
When Vacuum Breaks: A Self-Consistency Test for Astrophysical Environments
in Extreme Mass Ratio Inspirals

Lorenzo Copparoni ,* Rohit S. Chandramouli ,† and Enrico Barausse ‡

SISSA, Via Bonomea 265, 34136 Trieste, Italy and INFN Sezione di Trieste
and IFPU—Institute for Fundamental Physics of the Universe, Via Beirut 2, 34014 Trieste, Italy

(Received 10 October 2025; revised 18 March 2026; accepted 2 June 2026; published 7 July 2026)

Gravitational-wave signals are typically interpreted under the vacuum hypothesis, i.e., assuming
negligible influence from the astrophysical environment. This assumption is expected to break down for
low-frequency sources such as extreme mass ratio inspirals (EMRIs), which are prime targets for the Laser
Interferometer Space Antenna (LISA) and are expected to form, at least in part, in dense environments such
as active galactic nuclei or dark-matter spikes or cores. Modeling environmental effects parametrically is
challenging due to the large uncertainties in their underlying physics. We propose a nonparametric test for
environmental effects in EMRIs, based on assessing the self-consistency of vacuum parameter posteriors
inferred from different portions of the signal. Our results demonstrate that this test can reveal statistically
significant inconsistencies from vacuum signals—arising from, e.g., incomplete modeling, environmental
effects, or deviations from general relativity—without introducing additional parameters or assumptions
about the underlying physics.
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Introduction—With the latest release of gravitational-
wave (GW) data by the LIGO-Virgo-Kagra (LVK) Collabo-
ration, more than 200 GWevents have been identified, with
a few black hole (BH) binaries exceeding ∼100M⊙ [1,2].
The next decade of GW astronomy will potentially see
more massive sources through space-based detectors such
as the Laser Interferometer Space Antenna (LISA) [3,4].
One of the most interesting sources that LISA is expected
to detect is extreme mass ratio inspirals (EMRIs), e.g.,
binaries of a stellar mass BH orbiting a supermassive one
[5–7]. Because of their extreme mass ratio, these sources
perform up to ∼105 orbital cycles in the LISA band, thus
requiring highly accurate waveforms to extract astrophysi-
cal parameters [8,9]. At least a fraction of EMRIs are
expected to form in gas-rich astrophysical environments
(e.g., active galactic nuclei—AGNs) [10]. EMRIs may also
form in dense dark-matter environments (e.g., spikes in
cold particle dark matter scenarios [11–14], or bosonic
cores for ultralight dark matter [15,16]). These dense
environments can leave a detectable imprint on their
GW signals through physical effects such as migration

torques from accretion disks, gas or dark-matter accre-
tion and dynamical friction, resonances, or even direct
gravitational pulls from neighboring matter/objects
[12,13,15–27]. Using vacuum EMRI waveform templates
can thus potentially lead to incorrect inference of the source
parameters [25].
Already in vacuum, EMRI waveforms have rich

signal morphology and complexity across parameter space
[5,6,28–31]. Conversely, the literature studying signatures
of environmental effects in EMRIs typically makes sim-
plifying assumptions about the astrophysical medium. For
instance, migration torques, which are among the dominant
effects, are typically studied in stationary, thin, and radi-
atively efficient accretion disks within Newtonian gravity
[12,20,21,26,32]. With these approximations, disk-driven
migration can be modeled as a power law correction to
the vacuum GW flux [12,20,25]. Later studies confirmed
that this power-law model remains robust even under the
stochastic migration torques seen in simulations [27]. How-
ever, the physics underpinning accretion disks in AGNs is
still largely uncertain when it comes, e.g., to disk geometry,
density and angular momentum profile, viscosity, the role
of turbulence and magnetic fields, etc. [12,20,25,33]. Even
larger uncertainties characterize the interaction of EMRIs
with dark matter, whose density profile and very nature are
unknown, or the interaction with third bodies (due to their
transient nature). Relativistic effects in the interaction
between the source and the environment can also become
important for EMRIs, and may lead to significant
phase differences in the gravitational signals [34–38].
Finally, multiple environmental effects (e.g., migration
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and accretion in the case of disks) and even possible
violations of general relativity (GR) may be simultaneously
present, thus complicating the signal analysis and leading
to degeneracies [25,39]. Due to these technical difficulties
and physical uncertainties, a natural question is whether
EMRI GW data can robustly reveal environmental effects,
if the latter are (at least partially) mismodeled.
In this Letter, we show that one can indeed test for the

presence of astrophysical environments, or even deviations
from general relativity, using only vacuum EMRI wave-
form templates, i.e. assuming no specific model for effects
that go beyond vacuum GR waveforms. Environmental
effects are expected to be generally stronger during the
early inspiral (i.e., at lower frequencies) [12] and are
suppressed, in relative terms, closer to the plunge/merger.
If that is the case, the last portion of the signal will be
well described by a vacuum EMRI waveform, while
inconsistencies/biases arising from neglecting environmen-
tal effects will build up from the early inspiral. By
constructing data segments of increasing duration, we
develop a self-consistency test that compares the vacuum
EMRI parameter posteriors obtained from each segment.
When the self-consistency test fails, our method indicates
the presence of missing, unmodeled effects in the vacuum
EMRI template. We apply this test to a fiducial EMRI
signal containing an environmental effect (disk-driven
migration), and quantify the significance of the inconsis-
tency in the posteriors from different observation durations.
We do so by computing the mismatch and relative
systematic error between the estimated maximum like-
lihood points. We also estimate the probability that the
inconsistency between the posteriors from different signal
portions is due to the noise realization. In our fiducial
system, we show that for observations of more than two
years, the presence of an environmental effect can be
robustly identified, irrespective of the noise realization.
Throughout the Letter, we use M for primary mass, μ for
secondary mass, and geometric units with G ¼ 1 ¼ c.
Waveforms and data analysis methods—We compute

EMRI waveforms using the time-domain multivoice
method [6,28] implemented in the Fast EMRI Waveform
(few) package [30,31,40]. Specifically, these waveforms
capture fully relativistic equatorial Kerr orbits evolving
adiabatically within the self-force formalism [28,41]. To
generate EMRI waveforms containing an environmental
effect, we add suitable contributions to the adiabatic fluxes,
which in turn modify the orbital evolution and thus the
waveform. For simplicity, we implement contributions
from disk-driven migration torques as computed for thin
disks within Newtonian theory [12,20,25]. For circular
prograde orbits, the angular momentum flux then takes the
form L̇ ¼ L̇GWAðr=r�Þn, where L̇GW is the Newtonian
point-particle GW flux [42], r� ¼ 10M is a characteristic
separation, with A and n mapping to different accretion
disk models [12,20,25]. As proof of principle of our

self-consistency test, we focus here on n ¼ 8, correspond-
ing to Type-I migration [43,44] in a Shakura-Sunayev α
disk [45]. We choose A ¼ 1.92 × 10−5, as in the analysis
by [25], which is consistent, but not limited to, with an
accretion Eddington ratio fEdd ¼ 0.0005 and a viscosity
parameter α ¼ 0.03. In Supplemental Material [46], we
also extend this analysis to other environmental effects
(by varying n) and different source parameters, to further
demonstrate the wider applicability of our self-consistency
test [56].
We inject such an EMRI signal into the time delay

interferometry (TDI) [57] channels of LISA using
fastlisaresponse [58]. Using vacuum EMRI tem-
plates, we perform Bayesian parameter estimation of
θ ¼ flog10M=M⊙; log10μ=M⊙; a; r0=M; DL=Gpc; cos θS;
ϕS; cos θK; ϕK;Φϕ0

g. Note that a is the dimensionless spin
of the primary, r0=M and Φϕ0

are the initial separation and
orbital phase,DL=Gpc is the luminosity distance, θS and ϕS
are the azimuthal and longitudinal sky position in the solar
system barycenter frame, and cos θK , ϕK are the primary
spin orientation relative to the line of sight.
For the injection, we use vacuum EMRI parameters

θinj ¼ f6.0; 1.69897; 0.9; 14.382; 3.16; 0.751; 0.236; 0.555;
0.628; 0.720g, which for a 3 yr observation [59] yields a
signal-to-noise ratio (SNR) of 100 and plunges about 12
600 s before the end of the observation window. We note
that this is reasonable SNR based on astrophysical pop-
ulation models [7,60–62]. In Supplemental Material [46],
we also consider a different EMRI system with a lower
SNR, to demonstrate how our test performs for weaker
sources. We use uniform priors on all parameters except
the luminosity distance, for which we use pðDLÞ ∝ D2

L.
Assuming stationary instrumental Gaussian noise, we write
the joint log likelihood of the TDI channels (up to an
additive constant) as [63]

logLðdjθÞ ¼ −
1

2

X

i

ðdi − hiðθÞjdi − hiðθÞÞi; ð1Þ

where di and hiðθÞ are the data and the waveform model,
respectively, in TDI channel i∈ fA;Eg. The T channel is
not included in our analysis, as it is an antisymmetric TDI
combination and is thus mostly dominated by noise [63].
The matched filter inner product in channel i between time
series uiðtÞ and viðtÞ is defined as

ðuijviÞi ¼ 4Re
Z

∞

0

df
SinðfÞ

ũiðfÞ�ṽiðfÞ; ð2Þ

where SinðfÞ is the one-sided noise power spectral density
(PSD) of TDI channel i, with ũiðfÞ and ṽiðfÞ the Fourier
transforms of the respective time series. We obtain corre-
sponding posterior samples using the parallel tempered
Markov chain Monte Carlo sampler implemented in eryn
[64] (see Supplemental Material [46] for more details).
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We use the scirdv1 version of the LISA PSD with second
generation TDI [65], to which we add the confusion noise
from unresolved galactic binaries [66]. We also consider
specific Gaussian noise realizations in the injected data, to
assess their impact on the parameter estimation results.
Inconsistent inference across observation duration—To

perform a self-consistency check of the vacuum EMRI

templates, we compare the parameter posteriors resulting
from Bayesian inference, with different signal durations.
Specifically, we consider signal segments with Tobs ∈
f0.5; 1; 1.5; 2; 2.5; 3g yr, all ending at the same time (right
after the plunge). Since most of the SNR is in the last part of
the waveform, this ensures that we obtain informative
posteriors for the vacuum EMRI parameters for all obser-
vation times. Given the injected EMRI signal with Type-I
α-disk migration torques, we show in Fig. 1 the inferred
one-dimensional and two-dimensional marginalized poste-
riors of the primary mass M and dimensionless spin a, for
different Tobs. With increasing Tobs, the inferred posteriors
become more and more inconsistent. In more detail,
the posteriors obtained with the vacuum EMRI model
for Tobs ¼ 2 yr show minimal overlap with those for
Tobs ¼ 0.5 yr. This reveals the presence of a missing effect
in the model—disk-driven migration in this example—that
has accumulated significantly between Tobs ¼ 0.5 and 2 yr
of observation.
To contrast the role of instrumental noise with that of the

environmental effect, we consider a vacuum EMRI injec-
tion with a Gaussian noise realization, and compare it
with injections featuring disk-driven migration with and
without such a noise realization. In Fig. 2, we compare
the resulting one-dimensional marginalized posteriors
for log10M=M⊙; a from these different injections (see
Supplemental Material [46] for a full corner plot). When
injecting a vacuum EMRI signal, we observe that the
(green) posteriors are statistically self-consistent, with
shifts induced by the noise realization that have no
significant trend with observation duration. However, the
(blue) posteriors resulting from the environment-affected

FIG. 1. Two-dimensional marginalized posteriors (with con-
tours at 50% and 90% confidence level) for the primary mass M
and spin a, for an injection with disk migration torques but with
vacuum EMRI templates, for different observation durations.
Significant inconsistencies in the posteriors reveal the neglected
environmental effect. For clarity we indicate the true value of the
parameters with a black cross.

FIG. 2. One-dimensional marginalized posteriors of log10M=M⊙; a for different injections, namely: a vacuum EMRI with noise
(green); a migration-affected EMRI with (red) and without (blue) noise. The inconsistency in the posteriors due to the environment can
be distinguished from the effect of the noise realization.
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EMRI injection without noise clearly show significant
inconsistencies growing with the observation duration.
Note that given the high SNR, the posteriors obtained
from this noiseless injection are a good approximation for
the ensemble average (over noise realizations) of the pos-
teriors obtained with noisy injections [67,68]. Importantly,
we also observe good agreement between these “average”
posteriors and those obtained for en environment-affected
EMRI with a specific noise realization (red). We find that
for short observation durations Tobs ≤ 1 yr, the inconsis-
tency due to the missing environmental effect is compa-
rable with the effect of the instrumental noise realization.
For longer observation durations, the inconsistency is
apparent and becomes distinguishable from the effects of
the noise realization.
We will now quantify the statistical significance of the

inference inconsistency, shown in Figs. 1 and 2, using both
a mismatch criterion and a relative systematic bias, which
we describe below. For a given waveform model (including
the LISA response) hðθÞ, the match Mðθ1; θ2Þ quantifies
the distance between two points θ1 and θ2 in parameter
space, with the mismatch given by 1 −Mðθ1; θ2Þ. In a
given channel i, the match is expressed as

Mðθ1; θ2Þ ¼ max
δt;δϕ

ðhiðθ1Þjhiðθ2ÞÞi
khiðθ1Þkikhiðθ2Þki

; ð3Þ

where kuik2i ¼ ðuijuiÞi defines the norm squared with the
inner products defined in Eq. (2). Following [69], the match
is maximized over overall phase and time shifts, which are
needed to align the waveforms. When computing the match
across all channels, denoted as Mnet, we sum over each
inner product as discussed in [70].
Using the maximum likelihood estimate (MLE) θMLE;ref

obtained with Tobs ¼ 0.5 yr as a reference, we compute the
matches (using the vacuum EMRI waveform templates) to
θMLE as obtained from other observation durations. We
denote these matches by Mnet;Tobs

≡MnetðθMLE;ref ; θMLEÞ
for convenience. In each case, to compute the match, we
generate the waveforms using an observation duration of
Tobs ¼ 0.5; yr, thus ensuring that their duration matches
that of the reference. Based on [71–76], we consider the
Bayesian inference to be significantly inconsistent when
the mismatch satisfies

1 −Mnet;Tobs
>

χ2D;90%

2ρ2ref
; ð4Þ

with ρref ¼ ðPi khiðθMLE;refÞk2i Þ1=2 being the optimal
SNR [70] of the reference waveform, and χ2D;90% being
the 90% quantile for the chi-square distribution with
D ¼ dimðθÞ degrees of freedom. For D ¼ 10, we have
ρref ¼ 99 and χ2D;90% ¼ 16, resulting in threshold mismatch
of 8.3 × 10−4. We also assess the inconsistency in the

MLEs by computing the relative systematic bias as

δθα ≡ jθαML;ref − θαMLj
Σα
90%

; ð5Þ

where α is the parameter index, and Σα
90% is the parameter’s

90% credible interval for the reference case Tobs ¼ 0.5 yr.
With a large mismatch satisfying Eq. (4), one would
typically expect significant biases in all parameters,
with δθα > 1. However, δθα > 1 for a particular parameter
does not imply that Eq. (4) is satisfied. For this reason, we
primarily use Eq. (4) as the main quantitative metric to
identify inconsistent inferences, and report the correspond-
ing relative systematic biases for a few key intrinsic
parameters such as log10M and a.
In Table I, we show the mismatches with the reference

MLE computed with Eq. (3), along with the relative
systematic biases δ log10M=M⊙ and δa for each observa-
tion duration. We find that for Tobs ≤ 1.5 yr, the mismatch
is below the threshold [as given in Eq. (4)]. For a longer
duration Tobs ¼ 2 yr, the mismatch exceeds the threshold,
indicating a significant inconsistency. For Tobs ≥ 2.5 yr,
the inconsistency is so significant that the probability
that it is induced by noise is ≤ 5 × 10−4, which corres-
ponds to δlog10M=M⊙ > 3 and δa > 3. Furthermore, in
Supplemental Material [46] we verify that our results are
robust to different noise realizations. Our quantitative
analysis with Eqs. (4) and (5) therefore confirms the results
show in Figs. 1 and 2.
Discussion—Detecting and discriminating environmen-

tal effects and/or deviations from GR in EMRI signals is an
important challenge for LISA data analysis. While there are
efforts underway aimed at accurately modeling specific
environmental effects (due, e.g., to gas or dark matter),
there is still a large uncertainty in their physics. Moreover,
accurate models for environmental effects will necessarily
involve several additional parameters, which may render
their implementation in the LISA global fit [77–82]
difficult in practice. In this Letter, we have therefore
developed a self-consistency check solely based on vacuum
GR EMRI waveforms. Our approach tests inconsistencies/
biases in the posteriors as inferred from different portions
of the signal, which can reveal missing physics in the

TABLE I. Mismatches and systematic biases relative to the
reference MLE at Tobs ¼ 0.5 yr. The SNR for 3 yr of observation
is 100.

Tobs (yr) 1 −Mnet;Tobs
δlog10M=M⊙ δa

1.0 9.0 × 10−5 0.10 0.10
1.5 4.8 × 10−4 1.60 1.60
2.0 1.4 × 10−3 2.58 2.60
2.5 1.6 × 10−3 3.13 3.17
3.0 3.2 × 10−3 3.10 3.14
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templates, due, e.g., to environmental effects and/or pos-
sible beyond-GR effects. For an injected EMRI signal
affected by disk-driven migration, we showed that the
parameter posteriors are significantly inconsistent, when
inferred from different portions of the signal, for observa-
tions of more than two years.
Crucially, our model relies on the successful subtraction

of louder sources in the LISA global fit. Indeed, residual
power from imperfect subtraction of overlapping sources
(e.g., Galactic binaries [56]) may be flagged by our
test [46], we consider a slight mismodeling of the galactic
noise, and find that it does not result in significant in-
consistencies across observation times. We will explore a
more rigorous treatment of this problem in future work.
Here, we stress that our method can also be viewed as a
consistency test for the “goodness” of the LISA global fit.
In the main text of this Letter, we have focused on disk-

driven migration to showcase our self-consistency test.
However, in Supplemental Material [46] we validate our
results using two additional environmental effects (entering
at −5.5 PN and −4 PN relative to the GW flux) and for a
different set of source parameters. Additionally, we also
consider an effect that contributes at 1PN order, in contrast
to the negative-PN environmental effects, to demonstrate
the broad applicability of the self-consistency test. An
important data-analysis question concerns how to interpret
the outcome of the self-consistency test. If the test fails,
does this necessarily imply that the neglected physical
effect would become measurable once it is explicitly
modeled? Conversely, even if the test is successfully
passed, could a neglected physical effect still be present
but remain hidden through degeneracies with the vacuum
EMRI parameters (a form of stealth bias [83,84])?
Answering these questions requires a more systematic
investigation of the performance of our self-consistency
test across a wider range of environmental effects and over
a broader region of the EMRI parameter space (for example
including eccentricity). Such a study is beyond the proof-
of-principle scope of this Letter and is left for future work.
We also emphasize that our approach identifies failures

of the vacuum model but does not, by itself, identify which
effect is missing or mitigate the parameter biases that arise.
A common approach to addressing this is to introduce
additional phenomenological parameters into the model,
which can potentially mitigate the biases in vacuum EMRI
parameters (for similar applications, see Refs. [85–92]),
and also help identify missing physical effects. Finally,
we note that our self-consistency test complements other
methods such as the inspiral-merger-ringdown test [93,94]
or signal reconstruction using unmodeled searches, which
can also potentially be used to identify missing physical
effects [95–97].
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“Attività per la fase B2/C della missione LISA.”
Computational work was made possible through SISSA-
CINECA agreements providing access to resources on
LEONARDO at CINECA. MB.

Data availability—There are no publicly available
research data or software supporting this manuscript.
Requests for further information or data should be sent
to the authors.

[1] A. G. Abac et al., arXiv:2508.18082.
[2] A. G. Abac et al., Astrophys. J. Lett. 993, L25 (2025).
[3] P. Amaro-Seoane et al., arXiv:1702.00786.
[4] M. Colpi et al., arXiv:2402.07571.
[5] L. Barack and C. Cutler, Phys. Rev. D 69, 082005 (2004).
[6] S. Drasco and S. A. Hughes, Phys. Rev. D 73, 024027

(2006).
[7] S. Babak, J. Gair, A. Sesana, E. Barausse, C. F. Sopuerta,

C. P. L. Berry, E. Berti, P. Amaro-Seoane, A. Petiteau, and
A. Klein, Phys. Rev. D 95, 103012 (2017).

[8] N. Afshordi et al. (LISA Consortium Waveform Working
Group), Living Rev. Relativity 28, 9 (2025).

[9] H. Khalvati, A. Santini, F. Duque, L. Speri, J. Gair, H. Yang,
and R. Brito, Phys. Rev. D 111, 082010 (2025).

[10] A. Derdzinski and L. Mayer, Mon. Not. R. Astron. Soc. 521,
4522 (2023).

[11] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).

[12] E. Barausse, V. Cardoso, and P. Pani, Phys. Rev. D 89,
104059 (2014).

[13] A. Coogan, G. Bertone, D. Gaggero, B. J. Kavanagh, and
D. A. Nichols, Phys. Rev. D 105, 043009 (2022).

[14] S. Mitra, N. Speeney, S. Chakraborty, and E. Berti, Phys.
Rev. D 112, 044030 (2025).

[15] D. Baumann, H. S. Chia, and R. A. Porto, Phys. Rev. D 99,
044001 (2019).

[16] E. Berti, R. Brito, C. F. B. Macedo, G. Raposo, and J. L.
Rosa, Phys. Rev. D 99, 104039 (2019).

[17] E. Barausse and L. Rezzolla, Phys. Rev. D 77, 104027
(2008).

[18] N. Yunes, M. Coleman Miller, and J. Thornburg, Phys. Rev.
D 83, 044030 (2011).

[19] J. R. Gair, E. E. Flanagan, S. Drasco, T. Hinderer, and S.
Babak, Phys. Rev. D 83, 044037 (2011).

[20] B. Kocsis, N. Yunes, and A. Loeb, Phys. Rev. D 84, 024032
(2011).

[21] A. M. Derdzinski, D. D’Orazio, P. Duffell, Z. Haiman, and
A. MacFadyen, Mon. Not. R. Astron. Soc. 486, 2754
(2019).

PHYSICAL REVIEW LETTERS 137, 021405 (2026)

021405-5

https://arXiv.org/abs/2508.18082
https://doi.org/10.3847/2041-8213/ae0c9c
https://arXiv.org/abs/1702.00786
https://arXiv.org/abs/2402.07571
https://doi.org/10.1103/PhysRevD.69.082005
https://doi.org/10.1103/PhysRevD.73.024027
https://doi.org/10.1103/PhysRevD.73.024027
https://doi.org/10.1103/PhysRevD.95.103012
https://doi.org/10.1007/s41114-025-00056-1
https://doi.org/10.1103/PhysRevD.111.082010
https://doi.org/10.1093/mnras/stad749
https://doi.org/10.1093/mnras/stad749
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1103/PhysRevD.89.104059
https://doi.org/10.1103/PhysRevD.89.104059
https://doi.org/10.1103/PhysRevD.105.043009
https://doi.org/10.1103/ycl1-kx7d
https://doi.org/10.1103/ycl1-kx7d
https://doi.org/10.1103/PhysRevD.99.044001
https://doi.org/10.1103/PhysRevD.99.044001
https://doi.org/10.1103/PhysRevD.99.104039
https://doi.org/10.1103/PhysRevD.77.104027
https://doi.org/10.1103/PhysRevD.77.104027
https://doi.org/10.1103/PhysRevD.83.044030
https://doi.org/10.1103/PhysRevD.83.044030
https://doi.org/10.1103/PhysRevD.83.044037
https://doi.org/10.1103/PhysRevD.84.024032
https://doi.org/10.1103/PhysRevD.84.024032
https://doi.org/10.1093/mnras/stz1026
https://doi.org/10.1093/mnras/stz1026


[22] B. Deme, B.-M. Hoang, S. Naoz, and B. Kocsis, Astrophys.
J. 901, 125 (2020).

[23] A. Caputo, L. Sberna, A. Toubiana, S. Babak, E. Barausse,
S. Marsat, and P. Pani, Astrophys. J. 892, 90 (2020).

[24] R. S. Chandramouli and N. Yunes, Phys. Rev. D 105,
064009 (2022).

[25] L. Speri, A. Antonelli, L. Sberna, S. Babak, E. Barausse,
J. R. Gair, and M. L. Katz, Phys. Rev. X 13, 021035 (2023).

[26] F. Duque, S. Kejriwal, L. Sberna, L. Speri, and J. Gair, Phys.
Rev. D 111, 084006 (2025).

[27] L. Copparoni, E. Barausse, L. Speri, L. Sberna, and A.
Derdzinski, Phys. Rev. D 111, 104079 (2025).

[28] S. A. Hughes, N. Warburton, G. Khanna, A. J. K. Chua, and
M. L. Katz, Phys. Rev. D 103, 104014 (2021); 107, 089901
(E) (2023).

[29] L. V. Drummond, P. Lynch, A. G. Hanselman, D. R. Becker,
and S. A. Hughes, Phys. Rev. D 109, 064030 (2024).

[30] C. E. A. Chapman-Bird et al., Phys. Rev. D 112, 104023
(2025).

[31] L. Speri, M. L. Katz, A. J. K. Chua, S. A. Hughes, N.
Warburton, J. E. Thompson, C. E. A. Chapman-Bird, and
J. R. Gair, Front. Appl. Math. Stat. 9, 1266739 (2024).

[32] Y. Levin, Mon. Not. R. Astron. Soc. 374, 515 (2007).
[33] H. Nouri and A. Janiuk, Astron. Astrophys. 687, A184

(2024).
[34] E. Barausse, Mon. Not. R. Astron. Soc. 382, 826 (2007).
[35] R. Vicente, T. K. Karydas, and G. Bertone, Phys. Rev. Lett.

135, 211401 (2025).
[36] A. Hegade K. R., C. F. Gammie, and N. Yunes, Phys. Rev. D

112, 124012 (2025).
[37] A. Hegade K. R., C. F. Gammie, and N. Yunes, Phys. Rev. D

112, 124068 (2025).
[38] F. Duque, L. Sberna, A. Spiers, and R. Vicente, Phys. Rev. D

113, 084028 (2026).
[39] S. Kejriwal, L. Speri, and A. J. Chua, Phys. Rev. D 110,

084060 (2024).
[40] M. L. Katz, A. J. K. Chua, L. Speri, N. Warburton, and S. A.

Hughes, Phys. Rev. D 104, 064047 (2021).
[41] T. Hinderer and E. E. Flanagan, Phys. Rev. D 78, 064028

(2008).
[42] P. C. Peters, Phys. Rev. 136, B1224 (1964).
[43] N. Yunes, B. Kocsis, A. Loeb, and Z. Haiman, Phys. Rev.

Lett. 107, 171103 (2011).
[44] H. Tanaka and K. Okada, Astrophys. J. 968, 28 (2024).
[45] N. I. Shakura and R. A. Sunyaev, Astron. Astrophys. 24,

337 (1973), https://ui.adsabs.harvard.edu/abs/1973A%26A.
...24..337S/abstract.

[46] See Supplemental Material at http://link.aps.org/suppleme
ntal/10.1103/pqcz-cvsv for the mismatch and consistency
check for different PN oders and parameters, which includes
Refs. [47–55].

[47] M Vallisneri, Phys. Rev. D 86, 082001 (2012).
[48] A. Antonelli, O. Burke, and J. R Gair, Mon. Not. R. Astron.

Soc. 507, 5069 (2021).
[49] N. Karnesis, S. Babak, M. Pieroni, N. Cornish, and T.

Littenberg, Phys. Rev. D 104, 043019 (2021).
[50] N. Yunes, F. Pretorius, and D. Spergel, Phys. Rev. D 81,

064018 (2010).
[51] A. Toubiana et al., Phys. Rev. Lett. 126, 101105 (2021).
[52] L. Sberna et al., Phys. Rev. D 106, 064056 (2022).

[53] S. Chandrasekhar, Astrophys. J. 97, 255 (1943).
[54] E. C. Ostriker, Astrophys. J. 513, 252 (1999).
[55] N. Yunes and F. Pretorius, Phys. Rev. D 80, 122003

(2009).
[56] S. Khukhlaev and S. Babak, Phys. Rev. D 112, 123046

(2025).
[57] M. Tinto, F. B. Estabrook, and J. W. Armstrong, Phys. Rev.

D 69, 082001 (2004).
[58] M. L. Katz, J.-B. Bayle, A. J. K. Chua, and M. Vallisneri,

Phys. Rev. D 106, 103001 (2022).
[59] The injection value for r0=M;Φϕ0

are the initial separation
and phase corresponding to the 3 yr observation. These
injected values change with the observation window.

[60] Z. Pan and H. Yang, Phys. Rev. D 103, 103018 (2021).
[61] Z. Pan, Z. Lyu, and H. Yang, Phys. Rev. D 104, 063007

(2021).
[62] S. Kejriwal, E. Barausse, and A. J. K. Chua, Phys. Rev. D

113, 064001 (2026).
[63] S. Marsat, J. G. Baker, and T. Dal Canton, Phys. Rev. D 103,

083011 (2021).
[64] N. Karnesis, M. L. Katz, N. Korsakova, J. R. Gair, and

N. Stergioulas, Mon. Not. R. Astron. Soc. 526, 4814
(2023).

[65] M. Tinto, S. Dhurandhar, and D. Malakar, Phys. Rev. D 107,
082001 (2023).

[66] N. Cornish and T. Robson, J. Phys. USSR 840, 012024
(2017).

[67] S. Nissanke, D. E. Holz, S. A. Hughes, N. Dalal, and J. L.
Sievers, Astrophys. J. 725, 496 (2010).

[68] M. Vallisneri, Phys. Rev. Lett. 107, 191104 (2011).
[69] B. Moore, T. Robson, N. Loutrel, and N. Yunes, Classical

Quantum Gravity 35, 235006 (2018).
[70] C. Cutler and E. E. Flanagan, Phys. Rev. D 49, 2658 (1994).
[71] E. Baird, S. Fairhurst, M. Hannam, and P. Murphy, Phys.

Rev. D 87, 024035 (2013).
[72] A. Toubiana and J. R. Gair, arXiv:2401.06845.
[73] E. E. Flanagan and S. A. Hughes, Phys. Rev. D 57, 4566

(1998).
[74] L. Lindblom, B. J. Owen, and D. A. Brown, Phys. Rev. D

78, 124020 (2008).
[75] K. Chatziioannou, A. Klein, N. Yunes, and N. Cornish,

Phys. Rev. D 95, 104004 (2017).
[76] R. S. Chandramouli, K. Prokup, E. Berti, and N. Yunes,

Phys. Rev. D 111, 044026 (2025).
[77] T. Littenberg, N. Cornish, K. Lackeos, and T. Robson, Phys.

Rev. D 101, 123021 (2020).
[78] K. Lackeos, T. B. Littenberg, N. J. Cornish, and J. I. Thorpe,

Astron. Astrophys. 678, A123 (2023).
[79] T. B. Littenberg and N. J. Cornish, Phys. Rev. D 107,

063004 (2023).
[80] S. Deng, S. Babak, M. Le Jeune, S. Marsat, É. Plagnol, and

A. Sartirana, Phys. Rev. D 111, 103014 (2025).
[81] S. H. Strub, L. Ferraioli, C. Schmelzbach, S. C. Stähler, and

D. Giardini, Phys. Rev. D 110, 024005 (2024).
[82] M. L. Katz, N. Karnesis, N. Korsakova, J. R. Gair, and N.

Stergioulas, Phys. Rev. D 111, 024060 (2025).
[83] N. Cornish, L. Sampson, N. Yunes, and F. Pretorius, Phys.

Rev. D 84, 062003 (2011).
[84] M. Vallisneri and N. Yunes, Phys. Rev. D 87, 102002

(2013).

PHYSICAL REVIEW LETTERS 137, 021405 (2026)

021405-6

https://doi.org/10.3847/1538-4357/abafa3
https://doi.org/10.3847/1538-4357/abafa3
https://doi.org/10.3847/1538-4357/ab7b66
https://doi.org/10.1103/PhysRevD.105.064009
https://doi.org/10.1103/PhysRevD.105.064009
https://doi.org/10.1103/PhysRevX.13.021035
https://doi.org/10.1103/PhysRevD.111.084006
https://doi.org/10.1103/PhysRevD.111.084006
https://doi.org/10.1103/PhysRevD.111.104079
https://doi.org/10.1103/PhysRevD.103.104014
https://doi.org/10.1103/PhysRevD.107.089901
https://doi.org/10.1103/PhysRevD.107.089901
https://doi.org/10.1103/PhysRevD.109.064030
https://doi.org/10.1103/scbp-75pf
https://doi.org/10.1103/scbp-75pf
https://doi.org/10.3389/fams.2023.1266739
https://doi.org/10.1111/j.1365-2966.2006.11155.x
https://doi.org/10.1051/0004-6361/202348796
https://doi.org/10.1051/0004-6361/202348796
https://doi.org/10.1111/j.1365-2966.2007.12408.x
https://doi.org/10.1103/s4wh-x6c4
https://doi.org/10.1103/s4wh-x6c4
https://doi.org/10.1103/9src-p7sp
https://doi.org/10.1103/9src-p7sp
https://doi.org/10.1103/g83s-jdld
https://doi.org/10.1103/g83s-jdld
https://doi.org/10.1103/jcv5-ssfd
https://doi.org/10.1103/jcv5-ssfd
https://doi.org/10.1103/PhysRevD.110.084060
https://doi.org/10.1103/PhysRevD.110.084060
https://doi.org/10.1103/PhysRevD.104.064047
https://doi.org/10.1103/PhysRevD.78.064028
https://doi.org/10.1103/PhysRevD.78.064028
https://doi.org/10.1103/PhysRev.136.B1224
https://doi.org/10.1103/PhysRevLett.107.171103
https://doi.org/10.1103/PhysRevLett.107.171103
https://doi.org/10.3847/1538-4357/ad410d
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
https://ui.adsabs.harvard.edu/abs/1973A%26A....24..337S/abstract
http://link.aps.org/supplemental/10.1103/pqcz-cvsv
http://link.aps.org/supplemental/10.1103/pqcz-cvsv
http://link.aps.org/supplemental/10.1103/pqcz-cvsv
http://link.aps.org/supplemental/10.1103/pqcz-cvsv
http://link.aps.org/supplemental/10.1103/pqcz-cvsv
https://doi.org/10.1103/PhysRevD.86.082001
https://doi.org/10.1093/mnras/stab2358
https://doi.org/10.1093/mnras/stab2358
https://doi.org/10.1103/PhysRevD.104.043019
https://doi.org/10.1103/PhysRevD.81.064018
https://doi.org/10.1103/PhysRevD.81.064018
https://doi.org/10.1103/PhysRevLett.126.101105
https://doi.org/10.1103/PhysRevD.106.064056
https://doi.org/10.1086/144517
https://doi.org/10.1086/306858
https://doi.org/10.1103/PhysRevD.80.122003
https://doi.org/10.1103/PhysRevD.80.122003
https://doi.org/10.1103/qs51-bv55
https://doi.org/10.1103/qs51-bv55
https://doi.org/10.1103/PhysRevD.69.082001
https://doi.org/10.1103/PhysRevD.69.082001
https://doi.org/10.1103/PhysRevD.106.103001
https://doi.org/10.1103/PhysRevD.103.103018
https://doi.org/10.1103/PhysRevD.104.063007
https://doi.org/10.1103/PhysRevD.104.063007
https://doi.org/10.1103/rnvp-jbj4
https://doi.org/10.1103/rnvp-jbj4
https://doi.org/10.1103/PhysRevD.103.083011
https://doi.org/10.1103/PhysRevD.103.083011
https://doi.org/10.1093/mnras/stad2939
https://doi.org/10.1093/mnras/stad2939
https://doi.org/10.1103/PhysRevD.107.082001
https://doi.org/10.1103/PhysRevD.107.082001
https://doi.org/10.1088/1742-6596/840/1/012024
https://doi.org/10.1088/1742-6596/840/1/012024
https://doi.org/10.1088/0004-637X/725/1/496
https://doi.org/10.1103/PhysRevLett.107.191104
https://doi.org/10.1088/1361-6382/aaea00
https://doi.org/10.1088/1361-6382/aaea00
https://doi.org/10.1103/PhysRevD.49.2658
https://doi.org/10.1103/PhysRevD.87.024035
https://doi.org/10.1103/PhysRevD.87.024035
https://arXiv.org/abs/2401.06845
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.78.124020
https://doi.org/10.1103/PhysRevD.78.124020
https://doi.org/10.1103/PhysRevD.95.104004
https://doi.org/10.1103/PhysRevD.111.044026
https://doi.org/10.1103/PhysRevD.101.123021
https://doi.org/10.1103/PhysRevD.101.123021
https://doi.org/10.1051/0004-6361/202347222
https://doi.org/10.1103/PhysRevD.107.063004
https://doi.org/10.1103/PhysRevD.107.063004
https://doi.org/10.1103/PhysRevD.111.103014
https://doi.org/10.1103/PhysRevD.110.024005
https://doi.org/10.1103/PhysRevD.111.024060
https://doi.org/10.1103/PhysRevD.84.062003
https://doi.org/10.1103/PhysRevD.84.062003
https://doi.org/10.1103/PhysRevD.87.102002
https://doi.org/10.1103/PhysRevD.87.102002


[85] C. J. Moore and J. R. Gair, Phys. Rev. Lett. 113, 251101
(2014).

[86] C. J. Moore, C. P. L. Berry, A. J. K. Chua, and J. R. Gair,
Phys. Rev. D 93, 064001 (2016).

[87] J. S. Read, Classical Quantum Gravity 40, 135002 (2023).
[88] C. B. Owen, C.-J. Haster, S. Perkins, N. J. Cornish, and N.

Yunes, Phys. Rev. D 108, 044018 (2023).
[89] S. Kumar, M. Melching, and F. Ohme, Phys. Rev. D 112,

104071 (2025).
[90] S. Mezzasoma, C.-J. Haster, C. B. Owen, N. J. Cornish, and

N. Yunes, Phys. Rev. D 112, 044057 (2025).
[91] L. Pompili, A. Buonanno, and M. Pürrer, Phys. Rev. D 112,

044062 (2025).
[92] C. Hoy, S. Akcay, J. Mac Uilliam, and J. E. Thompson, Nat.

Astron. 9, 1256 (2025).

[93] A. Ghosh, A. Ghosh, N. K. Johnson-McDaniel, C. K.
Mishra, P. Ajith, W. Del Pozzo, D. A. Nichols, Y. Chen,
A. B. Nielsen, C. P. Berry, and L. London, Phys. Rev. D 94,
021101 (2016).

[94] A. Ghosh, N. K. Johnson-McDaniel, A. Ghosh, C. K.
Mishra, P. Ajith, W. D. Pozzo, C. P. L. Berry, A. B.
Nielsen, and L. London, Classical Quantum Gravity 35,
014002 (2018).

[95] S. J. Miller, M. Isi, K. Chatziioannou, V. Varma, and I.
Mandel, Phys. Rev. D 109, 024024 (2024).

[96] R. Das, V. Gayathri, Divyajyoti, S. Jose, I. Bartos, S.
Klimenko, and C. K. Mishra, Phys. Rev. D 112, 023011
(2025).

[97] E. Seo, X. Shan, J. Janquart, O. A. Hannuksela, M. A.
Hendry, and B. Hu, Astrophys. J. 988, 159 (2025).

PHYSICAL REVIEW LETTERS 137, 021405 (2026)

021405-7

https://doi.org/10.1103/PhysRevLett.113.251101
https://doi.org/10.1103/PhysRevLett.113.251101
https://doi.org/10.1103/PhysRevD.93.064001
https://doi.org/10.1088/1361-6382/acd29b
https://doi.org/10.1103/PhysRevD.108.044018
https://doi.org/10.1103/nkq9-zh2y
https://doi.org/10.1103/nkq9-zh2y
https://doi.org/10.1103/hfq5-gryy
https://doi.org/10.1103/5kbh-83k7
https://doi.org/10.1103/5kbh-83k7
https://doi.org/10.1038/s41550-025-02579-7
https://doi.org/10.1038/s41550-025-02579-7
https://doi.org/10.1103/PhysRevD.94.021101
https://doi.org/10.1103/PhysRevD.94.021101
https://doi.org/10.1088/1361-6382/aa972e
https://doi.org/10.1088/1361-6382/aa972e
https://doi.org/10.1103/PhysRevD.109.024024
https://doi.org/10.1103/3rmv-b2cq
https://doi.org/10.1103/3rmv-b2cq
https://doi.org/10.3847/1538-4357/ade4bf

	When Vacuum Breaks: A Self-Consistency Test for Astrophysical Environments in Extreme Mass Ratio Inspirals
	Introduction
	Waveforms and data analysis methods
	Inconsistent inference across observation duration
	Discussion
	Acknowledgments
	Data availability
	References


