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Abstract

In any extension of General Relativity (GR), extra fundamental degrees of freedom cou-
ple to gravity. Besides deforming GR forecasts in a theory-dependent way, this coupling
generically introduces extra modes in the gravitational-wave signal. We propose a novel
theory-agnostic test of gravity to search for these nongravitational modes in black hole
merger ringdown signals. To leading order in the GR deviations, their frequencies and
damping times match those of a test scalar or vector field in a Kerr background, with
only amplitudes and phases as free parameters. By applying this test to GW150914,
GW190521, and GW200129, we find no strong evidence for an extra mode; however, its
inclusion modifies the inferred distribution of the remnant spin. This test will be ap-
plicable for future detectors, which will achieve signal-to-noise ratios higher than 100
(and as high as 1000 for space-based detectors such as LISA). Such sensitivity will al-
low measurement of these modes with amplitude ratios as low as 0.02 for ground-based
detectors (and as low as 0.003 for LISA), relative to the fundamental mode, enabling
stringent agnostic constraints or detection of scalar/vector modes.
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1 Introduction

The black hole (BH) spectroscopy program [1-4] plays a prominent role in the landscape of
strong-field tests of General Relativity (GR) [5-8] and provides a unique method for exam-
ining the nature of compact remnants formed post-coalescence [9]. This program focuses on
extracting the remnant quasinormal modes (QNMs) [10-13] during the ringdown phase of a
binary merger. In the context of linear perturbation theory, the gravitational-wave (GW) signal
h(t) at intermediate times after the merger is represented by a superposition of the QNMs of
the remnant [14], as it transitions towards a stationary configuration. Schematically,

h(t)=ZAl- cos(27rfl~t+¢l-)e_%‘, (D

where A;, ¢;, f;, T; are the amplitude, phase, frequency, and damping time of the i-th QNM,
whereas i = (I, m,n) collectively represents the multipolar, azimuthal, and overtone index,
respectively.

If the remnant is a BH, GR predicts that the infinite spectrum of QNMs is uniquely de-
termined by its mass and spin (M, x). This provides opportunities for conducting multiple
null-hypothesis tests of gravity [15,16] and investigating the nature of the remnant [17-19].

As suggested by Lovelock’s theorem [20, 21], an almost unavoidable ingredient of theo-
ries beyond GR is the presence of extra degrees of freedom nonminimally coupled to grav-
ity [6,22]. Examples are ubiquitous and include scalar fields in scalar-tensor theories and
Horndeski’s gravity [23] (and their vector counterpart [24]), high-curvature corrections to
GR that predict extra (pseudo)scalars and dilaton fields [25-27], Einstein-Aether [28] and
Horava-Lifshitz [29] gravity that postulate an extra timelike vector field, and massive grav-
ity [30,31] with both scalar and vector dynamical degrees of freedom (see [6] for a review of
GR extensions and their field content). Effective extra degrees of freedom are also unavoidable
in any approach that treats GR as the leading order term in an effective-field-theory expansion
(e.g., [27]) and in low-energy effective string theories. These nonminimally coupled fields
may modify the stationary BH solutions, leading to deviations from the Kerr metric, and/or
modify the dynamics of the theory. In either case, two generic predictions are: i) a deformation
of the Kerr QNMs,

fi=f@+61), T =11+ 67)), (2
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and ii) the existence of extra modes in the gravitational signal, that can be excited during the
ringdown. This second option is due to the fact that the nonminimal coupling between new
degrees of freedom and gravity results in coupled systems of linear perturbation equations,
which act as a coupled set of oscillators [32-35]. It is therefore natural to split the ringdown
signal (1) into two contributions,

h(t) = ZAi cos (2 fXT(1+ 5 £)t + ¢;) e TorareT) 4 ZAi cos(2mfit +d;)e /%, (3)
- -

1

where we use the hat to denote quantities related to the extra modes.

Standard tests of gravity based on the ringdown are rooted in the first line of Eq. (3).
Namely, they are aimed at measuring 6 f; and 6 7; and check whether they are compatible with
the null hypothesis [5]. This can be accomplished in two complementary ways, either through
a theory-agnostic or theory-dependent method. However, both approaches have their own
limitations. In the theory-agnostic approach one uses the parametrization (2), where fl.Kerr and
Tferr are known functions of the BH mass and spin, while & f; and 6 T; depend on the mass, spin,
and all extra fundamental coupling constants of the theory. We will focus on small deviations
from GR. This is motivated by an effective-field-theory perspective wherein Einstein’s theory
is the lowest term in an expansion containing all possible higher-order operators, and also by
the stringent observational constraints already placed by GW observations. As a result, any
deviation from the standard GR prediction must be small and proportional to (powers of) the
coupling constants of the theory. In particular, 6f;,67; < 1 and are proportional to some
combination of the mass and coupling constants. However, even in this case they are still
generic, theory-dependent functions of the spin y;. Current parametrizations either neglect
such spin dependence [5,36,37] or consider a small spin expansion of each deviation [38-40],
which inevitably inflates the number of free parameters in the model. In the theory-dependent
approach, the QNMs are computed in a given theory of gravity. For most theories this can be
done again only in the small-coupling limit and very often perturbatively in the spin [32,41-
50]. To reach good convergence, one needs to push the spin expansion to very high order [49],
which is very challenging from the technical point of view. Alternatively, one needs to solve
intricate systems of coupled partial differential equations [51-56]. This approach has the
benefit of limiting the number of free parameters to the sole coupling constants and BH spin,
but must be performed on a case-by-case basis for every given theory.

Given the above limitations, it would be highly desirable to develop complementary ring-
down tests which are both theory-agnostic and accurate. In this work we explore a currently
unbeaten path, related to the second line of Eq. (3). Namely, we propose to look for ex-
tra modes in the ringdown signal. Note that these extra modes are unavoidably present in
beyond-GR theories, raising the important issue that current ringdown analyses (based only
on the first line of Eq. (3)) are incomplete.

For concreteness, let us consider the case of an extra scalar degree of freedom nonmin-
imally coupled to gravity (the same argument applies to other types of fields). Due to the
coupling, the gravitational perturbations will contain also scalar modes (e.g., [32,34,42,57]
for two concrete examples in theories with quadratic curvature terms),

fi=fFErTa+sf),  H=r T+, @

K =0 K =0
err,s=0 14 7! err, s

where f; are the QNMs of a test scalar field in the Kerr metric, and also in

this case 6 f; and 8%, are complicated, theory-dependent, functions of the mass, spin, and cou-
pling constants, which incorporate both deviations from the GR BH background and modified
dynamics. Crucially, in this case the amplitudes A; of these modes are proportional to (powers
of) the coupling constants [32,34,35,42,57], and they must vanish in the GR limit. Therefore,


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025

e SciPost Phys. 20, 025 (2026)

to leading order in the corrections, we can neglect 6 fl and 67;, so that the GR deviations are
generically parametrized only by the amplitude of the test-field modes on a GR BH background.
This is precisely what happens in so-called dynamical Chern-Simons gravity [26,32,34] (see
also Appendix A.1), although it is a generic feature [35].

The above considerations suggest a novel ringdown test of gravity based on the following
waveform model

Kerr Kerr s=0

h(t)—ZA cos(2nfXt + ¢ )e " +ZA cos (27 £ %t + ;) e B (5)

where for simplicity we have neglected the GR deviations in the first line, since those are
very well studied by standard ringdown tests (and subjected to the aforementioned limita-
tions). Notably, as explained below and although our framework is generic, one of its advan-
tages is that it can be applied to a single multipole couple (I, m), in which case i = 0,1,2,..
would simply correspond to the overtone number n = 0,1,2,.. at fixed (I,m). If one in-
cludes only the dominant GR fundamental mode in the analysis (i = (2,2,0) in the first
line of Eq. (5)), as we will do below for the so-called GRO+S or GRO+V models, the cor-
rections 6 f550 and 0749 to the fundamental gravitational QNM are degenerate with the final
mass and spin. Therefore, they can be neglected without loss of generality. Instead, includ-
ing also gravitational overtones would require adding extra corrections 6 f; and &7; (with
i =(2,2,n = 1)) in the first line of Eq. (5), as typically done in ordinary BH spectroscopy
tests with overtones. In the models considered here, the mentioned degeneracy is broken as
we neglect higher harmonics but include at least two modes through either an overtone (GR1
model) or an extra scalar/vector mode (GR0O+S/GR0+V) in addition to the fundamental GR
mode, determining the final mass and spin uniquely. Explicitly, our models contain the modes:
GR1 —(2,2,0),(2,2,1); GRO+S — (2,2,0), (2,2, 0)geatar; GRO+V = (2,2,0), (2,2, 0)yector-

In practice, here we will focus on a standard GR ringdown waveform (first line of Eq. (5))
augmented by new extra modes. Remarkably, to leading order these extra modes are known
functions of the BH mass and spin, since they are those of a free test (scalar, vector, etc) field
propagating on the Kerr metric (see, e.g., [58,59] for tabulated values). This allows searching
for extra modes in a theory-agnostic way, where the amplitudes and phases of the extra modes
are the only beyond-GR parameters. In this sense, this test is reminiscent of searches for
extra (scalar, vector) polarizations in GW signals in a theory-agnostic fashion [5,60-62] and
is complementary to ordinary ringdown tests (see, e.g., [5, 36,37, 63-66]), or to test with
multiple free modes [5].

2 Searching for extra ringdown modes

The ringdown signal comprises of two polarizations and the modes are decomposed in a basis
of spin-weighted spheroidal harmonics that depend on the remnant spin inclination angle [66].
In a non-precession quasicircular coalescence, (Imn) = (220) is the dominant mode. For
concreteness, here we focus on the most interesting quadrupolar (I = 2) case and neglect spin
precession of the progenitor binary, but our test can be applied also to higher-order modes and
to the precessing case (see Appendix A.2). In particular, our ringdown waveform model has
the following parameters:

0,1 1s=0,1
9 {Mf Xf’A22]’¢22]3 5220 ’d);zo }: (6)

where j =0,...,N, with N the total number of overtones, whereas Aszzg ! and qbgg 1 are the

amplitude and phase of the extra scalar (s = 0) or vector (s = 1) (220) mode. We will dub
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a model with N tones and no extra mode GRN, whereas we will denote as GRN+S (GRN+V)
a model with N gravitational tones and an extra scalar (vector) mode. In practice, we define
the amplitude ratio Ay of a given mode relative to the gravitational fundamental one. Notice
that in general, these amplitudes depend on the specific theory (see an example for dynamical
Chern-Simons theory in the Appendix A.1), and estimating their value in a merger requires
performing nonlinear coalescence simulations beyond GR. For this reason, it is not easy to pre-
dict the relevant importance of extra modes with respect to other GR effects, e.g., overtones or
nonlinearities. For the sake of generality, here we remain agnostic on the amplitude modeling.
We fix the luminosity distance d;, the sky location of the system, and the inclination angle as
done standard ringdown analysis [5,15,39,67]. Although marginalization would be the ideal
approach, it involves its own challenges, like the accurate excision of the pre-merger part to
avoid the contamination of the post-merger data. Failing on the accurate excision could im-
pact negatively on the accuracy of the no-hair theorem tests performed using the post-merger
data [68, 69]. Furthermore, the sky-marginalization has been shown to introduce only mild
differences for current GW events, from [69,70] where the results obtained, are still consistent
with those of [15,39] which fixed the sky location to the maximum likelihood values. However,
the scenario might be different for higher-SNR events and with the inclusion of higher harmon-
ics. Note that, for small-redshift sources (including those detected so far and presumably the
loudest events detected in the future) d; is degenerate with the overall ringdown amplitude
and can therefore be neglected without loss of generality. However, the possibility of neglect-
ing inclination angle is a prerogative of our test, since it can involve only (I = m = 2) modes,
which have the same pattern functions and spheroidal-harmonic decomposition (similarly to
overtone-based tests but without the issues related to overtones). Compared to common tests
based on subleading modes of different (I, m), this allows for the practical simplification of
sampling in only one of these three degenerate parameters. The test can be expanded to in-
clude higher harmonics, in which case one would have also to include the inclination as an
extra parameter.

The frequencies and damping times of the relevant modes are shown in the Appendix A.3.
At variance with overtones, the frequency of the (220) scalar or vector mode is always well
separated! from that of the fundamental gravitational mode (and hence more easily resolvable
from the latter), while the damping time is comparable (and hence the mode survives longer
than overtones in the signal, almost as long as the fundamental gravitational mode).

3 Bayesian analysis on real data

We exemplify our test on real events by performing a Bayesian parameter estimation using the
PyCBC Inference code infrastructure [71]. The analysis aims to compute the posterior
distribution of the parameters (6). We apply this test to three events: (i) GW150914 [72],
the first GW event ever detected by LIGO (and still so far the one with the largest ring-
down signal-to-noise ratio (SNR)), for which some debated evidence of overtones has been
reported [15,36,66,70,73-807; (ii)) GW190521 [81], a peculiar event in the upper mass gap for
which a tentative detection of the (330) and other modes (and possibly precession) has been
obtained [67,82] and which is prone also to ringdown amplitude-phase consistency tests [65];
(iii) GW200129, a peculiar loud event showing some tension with GR in some inspiral-merger-
ringdown tests [5], tentatively ascribed to mismodelling of precession [83,84]. As a proof of
principle for the test, our parametrization assumes plane reflection symmetry, which is valid
for spin-aligned progenitor binaries. In the Appendix A.2, we show that relaxing this assump-
tion does not affect the results for GW190521 and GW200129. For the luminosity distance,

'Except possibly in the X¢ — 1 limit, which is not relevant for the spin values considered here.
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Figure 1: log;, Bayes factors for various ringdown models with extra scalar or vector
modes (labelled with ’A’) with respect to the GR1 model as a function of the offset
time t,g.;. Different colors and line styles denote different events, while different
markers show the chosen model. Note that each event has a different mass thus,
a different time scale t,g.. Therefore, the log;, Bayes factor trends, specially at
negative times, are expected to differ.

Table 1: 90% credible intervals for some of the parameters of event GW150914,
assuming t g = 2ms (see Appendix A.3 for the posterior distributions).

Model | M;(Mo) Xf Agpg x 10%% | Ag 559
GR1 | 58137 | 03547 | 072555 :

GRO+S | 52735 | —0.18%0% | 0.69%132 | 0.80%274

GR1+S | 5273 | —0.1179% | 0.72+130 | 1.95+185

inclination, and sky location we adopt the maximum likelihood values reported in [85].

We use a gated-and-inpainted Gaussian likelihood noise model [67, 86, 87] to remove
the influence of the pre-peak/non-ringdown times. The strain data within a time interval
t € [t, + tofeer — 0.55, t, + tofrer ] are replaced/inpainted such that the filtered inverse power
spectral density is zero at all the times corresponding to the chosen interval [87]. Here, t. is
the coalescence time, while t ... defines the time in which we start our ringdown analysis.

Our main results are summarized in Fig. 1, presenting the statistical evidence for different
waveform models for these events and for different choices of t,g,. We show log;, BéRl,
where the Bayes factor BéRl is the ratio between the evidence of a given model (A) and that of
GR1 (i.e., amodel containing only the fundamental gravitational mode and the first overtone).
According to Jeffreys’ scale criterion [4, 76,89,90], a log;, Bayes factor larger than 1 (resp.,
2) would imply a strong (resp., decisive) Bayesian evidence in favor of a given model relative
to GR1. The small values of log;, B‘éRl shown in Fig. 1 for any ¢, indicate that all models
with extra scalar or vector modes have the same evidence as the GR1 one, presumably because
the SNR in the ringdown for these events is not sufficiently high to exclude the presence of an
extra scalar mode. This is consistent with what we shall discuss below with synthetic data.

Interestingly, despite Fig. 1 showing that there is no statistical evidence for an extra scalar
or vector mode, its inclusion affects the posterior distributions of the parameters. This is shown
in Table 1 for a representative example of GW150914 analyzed with an extra scalar mode,
where we denote the scalar-to-tensor mode amplitude ratio as Ag 959 = Aszzg [Asso. These re-

sults are also consistent with the full inspiral-merger-ringdown constraints provided in [5].
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Figure 2: Left panel: Minimum SNR necessary for detecting a scalar mode at 1 — o
confidence level, according to the detectability criterion outlined in [3, 88] using a
Fisher matrix approximation, which makes our estimates approximately independent
of the sensitivity-curve profile. The blue and red dashed curves denote a different
remnant spin y; with the phase difference between the GR and scalar modes fixed
to 8¢ = 0. The dependence on 6¢ € [0,27] is bracketed by the corresponding
colored bands. The horizontal shaded bands represent the expected ringdown SNR
for a GW150914-like event with a remnant mass of My = 62M, as observed by
ground-based detectors, including the LIGO-Virgo-KAGRA network (light blue), A+
(light green), and CE/ET (yellow). The orange band corresponds to the expected
ringdown SNR for a similar event with a remnant mass of My = 107 M, observed
by LISA (orange). We consider the range of amplitude ratios Ag 559 € [0.001,1].
Right: The same quantity shown in a contour plot on the (Ag 550, 6 ¢) plane for fixed
X =0.67.

However, as expected, our peak values are shifted compared to those computed using a GR
waveform approximant. Other events, different time offsets, or the vector case show qualita-
tively similar results. While the presence of an extra mode does not affect the distribution of
the remnant mass significantly, it contributes to broadening that of the spin towards smaller
values (see Appendix A.3 for the posterior distributions). This generic feature can be under-
stood from the fact that an extra (220) scalar/vector mode has a damping time comparable to
the fundamental gravitational mode (and the damping time is only mildly sensitive to the spin
for y¢ < 0.8) and also has a higher frequency than the (220) and (221) gravitational modes.
Thus, interpreting the overtone frequency with an extra scalar/vector mode requires a smaller
remnant spin. Also, the amplitude of the fundamental gravitational mode is affected by the
extra mode: in the GRO+S and GR1+S models the peak of the A,,, distribution is smaller
because part of the information is contained in the scalar mode. Consequently, the amplitude
ratio Ap 559 between the (220) scalar mode and the (220) gravitational mode peaks at some
nonzero value. Finally, we do not find strong support for the presence of an additional mode
for tofer > —2ms. As in previous related work [77,91], we observe that the Bayes factor
tends to increase when the analysis is extended to negative times, since the model begins to fit
higher overtones and nonlinear contributions. We interpret this increase not as evidence for
extra modes, but rather as a consequence of model mismatch arising from applying the ring-
down model before the merger, which can yield spurious results. Furthermore, for the event
GW200129 - where we observe the largest values of log;, BéRl — data quality issues [92] and
possible signatures of orbital eccentricity and/or precession [93,94] are known to affect the
inference of physical parameters. These factors could also contribute to the early-time rise of
the Bayes factor in support for additional modes. A detailed investigation of these effects will
be presented in future work.
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4 Forecasts with future observations

In Fig. 2, we forecast the constraining power of this test by computing the minimum ringdown
SNR, pPget, for detectability of an extra scalar mode in the GRO+S model, for different am-
plitude ratios, remnant spins, and phase differences 6¢ = ¢499 — ¢;§§8 . (Hereafter we focus
on the scalar case, since the vector case gives qualitatively similar results, see Appendix A.3.)
Pdet is defined following Refs. [88,95,96], namely as the SNR such that o, = Ag 559, where
the statistical error 0,4, has been computed with a fully numerical Fisher information matrix ,
also assuming that the relevant sensitivity curves at the ringdown regime are approximately
flat for the two distinct final masses considered [95,96]. In general, beyond-GR theories can
introduce up to six polarization modes, by adding extra antenna-pattern response terms to
the signal h(t) [97]. Instead, we focus here on the corrections to the standard h,, h, GR po-
larizations, which are already detectable with current GW networks. Note that, in contrast to
overtones [75,88], resolving the frequency of the scalar mode is relatively easy since it is signif-
icantly different from the gravitational one. For this reason, py, is always larger than the SNR
threshold required to resolve the extra scalar mode. The requirements for the detectability
and resolvability of a mode are outlined in the Appendix A.4.

We perform two variants of this analysis, either averaging over or fixing the sky-location
of the signal, with results shown in the left and right panel of Fig. 2, respectively. Notice that,
since the SNR is fully correlated with the sky location, both approaches should yield consistent
results (see Appendix A.4). Therefore, the right panel simply represents a phase-expanded
version of the left-hand side plot.

The left panel of Fig. 2 shows that p 4, decreases monotonically as y; increases - so highly
spinning remnants favor this test — and that the phase difference 6 ¢ has a negligible impact for
small amplitude ratios, while it can significantly affect the SNR at large amplitudes, especially
for slowly-spinning remnants. The dependence on 6 ¢ can be better appreciated from the right
panel of Fig. 2, showing a contour plot of the two-dimensional function p4e;(Ag 220, 0¢) for
X¢ = 0.67. In the region of small amplitude ratios, the minimum SNR has a very simple scaling

8(xf>6¢,Ag 220)

AR,ZZO

; (7)

pdetN40

where g ~ 1+ 0.25Ag 559 —0.40x +0.08 cos(5 ¢ + 1.16), and for Ag 559 < 0.12 and yf < 0.9
the fit is accurate within 10%.

In the left panel of Fig. 2 we also provide reference values of the ringdown SNR for cur-
rent and future detectors. In particular, third-generation ground-based detectors [98] such as
Cosmic Explorer [99-101] and the Einstein Telescope [102-104] are expected to observe a
few events per year with ringdown SNR greater than 100 [96]. Likewise, GW space interfer-
ometers such as LISA [105] are expected to detect up to a dozen of massive BH mergers with
ringdown SNR greater than 1000, depending on the massive BH population [95, 106]. Our
results show that a ringdown SNR of 150 (resp., 1000) would yield a constraint Ag 959 < 0.02
(resp., 0.003) for y; ~ 0.9, with only mild dependence on &¢. Very similar results apply to
the detectability of an extra vector mode.

This plot also confirms that the constraining power of the test is very limited when the
ringdown SNR is around 10, which is a rough and even optimistic estimate for the previously
analyzed events GW150914, GW190521, and GW200129.

While these results were obtained using a Fisher-matrix approximation to explore the en-
tire parameter space, we have also compared individual points with synthetic injections at
zero noise using the same Bayesian analysis discussed above for real-data events. At SNRs
of 1.25p4¢; as given in Fig. 2, we find posteriors of Ap peaking away from the lower bound
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and 0, < Ag 220, already in agreement with the expectation from the Fisher analysis for the
high-SNR limit.

5 Discussion

Any theory predicting extra ringdown modes should presumably also predict deviations from
the standard gravitational Kerr QNMs, in which case one could argue that GW detectors are
more sensitive to phase differences (and hence to QNM shifts) rather than amplitude dif-
ferences, so that our test could have less constraining power than ordinary ringdown tests.
However, there are known examples of theories predicting zero or negligible QNM shifts but
extra modes, in which case our test can be superior to ordinary BH spectroscopy. An example
is dynamical Chern-Simons gravity, wherein for a Schwarzschild BH the polar GR QNMs are
unchanged, but the ordinary ringdown contains also extra scalar modes [32]. In the Kerr case
also all the GR QNMs are modified, but the deviations are suppressed by powers of the BH
spin [46], so the convenience of our method will likely depend on the remnant’s spin.

The parametrization introduced in this work can also apply to cases in which the remnant
is a Kerr BH or in the presence of extra fields but still within the realm of GR, provided the
deviations from the Kerr case are sufficiently small. For example, it applies to Kerr-Newman
BHs with small charge Q;. In the perturbative limit, Q;/M; < 1, the parameter Q/M;
effectively plays the role of a coupling constant in an effective field theory, making Eq. (5)
applicable in this scenario, upon replacing the scalar sector with that of a test spin-1 field.

We focused on £ = m = 2 but clearly, depending on the source, one should also add £ = 3
modes, or overtones. In this context, it is noteworthy that the ringdown analysis for the latest
GW event, GW250114 [107, 108], was mainly performed precisely with £ = m = 2 modes
only, using the fundamental mode and the first overtone. We point out that, for events such as
GW250114 (but also for GW150914) a ringdown tests of GR can be based on { = m = 2 only,
but it would be inconsistent to include QNM shifts alone, without adding extra modes. Also,
note that nearly equal-mass binaries are expected to dominate ringdown tests in both current
and future GW detectors. For instance, using the fits of Ref. [88], binaries that are nearly
face-on (v < 30°) with mass ratios q¢ S 1.2 and effective spins y.g¢ ~ 0.7 exhibit amplitude
ratios of approximately (A33Y33/A55Y55) ~ 0.03 and (Agy Y55 /A0pYa0) = Agy s /Ags. Therefore,
values of Ay, /Ay, as low as ~ 0.03 would still produce a secondary component comparable
in strength to the (3, 3) mode. A similar argument applies to the (2, 1) mode, since in the same
parameter regime one finds (A,;Ys;/A5,Y5,) ~ 0.03. Regarding overtones, given their short
damping times, their relevance can be reduced by starting the ringdown analysis later (when
scalar modes are still relevant). Clearly, this would reduce the overall SNR of the effective
ringdown used for the test but would also avoid the data-analysis subtleties associated with
overtones [66, 77].

As future extensions, it would be interesting to consider a specific theory and compare
the constraints on the coupling constant(s) placed by our test with those of ordinary BH spec-
troscopy. This would require estimates of both ordinary QNM shifts and excitation amplitudes
of extra modes in a given theory, both of which have recently become available for some theo-
ries [48-50,109-116]. As an order-of-magnitude estimate, for a theory which adds quadratic
curvature corrections to the standard Einstein-Hilbert action, the coupling constant a has the
dimension of a length squared [6] In such a case one would expect Ag 959 = O(1)a? /M}‘.

Our results suggest that future detectors will be able to probe Ag 950 = O(1073), and hence a
coupling constant as small as a?/ MJf ~ O(1073).
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A related extension is to include higher harmonics in the test. Besides adding complexity
to the mode, this would also require including the inclination and the sky localization as extra
waveform parameters. Work in this direction is underway.

Finally, another possible avenue of exploration is to use the recently introduced QNM fil-
tering technique [36,37,80] to search for extra (scalar, vector, etc) modes.
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A Appendix

A.1 Explicit example: Dynamical Chern-Simons gravity

We provide here a specific example of a nonminimal coupling giving rise to extra scalar modes
in the gravitational sector. We consider a theory with quadratic curvature corrections, dynam-
ical Chern-Simons gravity, described by the action [26]

1

1
S=— | d*xy/—gR— —f d*x\/—gg®V OV, 0 + % J d*x/—g0"RR, (A1)

~ 16n 2

where 1 is the scalar field, *RR = %Rabcd ebacf RCde f is an odd-parity quadratic-curvature invari-
ant, and a is the coupling constant, with dimensions of a squared mass (henceforth we adopt
G = ¢ =1 units).

As in the GR case, the only stationary, spherically-symmetric solution is the Schwarzschild
metric. For simplicity we consider perturbations of this solution, neglecting the spin of the
background. Axial perturbations of the metric are coupled to those of the scalar field. Upon a
spherical harmonic decomposition and in the frequency domain, they reduce to the following
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set of coupled ordinary differential equations [32]

d—2w+{w2—f[w—6—M]}w=wae,

dr? r2 r3 r> A.2)
d—2@+ W f I(1+1) 1+5767‘cM2a2 L 2M e_f(l+2)!6Ma\P '
dr2 r2 ré r3 ST -2y s

where f(r)=1—2M/r and r, =r +2M In(r/2M — 1) is the standard Schwarzschild tortoise
coordinate. The variables ¥ and © reduce to the standard metric and scalar master functions,
respectively, in the decoupling limit, a — 0. Indeed, when a = 0 the two equations decouple
and reduce to the standard Regge-Wheeler equation and scalar-perturbation equation of a
Schwarzschild BH, respectively. However, when a # 0 the two perturbations are coupled to
each other and the scalar effective potential acquires some corrections.

The coupling a gives rise to two features [32,34]:

1. The above system of equations contains both gravity-led and scalar-led modes, both
displaying O(a?) corrections with respect to GR:

2
_ ,GR, grav grav &
w=w (1+)/ 4), (A.3)
GR, scal 1 a’
A sca scal *
w=w (1+}/ 4), (A.4)

where w = 2nf — i/t are the complex QNM frequencies, w®® #2" are the standard

Schwarzschild QNMs in GR, wS® 5l are the test-scalar QNMs of Schwarzschild, whereas
v8? and 15 are dimensionless order-unity constants, the value of which depends on
the overtone number n.

2. The above system of equations is akin to a coupled harmonic oscillator, so a scalar per-
turbation would source scalar modes in the gravitational sector, and vice versa. In par-
ticular, in this theory the scalar field is at least linear in a [26], in which case the coupled
perturbation equations imply that, whether or not scalar perturbations are present in the
merger conditions (for example if the progenitors are endowed with a scalar field [117]),
the amplitude of the scalar mode in the gravitational sector would be @(a?). In the no-
tation of the main text, this would imply that, at the leading order, Ag 550 = 1 - a’/M#,
where 7 is a source-dependent excitation factor [32,46,50,118].

These arguments show that the gravitational ringdown in this theory can be schematically

modelled as )
HOED W ISCI ANy WCLED) (A5)
j J

where the sum runs over the overtones. The scalar modes ¢ ; contains O(a?) corrections, but

j
Aj is atleast O(a) or higher. Therefore, to leading order in @ we can approximate ¢ i~ & scal

in the second term of the above equation, which is the crucial simplification of our test. This
is consistent with the finding of Ref. [32], where the gravitational ringdown in the a < M?
limit contains both the unperturbed gravitational and scalar modes.

While we explicitly showed this for a specific theory, it is in fact a very general properties of
extended theories of gravity with nonminimal couplings (see, e.g., [57] for another example).

11
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Figure 3: Posterior distributions for the event GW200129 with t .. = Oms for the
models GR1 (left) and GRO+S (right). In both cases, the case without (resp., with)
precession is indicated in yellow (resp., purple).

A.2 The effect of precession on GW190521 and GW200129

There are well-founded arguments suggesting that GW190521 and GW200129 could originate
from precessing binaries [82,84]. As opposed to aligned-spin systems, precession breaks the
symmetry between m «— —m angular modes, resulting in h;,, # (—1)lh7_m. In the main text,
we searched for a scalar mode using a (Im) = (2,+2) spin-aligned (non-precessing) wave-
form. Here, we extend the parameter estimation on GW190521 and GW200129 including
precession, and varying t.ge; = [—2,0,2]ms. This is achieved by allowing the amplitude
Agon # Ay_y, and the phase ¢oo, # —Po_op, for both the gravitational and scalar mode. In
Fig. 3, we show the corner plots for GW200129 with t .. = 0, for both the GR1 and GR0O+S
cases. Notice that, since only (Im) = (2, +2) modes are used, accounting for precession in this
case does not significantly affect the values of the mass and the spin of the remnant compared
to the aligned-spin case. However, including precession affects the amplitude of the funda-
mental mode, by increasing its uncertainty. We find qualitatively similar results for the other
offset times and for GW190521.

A.3 Supplemental results

In Fig. 4 we show the frequencies and damping times of some representative QNMs, includ-
ing scalar, vector, and gravitational modes as functions of the remnant’s spin. Note that the
frequency of the (220) scalar or vector mode is always well separated from that of the funda-
mental gravitational mode, while its damping time is comparable. These are advantages with
respect to overtones, which are instead harder to resolve and decay more rapidly.

Figure 5 presents an example of posterior distributions of some waveform parameters ob-
tained from our Bayesian analysis on real data, namely the case of GW150914 analyzed with
various models. Although, as discussed in the main text, there is no statistical evidence for
extra scalar modes in the data, their inclusion in the parameter estimation affects the posterior
of x and Ayy.

Further, in Fig. 6, we compare some representative posterior distributions obtained from
the Bayesian inference on real data with forecasts using injections at higher SNR (equal to
100). We consider a ringdown model with an extra scalar mode (GRO+S, left panel) and
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Figure 4: Frequencies (left) and damping times (right) for a few gravitational modes
and for (220) scalar and vector modes of Kerr as a function of the spin. Results are
normalized for a remnant mass compatible with GW150914, M; = 62 M.

with an extra vector mode (GRO+V, right panel). For the injection simulations, we inject the
values corresponding to the maximum likelihood values of the real data. We notice that, at
higher SNRs, the precision of the parameters’ distribution improves, and the signal is well
reconstructed. This can be easily observed with the distributions of y, which in the case of
the real data is spread, due to the effect of the gated Gaussian noise. Also in this case, we note
that the results for the scalar or vector case are very similar.

Finally, we have searched for multi-modality in the amplitude of the scalar mode. This
is supported by the fact that, for some different choices of mass and spin, the fundamental
scalar/vector mode can mimic the fundamental gravitational QNM. In general, this effect is
not evident due to the limited range of the prior on the amplitude ratio A,,, € [0,10]. We
have thus performed a new run where we inject GRO with GW150914-like parameters (but
in our case, we have SNR = 83), and recover with GR0O+S, but with a broader prior on the
amplitudes (A220:AR,220 € [0,100]), indeed finding bimodality. Including a secondary mode
in the ringdown analysis, as we did in certain cases, clearly breaks this degeneracy.

A.4 The detectability and resolvability criteria

A BH no-hair test is designed to check the consistency of the mass and spin as observed
from two different ringdown modes: the fundamental mode (I = 2,m = 2,n = 0), and a
next-to-leading order mode with either |I| = |m| # 2 or n # 0. Ideally, one would have
to infer to significant accuracy the tetrad of parameters {wy29, T220> ©imn> Timnt- 1N prac-
tice, one just needs to build a triad {w299, 7220, Qimnt With Qimn = ©imn OF Qmn = Timns
and check the consistency on the inferred mass and the spin from the following tuples
{(wa20, T220)s (©2205 Qimn)> (T2205 G220)} [4]. Whether we can reliably distinguish a secondary
mode depends critically on its SNR. The threshold SNR can be defined in different ways as:

1. pget: The ringdown SNR at which the amplitude of the mode is large enough compared

. . . . R ~
to its statistical uncertainty o, /A; ~ 1.

2. pres: The ringdown SNR at which the spectrum q;,,,, subtracted to the spectrum g5, of
fundamental mode is comparable to its statistical uncertainty oy, /|9220 — qimnl ~ 1,

where o0, and o, arethe 1— o statistical errors on Az and o, respectively [119]. A mode
R 9imn qimn

is measured if conditions 1) and 2) are satisfied, which will occur for p 2 max {Pger> Pres} [3,
119]. Using the Fisher Matrix approach, the set {pger, Pres} Can be estimated analytically,
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Figure 5: Posterior distributions of some ringdown parameters for GW150914 in our
analysis: My and y are the remnant’s mass and spin, Ay is the amplitude of the
fundamental gravitational mode, and Agzo is the amplitude ratio of the (220) scalar
mode relative to the fundamental gravitational one. We consider t g, = 2ms and
the GR1 (magenta), GRO+S (yellow), and GR1+S (cyan) models. The contours
state the 90% credible levels.

provided that the sensitivity curve in the ringdown regime is sufficiently flat for a given total

mass. The statistical error o, and the SNR of a signal p are computed as,

dh ¢ dh
GZOC(JMdf)_I 2<>cfﬂdf (A.6)
y 54(f) SR N |

where A; ; are each of the ringdown intrinsic parameters, * denotes the complex conjugate
and ! the matrix inverse. Note that the dependence of the waveform on the of extrinsic
parameters f (©) will be the same for both equations since one can replace h — h - f(®). The
GW ringdown spans over a relatively short frequency range. For the scalar mode case, and
for My = 62, notice that the whole ringdown signal is approximately all contained within
[200,300]Hz at a; ~ 0.7 (see Fig. 4). Therefore, one can assume an effective S,(f) ~ S,(fo)
where f; is an appropriate frequency within the range described above. The last approximation
allows us to define f(4;;) = P(get res)  Tij> which only depends on the intrinsic parameters 4;;,
and allows us to also describe both the p4., and p,, independent from the intrinsic parameters
as

FAgz ) fg, )

e mn (A.7)

Pdet = ) Pres =
Imn

19220 — Qimn .

For scalar and vector modes, we obtain that pge > Pres for A?mn S 1. Therefore, p > Pger
is our determining criterion for observing them. The above equation also shows clearly the
trend pge; ~ (AX) ™! displayed in Fig. 2 of the main text. Similarly, a My ~ 10”Mj, binary will
cover a short frequency range at the mHz, in which current estimates of the LISA sensitivity

curve are rather flat [105]. Finally, notice that both p 4 and py, scale with f o< p - o;;. For a
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Figure 6: Posterior distributions for real data (magenta) vs injection+recovery (blue)
parameter estimation simulations with model GRO+S (left) and GRO+V (right). The
levels of the 2D distributions indicate the 68% and the 90% credible intervals, while
the black lines correspond to the injected values. Note that, in this case, we indicate
the fundamental amplitude A,,, rescaled by d; / M;m), where M}m) is the final mass
of the remnant expressed in meters.

binary system considering only the (¢, m) = (2,2) mode, non-precessing, and analyzed in the
frequency domain, the GW strain can be expressed as h = sz(é)h+(7t)ei¢22(7“) where H,, is
an amplitude factor that encodes the sky position, polarization angle, and distance, h+(i) is
the plus polarization component, ¢,, is the phase, and A represents the intrinsic parameters
of the system [120]. Therefore, it follows that the product f o< p - 0;; is independent of the
system’s sky position, implying that both p4., and p, are also independent of ®.

References

[1] O. Dreyer, B. Kelly, B. Krishnan, L. S. Finn, D. Garrison and R. Lopez-Aleman, Black-
hole spectroscopy: Testing general relativity through gravitational-wave observations,
Class. Quantum Gravity 21, 787 (2004), doi:10.1088/0264-9381/21/4/003 [preprint
doi:10.48550/arXiv.gr-qc/0309007].

[2] S. Detweiler, Black holes and gravitational waves. III - The resonant frequencies of rotating
holes, Astrophys. J. 239, 292 (1980), doi:10.1086/158109.

[3] E. Berti, V. Cardoso and C. M. Will, Gravitational-wave spectroscopy of massive
black holes with the space interferometer LISA, Phys. Rev. D 73, 064030 (2006),
doi:10.1103/PhysRevD.73.064030 [preprint doi:10.48550/arXiv.gr-qc/0512160].

[4] S. Gossan, J. Veitch and B. S. Sathyaprakash, Bayesian model selection for testing
the no-hair theorem with black hole ringdowns, Phys. Rev. D 85, 124056 (2012),
doi:10.1103/PhysRevD.85.124056 [preprint doi:10.48550/arXiv.1111.5819].

15


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1088/0264-9381/21/4/003
https://doi.org/10.48550/arXiv.gr-qc/0309007
https://doi.org/10.1086/158109
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.48550/arXiv.gr-qc/0512160
https://doi.org/10.1103/PhysRevD.85.124056
https://doi.org/10.48550/arXiv.1111.5819

e SciPost Phys. 20, 025 (2026)

[5] LIGO collaboration: R. Abbott et al., Tests of general relativity with GWTC-3,
Phys. Rev. D 112, 084080 (2025), doi:10.1103/PhysRevD.112.084080 [preprint
doi:10.48550/arXiv.2112.06861].

[6] E.Berti et al., Testing general relativity with present and future astrophysical observations,
Class. Quantum Gravity 32, 243001 (2015), doi:10.1088/0264-9381/32/24/243001
[preprint doi:10.48550/arXiv.1501.07274].

[7] E. Berti, K. Yagi, H. Yang and N. Yunes, Extreme gravity tests with gravitational waves
from compact binary coalescences: (II) ringdown, Gen. Relativ. Gravit. 50, 49 (2018),
doi:10.1007/s10714-018-2372-6 [preprint doi:10.48550/arXiv.1801.03587].

[8] M. Colleoni, N. V. Krishnendu, P Mourier, S. Bera and X. Jiménez-Forteza, Testing gravity
with binary black hole gravitational waves, in Recent progress on gravity tests, Springer,
Singapore, ISBN 9789819728701 (2024), doi:10.1007/978-981-97-2871-8 7.

[9] V. Cardoso and P Pani, Testing the nature of dark compact objects: A status re-
port, Living Rev. Relativ. 22, 4 (2019), doi:10.1007/s41114-019-0020-4 [preprint
doi:10.48550/arXiv.1904.05363].

[10] C. V. Vishveshwara, Scattering of gravitational radiation by a Schwargschild black-hole,
Nature 227, 936 (1970), doi:10.1038/227936a0.

[11] K. D. Kokkotas and B. G. Schmidt, Quasi-normal modes of stars and black holes, Liv-
ing Rev. Relativ. 2, 2 (1999), doi:10.12942/1rr-1999-2 [ preprint doi:10.48550/arXiv.gr-
qc/9909058].

[12] E. Berti, V. Cardoso and A. O. Starinets, Quasinormal modes of black holes and
black branes, Class. Quantum Gravity 26, 163001 (2009), doi:10.1088/0264-
9381/26/16/163001 [preprint doi:10.48550/arXiv.0905.2975].

[13] R. A. Konoplya and A. Zhidenko, Quasinormal modes of black holes: From astrophysics
to string theory, Rev. Mod. Phys. 83, 793 (2011), doi:10.1103/RevModPhys.83.793
[preprint doi:10.48550/arXiv.1102.4014].

[14] E. W. Leaver, Spectral decomposition of the perturbation response of the Schwarzschild
geometry, Phys. Rev. D 34, 384 (1986), doi:10.1103/PhysRevD.34.384.

[15] M. Isi, M. Giesler, W. M. Farr, M. A. Scheel and S. A. Teukolsky, Testing
the no-hair theorem with GW150914, Phys. Rev. Lett. 123, 111102 (2019),
doi:10.1103/PhysRevLett.123.111102 [preprint doi:10.48550/arXiv.1905.00869].

[16] N. Franchini and S. H. Volkel, Testing general relativity with black hole quasi-normal
modes, in Recent progress on gravity tests, Springer, Singapore, ISBN 9789819728701
(2024), doi:10.1007/978-981-97-2871-8 9.

[17] E. Maggio, L. Buoninfante, A. Mazumdar and P Pani, How does a dark compact ob-
ject ringdown?, Phys. Rev. D 102, 064053 (2020), doi:10.1103/PhysRevD.102.064053
[preprint doi:10.48550/arXiv.2006.14628].

[18] E. Maggio, P Pani and G. Raposo, Testing the nature of dark compact objects with
gravitational waves, in Handbook of gravitational wave astronomy, Springer, Singa-
pore, ISBN 9789811547027 (2021), doi:10.1007/978-981-15-4702-7 29-1 [preprint
doi:10.48550/arXiv.2105.06410].

16


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1103/PhysRevD.112.084080
https://doi.org/10.48550/arXiv.2112.06861
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.48550/arXiv.1501.07274
https://doi.org/10.1007/s10714-018-2372-6
https://doi.org/10.48550/arXiv.1801.03587
https://doi.org/10.1007/978-981-97-2871-8_7
https://doi.org/10.1007/s41114-019-0020-4
https://doi.org/10.48550/arXiv.1904.05363
https://doi.org/10.1038/227936a0
https://doi.org/10.12942/lrr-1999-2
https://doi.org/10.48550/arXiv.gr-qc/9909058
https://doi.org/10.48550/arXiv.gr-qc/9909058
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.48550/arXiv.0905.2975
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.48550/arXiv.1102.4014
https://doi.org/10.1103/PhysRevD.34.384
https://doi.org/10.1103/PhysRevLett.123.111102
https://doi.org/10.48550/arXiv.1905.00869
https://doi.org/10.1007/978-981-97-2871-8_9
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.48550/arXiv.2006.14628
https://doi.org/10.1007/978-981-15-4702-7_29-1
https://doi.org/10.48550/arXiv.2105.06410

e SciPost Phys. 20, 025 (2026)

[19] E. Maggio, Probing the horizon of black holes with gravitational waves, in Modified
and quantum gravity, Springer, Cham, Switzerland, ISBN 9783031315190 (2023),
doi:10.1007/978-3-031-31520-6_9 [preprint doi:10.48550/arXiv.2310.07368].

[20] D. Lovelock, The Einstein tensor and its generalizations, J. Math. Phys. 12, 498 (1971),
doi:10.1063/1.1665613.

[21] D. Lovelock, The four-dimensionality of space and the Einstein tensor, J. Math. Phys. 13,
874 (1972), doi:10.1063/1.1666069.

[22] T. P Sotiriou, Gravity and scalar fields, in Modifications of Einstein’s theory of grav-
ity at large distances, Springer, Cham, Switzerland, ISBN 9783319100692 (2014),
doi:10.1007/978-3-319-10070-8 1 [preprint doi:10.48550/arXiv.1404.2955].

[23] G. W. Horndeski, Second-order scalar-tensor field equations in a four-dimensional space,
Int. J. Theor. Phys. 10, 363 (1974), doi:10.1007/BF01807638.

[24] L. Heisenberg, Generalization of the Proca action, J. Cosmol. Astropart.
Phys. 015  (2014), doi:10.1088/1475-7516/2014/05/015  [preprint
d0i:10.48550/arXiv.1402.7026].

[25] P Kanti, N. E. Mavromatos, J. Rizos, K. Tamvakis and E. Winstanley, Dilatonic
black holes in higher curvature string gravity, Phys. Rev. D 54, 5049 (1996),
doi:10.1103/PhysRevD.54.5049 [preprint doi:10.48550/arXiv.hep-th/9511071].

[26] S. Alexander and N. Yunes, Chern-Simons modified general relativity,
Phys. Rep. 480, 1 (2009), doi:10.1016/j.physrep.2009.07.002 [preprint
doi:10.48550/arXiv.0907.2562].

[27] S. Endlich, V. Gorbenko, J. Huang and L. Senatore, An effective formalism for testing
extensions to general relativity with gravitational waves, J. High Energy Phys. 09, 122
(2017), doi:10.1007/JHEP09(2017)122 [preprint doi:10.48550/arXiv.1704.01590].

[28] T. Jacobson and D. Mattingly, Gravity with a dynamical preferred frame, Phys. Rev. D 64,
024028 (2001), doi:10.1103/PhysRevD.64.024028 [preprint doi:10.48550/arXiv.gr-
qc/0007031].

[29] P Horava, Quantum gravity at a Lifshitz point, Phys. Rev. D 79, 084008 (2009),
doi:10.1103/PhysRevD.79.084008 [preprint doi:10.48550/arXiv.0901.3775].

[30] C. de Rham, G. Gabadadze and A. J. Tolley, Resummation of massive gravity,
Phys. Rev. Lett. 106, 231101 (2011), doi:10.1103/PhysRevLett.106.231101 [preprint
d0i:10.48550/arXiv.1011.1232].

[31] S. E Hassan and R. A. Rosen, Bimetric gravity from ghost-free massive gravity,
J. High Energy Phys. 02, 126 (2012), doi:10.1007/JHEP02(2012)126 [preprint
doi:10.48550/arXiv.1109.3515].

[32] C. Molina, P Pani, V. Cardoso and L. Gualtieri, Gravitational signature of Schwarzschild
black holes in dynamical Chern-Simons gravity, Phys. Rev. D 81, 124021 (2010),
doi:10.1103/PhysRevD.81.124021 [preprint doi:10.48550/arXiv.1004.4007].

[33] P Pani, Advanced methods in black-hole perturbation theory, Int. J. Mod.
Phys. A 28, 1340018 (2013), do0i:10.1142/S0217751X13400186 [preprint
d0i:10.48550/arXiv.1305.6759].

17


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1007/978-3-031-31520-6_9
https://doi.org/10.48550/arXiv.2310.07368
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1666069
https://doi.org/10.1007/978-3-319-10070-8_1
https://doi.org/10.48550/arXiv.1404.2955
https://doi.org/10.1007/BF01807638
https://doi.org/10.1088/1475-7516/2014/05/015
https://doi.org/10.48550/arXiv.1402.7026
https://doi.org/10.1103/PhysRevD.54.5049
https://doi.org/10.48550/arXiv.hep-th/9511071
https://doi.org/10.1016/j.physrep.2009.07.002
https://doi.org/10.48550/arXiv.0907.2562
https://doi.org/10.1007/JHEP09(2017)122
https://doi.org/10.48550/arXiv.1704.01590
https://doi.org/10.1103/PhysRevD.64.024028
https://doi.org/10.48550/arXiv.gr-qc/0007031
https://doi.org/10.48550/arXiv.gr-qc/0007031
https://doi.org/10.1103/PhysRevD.79.084008
https://doi.org/10.48550/arXiv.0901.3775
https://doi.org/10.1103/PhysRevLett.106.231101
https://doi.org/10.48550/arXiv.1011.1232
https://doi.org/10.1007/JHEP02(2012)126
https://doi.org/10.48550/arXiv.1109.3515
https://doi.org/10.1103/PhysRevD.81.124021
https://doi.org/10.48550/arXiv.1004.4007
https://doi.org/10.1142/S0217751X13400186
https://doi.org/10.48550/arXiv.1305.6759

e SciPost Phys. 20, 025 (2026)

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

V. Cardoso, W.-D. Guo, C. E B. Macedo and P, Pani, The tune of the Universe: The role
of plasma in tests of strong-field gravity, Mon. Not. R. Astron. Soc. 503, 563 (2021),
doi:10.1093/mnras/stab404 [preprint doi:10.48550/arXiv.2009.07287].

G. D’Addario, A. Padilla, P M. Saffin, T. P Sotiriou and A. Spiers, Ringdowns for
black holes with scalar hair: The large mass case, Phys. Rev. D 109, 084046 (2024),
doi:10.1103/PhysRevD.109.084046 [preprint doi:10.48550/arXiv.2311.17666].

S. Ma, L. Sun and Y. Chen, Black hole spectroscopy by mode cleaning, Phys.
Rev. Lett. 130, 141401 (2023), doi:10.1103/PhysRevLett.130.141401 [preprint
doi:10.48550/arXiv.2301.06705].

S. Ma et al., Quasinormal-mode filters: A new approach to analyze the gravitational-
wave ringdown of binary black-hole mergers, Phys. Rev. D 106, 084036 (2022),
doi:10.1103/PhysRevD.106.084036 [preprint doi:10.48550/arXiv.2207.10870].

A. Maselli, P Pani, L. Gualtieri and E. Berti, Parametrized ringdown spin expan-
sion coefficients: A data-analysis framework for black-hole spectroscopy with multiple
events, Phys. Rev. D 101, 024043 (2020), doi:10.1103/PhysRevD.101.024043 [preprint
doi:10.48550/arXiv.1910.12893].

G. Carullo, Enhancing modified gravity detection from gravitational-wave obser-
vations using the parametrized ringdown spin expansion coeffcients formalism,
Phys. Rev. D 103, 124043 (2021), doi:10.1103/PhysRevD.103.124043 [preprint
doi:10.48550/arXiv.2102.05939].

A. Maselli, S.Yi, L. Pierini, V. Vellucci, L. Reali, L. Gualtieri and E. Berti, Black hole spec-
troscopy beyond Kerr: Agnostic and theory-based tests with next-generation interferome-
ters, Phys. Rev. D 109, 064060 (2024), doi:10.1103/PhysRevD.109.064060 [preprint
d0i:10.48550/arXiv.2311.14803].

P Pani and V. Cardoso, Are black holes in alternative theories serious astrophysical candi-
dates? The case for Einstein-dilaton-Gauss-Bonnet black holes, Phys. Rev. D 79, 084031
(2009), doi:10.1103/PhysRevD.79.084031 [preprint doi:10.48550/arXiv.0902.1569].

V. Cardoso and L. Gualtieri, Perturbations of Schwargschild black holes in dy-
namical Chern-Simons modified gravity, Phys. Rev. D 80, 064008 (2009),
doi:10.1103/PhysRevD.80.064008 [preprint doi:10.48550/arXiv.0907.5008].

P Pani, E. Berti and L. Gualtieri, Gravitoelectromagnetic perturbations of Kerr-
Newman black holes: Stability and isospectrality in the slow-rotation limit, Phys.
Rev. Lett. 110, 241103 (2013), doi:10.1103/PhysRevLett.110.241103 [preprint
d0i:10.48550/arXiv.1304.1160].

P Pani, E. Berti and L. Gualtieri, Scalar, electromagnetic, and gravitational perturbations
of Kerr-Newman black holes in the slow-rotation limit, Phys. Rev. D 88, 064048 (2013),
doi:10.1103/PhysRevD.88.064048 [preprint doi:10.48550/arXiv.1307.7315].

L. Pierini and L. Gualtieri, Quasinormal modes of rotating black holes in Einstein-dilaton
Gauss-Bonnet gravity: The first order in rotation, Phys. Rev. D 103, 124017 (2021),
doi:10.1103/PhysRevD.103.124017 [preprint doi:10.48550/arXiv.2103.09870].

P Wagle, N. Yunes and H. O. Silva, Quasinormal modes of slowly-rotating black
holes in dynamical Chern-Simons gravity, Phys. Rev. D 105, 124003 (2022),
doi:10.1103/PhysRevD.105.124003 [preprint doi:10.48550/arXiv.2103.09913].

18


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1093/mnras/stab404
https://doi.org/10.48550/arXiv.2009.07287
https://doi.org/10.1103/PhysRevD.109.084046
https://doi.org/10.48550/arXiv.2311.17666
https://doi.org/10.1103/PhysRevLett.130.141401
https://doi.org/10.48550/arXiv.2301.06705
https://doi.org/10.1103/PhysRevD.106.084036
https://doi.org/10.48550/arXiv.2207.10870
https://doi.org/10.1103/PhysRevD.101.024043
https://doi.org/10.48550/arXiv.1910.12893
https://doi.org/10.1103/PhysRevD.103.124043
https://doi.org/10.48550/arXiv.2102.05939
https://doi.org/10.1103/PhysRevD.109.064060
https://doi.org/10.48550/arXiv.2311.14803
https://doi.org/10.1103/PhysRevD.79.084031
https://doi.org/10.48550/arXiv.0902.1569
https://doi.org/10.1103/PhysRevD.80.064008
https://doi.org/10.48550/arXiv.0907.5008
https://doi.org/10.1103/PhysRevLett.110.241103
https://doi.org/10.48550/arXiv.1304.1160
https://doi.org/10.1103/PhysRevD.88.064048
https://doi.org/10.48550/arXiv.1307.7315
https://doi.org/10.1103/PhysRevD.103.124017
https://doi.org/10.48550/arXiv.2103.09870
https://doi.org/10.1103/PhysRevD.105.124003
https://doi.org/10.48550/arXiv.2103.09913

e SciPost Phys. 20, 025 (2026)

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[60]

P A. Cano, K. Fransen, T. Hertog and S. Maenaut, Gravitational ringing of ro-
tating black holes in higher-derivative gravity, Phys. Rev. D 105, 024064 (2022),
doi:10.1103/PhysRevD.105.024064 [preprint doi:10.48550/arXiv.2110.11378].

L. Pierini and L. Gualtieri, Quasinormal modes of rotating black holes in Einstein-dilaton
Gauss-Bonnet gravity: The second order in rotation, Phys. Rev. D 106, 104009 (2022),
doi:10.1103/PhysRevD.106.104009 [preprint doi:10.48550/arXiv.2207.11267].

P A. Cano, K. Fransen, T Hertog and S. Maenaut, Quasinormal modes of ro-
tating black holes in higher-derivative gravity, Phys. Rev. D 108, 124032 (2023),
doi:10.1103/PhysRevD.108.124032 [preprint doi:10.48550/arXiv.2307.07431].

P Wagle, D. Li, Y. Chen and N. Yunes, Perturbations of spinning black holes in dynam-
ical Chern-Simons gravity: Slow rotation equations, Phys. Rev. D 109, 104029 (2024),
doi:10.1103/PhysRevD.109.104029 [preprint doi:10.48550/arXiv.2311.07706].

O. J. C. Dias, M. Godazgar and J. E. Santos, Linear mode stability of the Kerr-
Newman black hole and its quasinormal modes, Phys. Rev. Lett. 114, 151101 (2015),
d0i:10.1103/PhysRevLett.114.151101 [preprint doi:10.48550/arXiv.1501.04625].

A. K.-W. Chung, P Wagle and N. Yunes, Spectral method for the gravitational perturba-
tions of black holes: Schwarzschild background case, Phys. Rev. D 107, 124032 (2023),
doi:10.1103/PhysRevD.107.124032 [preprint doi:10.48550/arXiv.2302.11624].

A. K.-W. Chung, P Wagle and N. Yunes, Spectral method for metric perturbations of black
holes: Kerr background case in general relativity, Phys. Rev. D 109, 044072 (2024),
doi:10.1103/PhysRevD.109.044072 [preprint doi:10.48550/arXiv.2312.08435].

J. L. Blazquez-Salcedo, E S. Khoo, J. Kunz and L. M. Gonzalez-Romero, Quasinor-
mal modes of Kerr black holes using a spectral decomposition of the metric perturba-
tions, Phys. Rev. D 109, 064028 (2024), doi:10.1103/PhysRevD.109.064028 [preprint
doi:10.48550/arXiv.2312.10754].

A. K.-W. Chung and N. Yunes, Ringing out general relativity: Quasinormal mode frequen-
cies for black holes of any spin in modified gravity, Phys. Rev. Lett. 133, 181401 (2024),
doi:10.1103/PhysRevLett.133.181401 [preprint doi:10.48550/arXiv.2405.12280].

A. K.-W. Chung and N. Yunes, Quasinormal mode frequencies and gravitational per-
turbations of black holes with any subextremal spin in modified gravity through
METRICS: The scalar-Gauss-Bonnet gravity case, Phys. Rev. D 110, 064019 (2024),
doi:10.1103/PhysRevD.110.064019 [preprint doi:10.48550/arXiv.2406.11986].

J. L. Blazquez-Salcedo, C. E B. Macedo, V. Cardoso, V. Ferrari, L. Gualtieri, E S. Khoo, J.
Kunz and P Pani, Perturbed black holes in Einstein-dilaton-Gauss-Bonnet gravity: Sta-
bility, ringdown, and gravitational-wave emission, Phys. Rev. D 94, 104024 (2016),
doi:10.1103/PhysRevD.94.104024 [preprint doi:10.48550/arXiv.1609.01286].

E. Berti, Ringdown, https://pages.jh.edu/eberti2 /ringdown/.

grit: gravitation in técnico — Ringdown data, https://centra.tecnico.ulisboa.pt/network/
grit/files/ringdown/.

H. Takeda, A. Nishizawa, Y. Michimura, K. Nagano, K. Komori, M. Ando and
K. Hayama, Polarization test of gravitational waves from compact binary coales-
cences, Phys. Rev. D 98, 022008 (2018), doi:10.1103/PhysRevD.98.022008 [preprint
doi:10.48550/arXiv.1806.02182].

19


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1103/PhysRevD.105.024064
https://doi.org/10.48550/arXiv.2110.11378
https://doi.org/10.1103/PhysRevD.106.104009
https://doi.org/10.48550/arXiv.2207.11267
https://doi.org/10.1103/PhysRevD.108.124032
https://doi.org/10.48550/arXiv.2307.07431
https://doi.org/10.1103/PhysRevD.109.104029
https://doi.org/10.48550/arXiv.2311.07706
https://doi.org/10.1103/PhysRevLett.114.151101
https://doi.org/10.48550/arXiv.1501.04625
https://doi.org/10.1103/PhysRevD.107.124032
https://doi.org/10.48550/arXiv.2302.11624
https://doi.org/10.1103/PhysRevD.109.044072
https://doi.org/10.48550/arXiv.2312.08435
https://doi.org/10.1103/PhysRevD.109.064028
https://doi.org/10.48550/arXiv.2312.10754
https://doi.org/10.1103/PhysRevLett.133.181401
https://doi.org/10.48550/arXiv.2405.12280
https://doi.org/10.1103/PhysRevD.110.064019
https://doi.org/10.48550/arXiv.2406.11986
https://doi.org/10.1103/PhysRevD.94.104024
https://doi.org/10.48550/arXiv.1609.01286
https://pages.jh.edu/eberti2/ringdown/
https://centra.tecnico.ulisboa.pt/network/grit/files/ringdown/
https://centra.tecnico.ulisboa.pt/network/grit/files/ringdown/
https://doi.org/10.1103/PhysRevD.98.022008
https://doi.org/10.48550/arXiv.1806.02182

e SciPost Phys. 20, 025 (2026)

[61] H. Takeda, A. Nishizawa, K. Nagano, Y. Michimura, K. Komori, M. Ando and
K. Hayama, Prospects for gravitational-wave polarization tests from compact binary
mergers with future ground-based detectors, Phys. Rev. D 100, 042001 (2019),
doi:10.1103/PhysRevD.100.042001 [preprint doi:10.48550/arXiv.1904.09989].

[62] M. Isi and A. J. Weinstein, Probing gravitational wave polarizations with signals from
compact binary coalescences, (arXiv preprint) doi:10.48550/arXiv.1710.03794.

[63] R. Brito, A. Buonanno and V. Raymond, Black-hole spectroscopy by making
full use of gravitational-wave modeling, Phys. Rev. D 98, 084038 (2018),
doi:10.1103/PhysRevD.98.084038 [preprint doi:10.48550/arXiv.1805.00293].

[64] G. Carullo, W. Del Pozzo and J. Veitch, Observational black hole spectroscopy: A
time-domain multimode analysis of GW150914, Phys. Rev. D 99, 123029 (2019),
doi:10.1103/PhysRevD.99.123029 [preprint doi:10.48550/arXiv.1902.07527].

[65] X.J. Forteza, S. Bhagwat, S. Kumar and P Pani, Novel ringdown amplitude-phase consis-
tency test, Phys. Rev. Lett. 130, 021001 (2023), doi:10.1103/PhysRevLett.130.021001
[preprint doi:10.48550/arXiv.2205.14910].

[66] V. Baibhav, M. H.-Y. Cheung, E. Berti, V. Cardoso, G. Carullo, R. Cotesta, W. Del
Pozzo and E Duque, Agnostic black hole spectroscopy: Quasinormal mode content
of numerical relativity waveforms and limits of validity of linear perturbation the-
ory, Phys. Rev. D 108, 104020 (2023), doi:10.1103/PhysRevD.108.104020 [preprint
doi:10.48550/arXiv.2302.03050].

[67] C.D. Capano, M. Cabero, J. Westerweck, J. Abedi, S. Kastha, A. H. Nitz, Y.-E Wang, A. B.
Nielsen and B. Krishnan, Multimode quasinormal spectrum from a perturbed black hole,
Phys. Rev. Lett. 131, 221402 (2023), doi:10.1103/PhysRevLett.131.221402 [preprint
doi:10.48550/arXiv.2105.05238].

[68] A. Correia, Y.-E Wang, J. Westerweck and C. D. Capano, Low evidence for ringdown
overtone in GW150914 when marginalizing over time and sky location uncertainty,
Phys. Rev. D 110, L041501 (2024), doi:10.1103/PhysRevD.110.L041501 [preprint
doi:10.48550/arXiv.2312.14118].

[69] A. Correia and C. D. Capano, Sky marginalization in black hole spec-
troscopy and tests of the area theorem, Phys. Rev. D 110, 044018 (2024),
doi:10.1103/PhysRevD.110.044018 [preprint doi:10.48550/arXiv.2312.15146].

[70] E. Finch and C. J. Moore, Searching for a ringdown overtone in GW150914,
Phys. Rev. D 106, 043005 (2022), doi:10.1103/PhysRevD.106.043005 [preprint
doi:10.48550/arXiv.2205.07809].

[71] C. M. Biwer, C. D. Capano, S. De, M. Cabero, D. A. Brown, A. H. Nitz and V. Ray-
mond, PyCBC inference: A Python-based parameter estimation toolkit for compact binary
coalescence signals, Publ. Astron. Soc. Pac. 131, 024503 (2019), do0i:10.1088/1538-
3873 /aaefOb [preprint doi:10.48550/arXiv.1807.10312].

[72] LIGO collaboration and Virgo collaboration: B. P Abbott et al., Observation of gravi-
tational waves from a binary black hole merger, Phys. Rev. Lett. 116, 061102 (2016),
doi:10.1103/PhysRevLett.116.061102 [preprint doi:10.48550/arXiv.1602.03837].

[73] M. Giesler, M. Isi, M. A. Scheel and S. A. Teukolsky, Black hole ringdown: The importance
of overtones, Phys. Rev. X 9, 041060 (2019), doi:10.1103 /PhysRevX.9.041060 [ preprint
doi:10.48550/arXiv.1903.08284].

20


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1103/PhysRevD.100.042001
https://doi.org/10.48550/arXiv.1904.09989
https://doi.org/10.48550/arXiv.1710.03794
https://doi.org/10.1103/PhysRevD.98.084038
https://doi.org/10.48550/arXiv.1805.00293
https://doi.org/10.1103/PhysRevD.99.123029
https://doi.org/10.48550/arXiv.1902.07527
https://doi.org/10.1103/PhysRevLett.130.021001
https://doi.org/10.48550/arXiv.2205.14910
https://doi.org/10.1103/PhysRevD.108.104020
https://doi.org/10.48550/arXiv.2302.03050
https://doi.org/10.1103/PhysRevLett.131.221402
https://doi.org/10.48550/arXiv.2105.05238
https://doi.org/10.1103/PhysRevD.110.L041501
https://doi.org/10.48550/arXiv.2312.14118
https://doi.org/10.1103/PhysRevD.110.044018
https://doi.org/10.48550/arXiv.2312.15146
https://doi.org/10.1103/PhysRevD.106.043005
https://doi.org/10.48550/arXiv.2205.07809
https://doi.org/10.1088/1538-3873/aaef0b
https://doi.org/10.1088/1538-3873/aaef0b
https://doi.org/10.48550/arXiv.1807.10312
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.48550/arXiv.1602.03837
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.48550/arXiv.1903.08284

e SciPost Phys. 20, 025 (2026)

[74] 1. Ota and C. Chirenti, Overtones or higher harmonics? Prospects for testing the no-
hair theorem with gravitational wave detections, Phys. Rev. D 101, 104005 (2020),
doi:10.1103/PhysRevD.101.104005 [preprint doi:10.48550/arXiv.1911.00440].

[75] S. Bhagwat, X. J. Forteza, P Pani and V. Ferrari, Ringdown overtones, black
hole spectroscopy, and no-hair theorem tests, Phys. Rev. D 101, 044033 (2020),
doi:10.1103/PhysRevD.101.044033 [preprint doi:10.48550/arXiv.1910.08708].

[76] J. Calderén Bustillo, P D. Lasky and E. Thrane, Black-hole spectroscopy, the no-hair
theorem, and GW150914: Kerr versus Occam, Phys. Rev. D 103, 024041 (2021),
doi:10.1103/PhysRevD.103.024041 [preprint doi:10.48550/arXiv.2010.01857].

[77] R. Cotesta, G. Carullo, E. Berti and V. Cardoso, Analysis of ring-
down overtones in GWI150914, Phys. Rev. Lett. 129, 111102 (2022),
doi:10.1103/PhysRevLett.129.111102 [preprint doi:10.48550/arXiv.2201.00822].

[78] M. Isi and W. M. Farr, Revisiting the ringdown of GWI150914, (arXiv preprint)
d0i:10.48550/arXiv.2202.02941.

[79] G. Carullo, R. Cotesta, E. Berti and V. Cardoso, Reply to comment on ”“Analy-
sis of ringdown overtones in GW150914”, Phys. Rev. Lett. 131, 169002 (2023),
doi:10.1103/PhysRevLett.131.169002 [preprint doi:10.48550/arXiv.2310.20625].

[80] S. Ma, L. Sun and Y. Chen, Using rational filters to uncover the first ringdown overtone
in GW150914, Phys. Rev. D 107, 084010 (2023), doi:10.1103/PhysRevD.107.084010
[preprint doi:10.48550/arXiv.2301.06639].

[81] LIGO collaboration et al., GW190521: A binary black hole merger with a total mass of
150M, Phys. Rev. Lett. 125, 101102 (2020), doi:10.1103/PhysRevLett.125.101102
[preprint doi:10.48550/arXiv.2009.01075].

[82] H. Siegel, M. Isi and W. M. Farr, Ringdown of GW190521: Hints of multiple quasi-
normal modes with a precessional interpretation, Phys. Rev. D 108, 064008 (2023),
doi:10.1103/PhysRevD.108.064008 [preprint doi:10.48550/arXiv.2307.11975].

[83] E. Maggio, H. O. Silva, A. Buonanno and A. Ghosh, Tests of general relativity in
the nonlinear regime: A parametrized plunge-merger-ringdown gravitational waveform
model, Phys. Rev. D 108, 024043 (2023), d0i:10.1103/PhysRevD.108.024043 [ preprint
doi:10.48550/arXiv.2212.09655].

[84] A. Gupta et al., Possible causes of false general relativity violations in
gravitational wave observations, SciPost Phys. Comm. Rep. 5 (2025),
doi:10.21468/SciPostPhysCommRep.5 [preprint doi:10.48550/arXiv.2405.02197].

[85] A. H. Nitz, S. Kumar, Y.-E Wang, S. Kastha, S. Wu, M. Schéfer, R. Dhurkunde
and C. D. Capano, 4-OGC: Catalog of gravitational waves from compact binary
mergers, Astrophys. J. 946, 59 (2023), doi:10.3847/1538-4357/aca591 [preprint
d0i:10.48550/arXiv.2112.06878].

[86] S. A. Usman et al.,, The PyCBC search for gravitational waves from compact bi-
nary coalescence, Class. Quantum Gravity 33, 215004 (2016), doi:10.1088/0264-
9381/33/21/215004 [preprint doi:10.48550/arXiv.1508.02357].

21


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1103/PhysRevD.101.104005
https://doi.org/10.48550/arXiv.1911.00440
https://doi.org/10.1103/PhysRevD.101.044033
https://doi.org/10.48550/arXiv.1910.08708
https://doi.org/10.1103/PhysRevD.103.024041
https://doi.org/10.48550/arXiv.2010.01857
https://doi.org/10.1103/PhysRevLett.129.111102
https://doi.org/10.48550/arXiv.2201.00822
https://doi.org/10.48550/arXiv.2202.02941
https://doi.org/10.1103/PhysRevLett.131.169002
https://doi.org/10.48550/arXiv.2310.20625
https://doi.org/10.1103/PhysRevD.107.084010
https://doi.org/10.48550/arXiv.2301.06639
https://doi.org/10.1103/PhysRevLett.125.101102
https://doi.org/10.48550/arXiv.2009.01075
https://doi.org/10.1103/PhysRevD.108.064008
https://doi.org/10.48550/arXiv.2307.11975
https://doi.org/10.1103/PhysRevD.108.024043
https://doi.org/10.48550/arXiv.2212.09655
https://doi.org/10.21468/SciPostPhysCommRep.5
https://doi.org/10.48550/arXiv.2405.02197
https://doi.org/10.3847/1538-4357/aca591
https://doi.org/10.48550/arXiv.2112.06878
https://doi.org/10.1088/0264-9381/33/21/215004
https://doi.org/10.1088/0264-9381/33/21/215004
https://doi.org/10.48550/arXiv.1508.02357

e SciPost Phys. 20, 025 (2026)

[87] B. Zackay, T. Venumadhav, J. Roulet, L. Dai and M. Zaldarriaga, Detect-
ing gravitational waves in data with non-stationary and non-Gaussian noise,
Phys. Rev. D 104, 063034 (2021), doi:10.1103/PhysRevD.104.063034 [preprint
doi:10.48550/arXiv.1908.05644].

[88] X. Jiménez Forteza, S. Bhagwat, P Pani and V. Ferrari, Spectroscopy of binary black
hole ringdown using overtones and angular modes, Phys. Rev. D 102, 044053 (2020),
doi:10.1103/PhysRevD.102.044053 [preprint doi:10.48550/arXiv.2005.03260].

[89] H. Jeffreys, The theory of probability, Oxford University Press, Oxford, UK, ISBN
9780198503682 (1939).

[90] W. Del Pozzo, J. Veitch and A. Vecchio, Testing general relativity using Bayesian model
selection: Applications to observations of gravitational waves from compact binary sys-
tems, Phys. Rev. D 83, 082002 (2011), doi:10.1103/PhysRevD.83.082002 [preprint
d0i:10.48550/arXiv.1101.1391].

[91] M. Isi and W. M. Farr, Comment on ‘Analysis of ringdown overtones in GW150914”,
Phys. Rev. Lett. 131, 169001 (2023), doi:10.1103/PhysRevLett.131.169001 [preprint
doi:10.48550/arXiv.2310.13869].

[92] E. Payne, S. Hourihane, J. Golomb, R. Udall, D. Davis and K. Chatziioannou, Curi-
ous case of GW200129: Interplay between spin-precession inference and data-quality is-
sues, Phys. Rev. D 106, 104017 (2022), doi:10.1103/PhysRevD.106.104017 [preprint
d0i:10.48550/arXiv.2206.11932].

[93] M. Hannam et al., General-relativistic precession in a black-hole binary, Nature 610, 652
(2022), doi:10.1038/s41586-022-05212-z [ preprint doi:10.48550/arXiv.2112.11300].

[94] N. Gupte et al., Evidence for eccentricity in the population of binary black holes observed
by LIGO-Virgo-KAGRA, Phys. Rev. D 112, 104045 (2025), doi:10.1103/vpyp-nvfp.

[95] S. Bhagwat, C. Pacilio, E. Barausse and P Pani, Landscape of massive black-hole spec-
troscopy with LISA and the Einstein telescope, Phys. Rev. D 105, 124063 (2022),
doi:10.1103/PhysRevD.105.124063 [preprint doi:10.48550/arXiv.2201.00023].

[96] S. Bhagwat, C. Pacilio, P Pani and M. Mapelli, Landscape of stellar-mass
black-hole spectroscopy with third-generation gravitational-wave detectors, Phys.
Rev. D 108, 043019 (2023), doi:10.1103/PhysRevD.108.043019 [preprint
doi:10.48550/arXiv.2304.02283].

[97] N. Yunes, X. Siemens and K. Yagi, Gravitational-wave tests of general relativity with
ground-based detectors and pulsar-timing arrays, Living Rev. Relativ. 28, 3 (2025),
doi:10.1007/s41114-024-00054-9.

[98] V. Kalogera et al., The next generation global gravitational wave observatory: The science
book, (arXiv preprint) doi:10.48550/arXiv.2111.06990.

[99] D. Reitze et al., Cosmic explorer: The U.S. contribution to gravitational-wave astronomy
beyond LIGO, Bull. Am. Astron. Soc. 51, 035 (2019).

[100] M. Evans et al., A horizon study for cosmic explorer: Science, observatories, and commu-
nity, (arXiv preprint) doi:10.48550/arXiv.2109.09882.

[101] M. Evans et al., Cosmic explorer: A submission to the NSF MPSAC ngGW subcommittee,
(arXiv preprint) doi:10.48550/arXiv.2306.13745.

22


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1103/PhysRevD.104.063034
https://doi.org/10.48550/arXiv.1908.05644
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.48550/arXiv.2005.03260
https://doi.org/10.1103/PhysRevD.83.082002
https://doi.org/10.48550/arXiv.1101.1391
https://doi.org/10.1103/PhysRevLett.131.169001
https://doi.org/10.48550/arXiv.2310.13869
https://doi.org/10.1103/PhysRevD.106.104017
https://doi.org/10.48550/arXiv.2206.11932
https://doi.org/10.1038/s41586-022-05212-z
https://doi.org/10.48550/arXiv.2112.11300
https://doi.org/10.1103/vpyp-nvfp
https://doi.org/10.1103/PhysRevD.105.124063
https://doi.org/10.48550/arXiv.2201.00023
https://doi.org/10.1103/PhysRevD.108.043019
https://doi.org/10.48550/arXiv.2304.02283
https://doi.org/10.1007/s41114-024-00054-9
https://doi.org/10.48550/arXiv.2111.06990
https://doi.org/10.48550/arXiv.2109.09882
https://doi.org/10.48550/arXiv.2306.13745

e SciPost Phys. 20, 025 (2026)

[102] S. Hild et al., Sensitivity studies for third-generation gravitational wave observatories,
Class. Quantum Gravity 28, 094013 (2011), doi:10.1088/0264-9381/28/9/094013
[preprint doi:10.48550/arXiv.1012.0908].

[103] M. Maggiore et al., Science case for the Einstein telescope, J. Cosmol. As-
tropart. Phys. 050 (2020), doi:10.1088/1475-7516/2020/03/050 [preprint
doi:10.48550/arXiv.1912.02622].

[104] M. Branchesi et al., Science with the Einstein telescope: A comparison of different de-
signs, J. Cosmol. Astropart. Phys. 068 (2023), doi:10.1088/1475-7516/2023/07/068
[preprint doi:10.48550/arXiv.2303.15923].

[105] M. Colpi et al, LISA definition study report, (arXiv  preprint)
doi:10.48550/arXiv.2402.07571.

[106] E. Berti, A. Sesana, E. Barausse, V. Cardoso and K. Belczynski, Spectroscopy of Kerr black
holes with Earth- and space-based interferometers, Phys. Rev. Lett. 117, 101102 (2016),
doi:10.1103/PhysRevLett.117.101102 [preprint doi:10.48550/arXiv.1605.09286].

[107] LIGO collaboration, Virgo collaboration and KAGRA collaboration, Black hole
spectroscopy and tests of general relativity with GW250114, (arXiv preprint)
doi:10.48550/arXiv.2509.08099.

[108] LIGO scientific collaboration: A. G. Abac et al., GW250114: Testing Hawking’s
area law and the Kerr nature of black holes, Phys. Rev. Lett. 135, 111403 (2025),
doi:10.1103/kw5g-d732 [preprint doi:10.48550/arXiv.2509.08054].

[109] M. Okounkova, L. C. Stein, J. Moxon, M. A. Scheel and S. A. Teukolsky, Nu-
merical relativity simulation of GWI150914 beyond general relativity, Phys.
Rev. D 101, 104016 (2020), doi:10.1103/PhysRevD.101.104016 [preprint
d0i:10.48550/arXiv.1911.02588].

[110] M. Okounkova, Numerical relativity simulation of GW150914 in Einstein-dilaton-Gauss-
Bonnet gravity, Phys. Rev. D 102, 084046 (2020), doi:10.1103/PhysRevD.102.084046
[preprint doi:10.48550/arXiv.2001.03571].

[111] W. E. East and J. L. Ripley, Evolution of Einstein-scalar-Gauss-Bonnet grav-
ity using a modified harmonic formulation, Phys. Rev. D 103, 044040 (2021),
doi:10.1103/PhysRevD.103.044040 [preprint doi:10.48550/arXiv.2011.03547].

[112] W. E. East and J. L. Ripley, Dynamics of spontaneous black hole scalarization and
mergers in Einstein-scalar-Gauss-Bonnet gravity, Phys. Rev. Lett. 127, 101102 (2021),
doi:10.1103/PhysRevLett.127.101102 [preprint doi:10.48550/arXiv.2105.08571].

[113] P Figueras and T Franca, Black hole binaries in cubic Horndeski theories,
Phys. Rev. D 105, 124004 (2022), doi:10.1103/PhysRevD.105.124004 [preprint
doi:10.48550/arXiv.2112.15529].

[114] L. Aresté Salé, K. Clough and P Figueras, Well-posedness of the four-derivative
scalar-tensor theory of gravity in singularity avoiding coordinates, Phys. Rev.
Lett. 129, 261104 (2022), doi:10.1103/PhysRevLett.129.261104 [preprint
doi:10.48550/arXiv.2208.14470].

[115] M. Corman, J. L. Ripley and W. E. East, Nonlinear studies of binary black hole
mergers in Einstein-scalar-Gauss-Bonnet gravity, Phys. Rev. D 107, 024014 (2023),
doi:10.1103/PhysRevD.107.024014 [preprint doi:10.48550/arXiv.2210.09235].

23


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1088/0264-9381/28/9/094013
https://doi.org/10.48550/arXiv.1012.0908
https://doi.org/10.1088/1475-7516/2020/03/050
https://doi.org/10.48550/arXiv.1912.02622
https://doi.org/10.1088/1475-7516/2023/07/068
https://doi.org/10.48550/arXiv.2303.15923
https://doi.org/10.48550/arXiv.2402.07571
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.48550/arXiv.1605.09286
https://doi.org/10.48550/arXiv.2509.08099
https://doi.org/10.1103/kw5g-d732
https://doi.org/10.48550/arXiv.2509.08054
https://doi.org/10.1103/PhysRevD.101.104016
https://doi.org/10.48550/arXiv.1911.02588
https://doi.org/10.1103/PhysRevD.102.084046
https://doi.org/10.48550/arXiv.2001.03571
https://doi.org/10.1103/PhysRevD.103.044040
https://doi.org/10.48550/arXiv.2011.03547
https://doi.org/10.1103/PhysRevLett.127.101102
https://doi.org/10.48550/arXiv.2105.08571
https://doi.org/10.1103/PhysRevD.105.124004
https://doi.org/10.48550/arXiv.2112.15529
https://doi.org/10.1103/PhysRevLett.129.261104
https://doi.org/10.48550/arXiv.2208.14470
https://doi.org/10.1103/PhysRevD.107.024014
https://doi.org/10.48550/arXiv.2210.09235

e SciPost Phys. 20, 025 (2026)

[116]

[117]

[118]

[119]

[120]

R. Cayuso, P Figueras, T. Franca and L. Lehner, Self-consistent modeling of grav-
itational theories beyond general relativity, Phys. Rev. Lett. 131, 111403 (2023),
doi:10.1103/PhysRevLett.131.111403 [preprint doi:10.48550/arXiv.2303.07246].

N. Yunes and E Pretorius, Dynamical Chern-Simons modified gravity: Spinning
black holes in the slow-rotation approximation, Phys. Rev. D 79, 084043 (2009),
doi:10.1103/PhysRevD.79.084043 [preprint doi:10.48550/arXiv.0902.4669].

E Crescimbeni, X. Jimenez-Forteza and P Pani, Black hole ringdown amplitudescopy,
(arXiv preprint) doi:10.48550/arXiv.2510.11782.

X. Jiménez Forteza, S. Bhagwat, P Pani and V. Ferrari, Spectroscopy of binary black
hole ringdown using overtones and angular modes, Phys. Rev. D 102, 044053 (2020),
doi:10.1103/PhysRevD.102.044053 [preprint doi:10.48550/arXiv.2005.03260].

S. Babak et al.,, Searching for gravitational waves from binary coalescence,
Phys. Rev. D 87, 024033 (2013), doi:10.1103/PhysRevD.87.024033 [preprint
doi:10.48550/arXiv.1208.3491].

24


https://scipost.org
https://scipost.org/SciPostPhys.20.1.025
https://doi.org/10.1103/PhysRevLett.131.111403
https://doi.org/10.48550/arXiv.2303.07246
https://doi.org/10.1103/PhysRevD.79.084043
https://doi.org/10.48550/arXiv.0902.4669
https://doi.org/10.48550/arXiv.2510.11782
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.48550/arXiv.2005.03260
https://doi.org/10.1103/PhysRevD.87.024033
https://doi.org/10.48550/arXiv.1208.3491

	Introduction
	Searching for extra ringdown modes
	Bayesian analysis on real data
	Forecasts with future observations
	Discussion
	Appendix
	Explicit example: Dynamical Chern-Simons gravity
	The effect of precession on GW190521 and GW200129
	Supplemental results
	The detectability and resolvability criteria

	References

