
HE I
S o -
o !
/Q' 1 L
T ; i
1 Q ! I
T, -- i
2/’\; i i
-l S S SN R S
5 9 B9 6 PN NS
M Mo ] q Kett r[10-3s71]

FIG. 4. Marginalized posterior distributions from the LOSA
analyses of the GW 190814 signal, using Phenomxp (orange) and
Phenomxphm (blue) models. The vertical dashed lines in 1D
histograms represent the 90% credible interval. The two con-
secutive contours in the 2D joint plot correspond to 50% and 90%
credible regions.
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disappears when the analysis is repeated with a sufficiently
long data segment, and they identify the short signal
duration used in the original setup as the main driver of
the discrepancy. A further modeling aspect concerns how
the LOSA correction is implemented when using a higher-
mode, precessing waveform model Phenomxphm. In both
Yang et al. [89] and Hendriks et al [90], the LOSA
modification is derived using a quadrupolar phasing pre-
scription and then applied to the full multipolar waveform,
without an explicit mode-by-mode LOSA treatment for the
higher harmonics. When the contribution of higher-order
modes is nontrivial, this approximation can introduce
systematic biases, as shown in the previous section. To
test this explicitly, we repeat the Phenomxphm analysis, where
LOSA correction is calculated using a quadrupolar pre-
scription and applied uniformly across the full higher-
harmonic waveform. We use an analysis duration of 32 s,
following the LVK configuration [74].

Figure 5 compares the resulting I" posteriors from three
different analyses. It shows that this approximation shifts the
inference toward I' =0 and exhibits a narrower 90%
credible interval, indicating significant biases. In addition,
we find that substantial biases can arise if the LOSA
correction is applied only to the (2, 2) mode while
higher-order modes remain unmodified. As discussed further
in Appendix, such inconsistent treatments can bias not only
the recovered acceleration but also other source parameters
through spurious correlations, ultimately reducing the sup-
port for a nonzero I'. Our results, therefore, highlight that a
consistent mode-by-mode LOSA treatment is crucial for
robust inference when higher harmonics are relevant.

Analysis of GW190814
1 1 1 1
PhenomXP | i i
12509 — phenomxpHM i i
>
2 10004 T PhenomXPHM (Ay3l) | i
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FIG. 5. Comparison of the marginalized posterior distributions
for the acceleration parameter I" from different analyses of
GW190814 using various waveform models. The green histogram
labeled Phenomxphm (Ay/glzl) shows the LOSA result obtained with
the Phenomxphm model when the LOSA correction is computed
using a quadrupolar prescription and applied uniformly across the
full higher-harmonic waveform, similar to Ref. [90]. The incon-
sistent application of LOSA correction in the higher-order modes
can lead to a reduction in the support for a nonzero T

B. Analysis of GW200105

This event was observed by two detectors, L1 and V1,
while H1 was not operational at that time, with a network
SNR of ~13.6. It is effectively dominated by a single
detector (L1) [78]. In addition, light-scattering noise was
identified in L1 data below 25 Hz, and the strain data were
cleaned through a glitch subtraction procedure. The Virgo
data affected by systematic calibration errors in the fre-
quency window 46-51 Hz were excluded in the LVK
analysis by masking the power spectral density in that
range. Following [79], we compute the likelihood in a
frequency range 20-280 Hz. We perform the LOSA analysis
using the modified pyEFPE model with a uniform prior on
eccentricity, e, € [0, 0.4].

Figure 6 shows the results of the LOSA analysis for
GW200105. The recovered acceleration parameter is
['~0.56719 x 1073 s7! at 90% credibility, indicating no
evidence for LOSA. We also show the marginalized dis-
tributions for M, y.s, and e,(. The 2D plot of ['-e,, shows
strong degeneracy between them. The higher value of
acceleration can compensate the effect of orbital eccen-
tricity such that support for eccentricity decreases consid-
erably. This behavior is consistent with the zero-noise
injection studies, as demonstrated in Sec. III B.

L Analysis of GW200105
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FIG. 6. Marginalized posterior distributions from the LOSA
analyses of the GW200105 signal using the pyEFPE model. The
vertical dashed lines in 1D histograms represent the 90% credible
interval. The two consecutive contours in the 2D joint plot
correspond to 50% and 90% credible regions. This highlights
strong degeneracy between eccentricity and acceleration.
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Eccentricity enriches the waveform by activating radi-
ation beyond the dominant quadrupolar harmonic. While
this additional structure can help constrain some beyond-
GR effects [91], in the present case eccentricity correlates
strongly with LOSA and degrades the measurability of T'.

C. Analysis of GW190728

A recent study reported tentative evidence for a scalar
field environment around the source of GW190728 [92].
The leading-order phase correction from such an environ-
ment enters at a large negative PN order. Since several other
astrophysical environmental effects also contribute at large
negative PN order, the reported signature could, in prin-
ciple, be partially degenerate with LOSA. That study further
found no substantial evidence for LOSA when analyzing
GW190728 with the Phenomxp model.

Motivated by our injection results showing that an
inconsistent treatment of higher harmonics can bias
LOSA inference, we reanalyze GW190728 using the
Phenomxphm model. We adopt the same prior on the accel-
eration parameter, ' € [—0.01, +0.01] s~!, used throughout
this work. We find that the data do not yield an informative
constraint on I', as shown in Fig. 7. The increase in
posterior density near the lower prior boundary indicates
a prior-railing effect. To investigate this further, we repeat
the analysis using a broader prior on I'. The resulting
posterior peaks at a larger-magnitude negative value of T,
while retaining nonzero posterior support at ' = 0.
Although large accelerations may arise for compact bina-
ries close to SMBHs or in AGN disks [23,48,49], the
preferred values of |I'| are well above the characteristic
ranges predicted for most of the astrophysical populations
considered in these studies. We, therefore, do not expect
LOSA to account for the previously reported scalar field
environmental signature in this event.

Analysis of GW190728
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FIG.7. Marginalized posterior distributions for the acceleration
parameter I' from the analyses of GW190728 using the Phe-
nomxphm model, indicating uninformative posterior and LOSA is
not constrained.

V. CONCLUSION

In this work, we revisited LOSA as an environmental
signature in compact binary GW signals. We extended the
standard LOSA treatment beyond the dominant quasicircular
quadrupole by implementing the phase (and leading-order
amplitude) corrections in a mode-by-mode manner for
higher-harmonic waveform models, and by incorporating
it in a precessing and higher-order mode model (Phenomxphm)
and in an eccentric inspiral model (pyEFPE). Our formu-
lation is based on the integrated time delay interpretation,
which allows the LOSA correction to be expressed directly in
terms of the stationary-phase time and applied consistently to
each contributing harmonic.

For quasicircular injections, we find that omitting higher-
order modes in the recovery waveform does not system-
atically shift the inferred acceleration away from the
injected value. Instead, the main effect is a loss of
constraining power: the posterior on I" becomes signifi-
cantly broader, reducing sensitivity to small LOSA effects.
We also observe that neglecting higher-order modes can
bias the luminosity distance inference, which propagates
into derived source-frame quantities and leads to biased
estimates of the source-frame chirp mass. For the highly
spinning binary, the luminosity distance bias is reduced
when higher-order modes are neglected, but the posteriors
on the masses and spins remain significantly broader.
Overall, an inconsistent treatment of higher-order modes
can degrade LOSA measurability and bias source-frame
mass estimates, even when it does not produce a spurious
nonzero acceleration.

For eccentric injections, we find that allowing both
eccentricity and LOSA in the inference increases degener-
acies and broadens the posterior on the acceleration
parameter. In particular, for high eccentricity, we show
that the fractional LOSA -induced phase shift becomes
smaller, consistent with the reduced stationary time-to-
coalescence in highly eccentric inspirals. This explains why
LOSA measurability can worsen as eccentricity increases,
despite the richer waveform morphology.

Finally, we analyzed a set of selected LVK events from
03 that are potentially relevant for LOSA studies, including
GW190814, GW200105, and GW190728. Across these
events, we find no statistically significant evidence sup-
porting a nonzero LOS acceleration. In the case of
GW190814, our results further highlight that consistent
mode-by-mode treatment of LOSA in the presence of higher
harmonics is crucial for robust inference and for resolving
discrepancies between different analyses in the literature.

This new framework provides a practical route to extend
LOSA searches to larger GW catalogs and to waveform
models with richer signal morphology, including higher
harmonics and eccentricity. As detector sensitivity
improves and inspirals can be observed for longer, the
cumulative Doppler-induced phase distortions will be
measured with higher precision, making LOSA an
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increasingly useful observable to probe dynamical envi-
ronments and hierarchical perturbations. More broadly,
consistent mode-by-mode implementations will be essen-
tial for avoiding spurious environmental inferences and for
enabling robust population-level studies that connect GW
measurements to compact binary formation channels.
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APPENDIX: INCONSISTENT TREATMENT OF
HIGHER HARMONICS (GW190814-LIKE
INJECTIONS)

We further highlight the impact of an inconsistent
treatment of higher-order modes when incorporating
LOSA corrections into the baseline waveform model.

Case IV

NN 5 9
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Systematic biases in LOSA inference due to inconsistent treatment of higher harmonics in the recovery waveform, shown for

GW190814-like injections. The injections are generated using the Phenomxphm model, as described in Sec. III A. The red dashed lines
indicate the injected values. The vertical dashed-dot lines in 1D histograms represent the 90% credible interval. The two consecutive
contours in the 2D joint plot correspond to 50% and 90% credible regions. For details, see companion text in Appendix.
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We adopt the same injection setup as described in Sec. III A
and focus on Cases III and IV, for which I"# 0. As
discussed in Sec. IVA, we consider two approximate
prescriptions. In the first, the LOSA correction is computed
using the quadrupolar (2, 2) mode and applied uniformly to
all modes of Phenomxphm, denoted by Phenomxphm (Al//%l%) In
the second, the LOSA correction constructed from the (2, 2)
mode is applied only to the (2, 2) mode itself, denoted by
Phenomxphm (Al//%% .

Figure 8 shows the recovered posteriors obtained with
these two approximate prescriptions, compared to the fully
consistent Phenomxphm implementation, as also shown in
Fig. 1. In both cases, the inconsistent treatment of higher-
order modes produces substantial biases in the recovered
source parameters. The effect is particularly pronounced for
the acceleration parameter I, whose posterior is shifted
toward smaller |I'| and significantly away from the injected
value. Consequently, the support for a nonzero acceleration
is substantially reduced. The inconsistent prescriptions also
introduce strong correlations between I' and the intrinsic
binary parameters. In particular, the (M,,I") contours

become strongly elongated, indicating that part of the
incorrectly modeled LOSA phasing is absorbed through
shifts in the chirp mass. For positive (negative) injected
accelerations, this leads to a systematic shift of the
recovered chirp mass toward smaller (larger) values.

Significant biases are also observed in the luminosity
distance and mass-ratio posteriors. In both Cases Il and IV,
the recovered d; posteriors are displaced from the injected
value, and the corresponding two-dimensional contours are
noticeably offset from the true source parameters. The two
approximate prescriptions yield remarkably similar results,
indicating that the dominant source of bias is the use of a
quadrupolar LOSA correction in a waveform containing
higher-order modes. These results demonstrate that incor-
porating higher-order modes alone is not sufficient for
robust LOSA inference—the LOSA correction must also be
applied consistently across the harmonic structure of the
waveform. Otherwise, significant parameter biases can
arise and the evidence for acceleration can be substantially
weakened.
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