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When two black holes merge, the late stage of gravitational wave emission is a superposition of
exponentially damped sinusoids. According to the black hole no-hair theorem, this ringdown spectrum
depends only on the mass and angular momentum of the final black hole. An observation of more than one
ringdown mode can test this fundamental prediction of general relativity. Here, we provide strong
observational evidence for a multimode black hole ringdown spectrum using the gravitational wave event
GW190521, with a maximum Bayes factor of 56� 1 (1σ uncertainty) preferring two fundamental modes
over one. The dominant mode is the l ¼ m ¼ 2 harmonic, and the subdominant mode corresponds to the
l ¼ m ¼ 3 harmonic. The amplitude of this mode relative to the dominant harmonic is estimated to be
A330=A220 ¼ 0.2þ0.2

−0.1 . We estimate the redshifted mass and dimensionless spin of the final black hole as

330þ30
−40M⊙ and 0.86þ0.06

−0.11 , respectively. We find that the final black hole is consistent with the no-hair
theorem and constrain the fractional deviation from general relativity of the subdominant mode’s frequency
to be −0.01þ0.08

−0.09 .
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Introduction.—A perturbed black hole approaches equi-
librium by emitting a spectrum of damped sinusoidal
gravitational-wave signals [1–3]. Unlike other astrophysi-
cal objects, the ringdown spectrum of a black hole is
remarkably simple. General relativity predicts that the
frequencies and damping times of the entire spectrum of
damped sinusoids, or “quasinormal modes,” are fully
determined by just two numbers: the black hole mass M
and angular momentum J, as described by the Kerr solution
[4]. This prediction, a consequence of the black hole “no-
hair theorem,” does not hold in many alternate theories [5].
If astrophysical black holes are observed to violate this
property, it indicates new physics beyond standard general
relativity.
In order to observationally test this prediction using

binary black hole mergers, an important observational

challenge must be met: at least two ringdown modes must
be observed [6]. The higher the binary mass ratio asym-
metry, the more likely it is that subdominant ringdown
modes are observable. However, more asymmetric binary
systems are less likely to be formed, and also lead to weaker
signals. Population studies suggested that such multimode
ringdown modes were unlikely to be observed until the next
generation of gravitational-wave observatories [7,8], since
black hole population models did not anticipate observa-
tions of massive, asymmetric binaries.
Here, we confound this expectation with the gravita-

tional-wave event GW190521, detected by the two LIGO
detectors and Virgo at 03:02:29 UTC on May 21, 2019
[9,10]. This is the heaviest confidently detected black hole
merger event observed to date [11,12]. The signal is
consistent with the merger of two high mass black holes
that merge at a low frequency relative to the detector
sensitivity band. As such, it has a barely observable
inspiral; the signal is dominated by the merger and ring-
down phase.
GW190521 was initially reported as the merger of two

comparable mass black holes [9,10]. If the spins are
aligned, one would not expect to detect subdominant
ringdown modes. However, there was significant posterior
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support for precession in GW190521. Furthermore, sub-
sequent reanalysis of the data found that the progenitor
masses could have been unequal [13,14]. Both of these
scenarios suggest the possibility of detectable subdominant
modes [15,16]. Here, we find strong evidence for multi-
mode damped sinusoids in the ringdown phase of the
gravitational wave event GW190521.
Multimode agnostic search.—A quasinormal mode

description of the gravitational wave from a binary black
hole is not expected to be valid until after the binary has
merged to form a perturbed black hole. On the flip side, the
damping time of an Oð100M⊙Þ black hole is Oð10 msÞ,
leaving a window of only a few tens of milliseconds after
merger in which the ringdown is detectable above noise.
Accurate identification of the merger time is therefore crucial
to extract quasinormal modes from the data. To account for
uncertainty in themerger time ofGW190521 due tomodeling
systematics, we perform a series of analyses in short time
increments starting at a geocentricGlobal Positioning System
reference time tref ¼ 1 242 442 967.445. This time is taken
from the maximum likelihood merger time obtained via the
analysis in Nitz and Capano [13].We also fix the sky location
to the maximum likelihood values from the same analysis.
The ringdown spectrum of a Kerr black hole consists of

an infinite set of frequencies flmn and damping times τlmn
labeled by three integers ðl; m; nÞ. Here, l and m are the
usual angular harmonic numbers. The third index n ≥ 0
denotes overtones, with n ¼ 0 being the fundamental
mode. The most agnostic way to search for quasinormal
modes from a perturbed black hole is to search for them

individually, without assuming any relation between them.
Such a search is complicated by the nature of quasinormal
modes: they are not orthogonal, meaning that modes that
overlap in time must be sufficiently separated in frequency
or damping time in order to be distinguishable. Simulations
of binary black hole mergers have shown that the funda-
mental l ¼ m ¼ 2 mode is typically significantly louder
than other modes. In order to extract subdominant modes
from noisy data in an agnostic search it is useful to separate
the dominant mode in frequency from the others.
A visual inspection of the time- and frequency-domain

data taken at the reference time revealed significant power in
the two LIGO detectors between 60 and 70 Hz (see the
Supplemental Material [17]). In order to isolate this and
search for subdominant modes we constructed three fre-
quency ranges: “rangeA,” 50–80Hz; “rangeB,” 80–256Hz,
and “range C,” 15–50 Hz. We search for one quasinormal
mode in each range using Bayesian inference. We use
uniform priors on the relative amplitudes of the modes in
range B and C between 0 and 0.9 times the mode in range A.
No other relation is assumed between the modes.
We repeat this analysis at time steps of tref þ 0, 6, 12, 18,

and 24 ms. As expected from the visual inspection of the
data, we find a significant mode in range A at all grid
points, which decreases in amplitude at later times. A clear
second mode is found in range B. This mode is most visible
at tref þ 6 ms, the result of which is shown in Fig. 1 (results
at other times are shown in the Supplemental Material). The
frequency of the secondary mode at this time is 98þ89

−7 Hz
with a damping time of 40þ50

−30 ms, while the primary mode

FIG. 1. Marginal posterior probability distributions on frequency and damping time from an agnostic quasinormal mode ana-
lysis of GW190521 at 6 ms after tref. A single mode is searched for in each of the shown frequency ranges, range A (50–80 Hz) and
range B (80–256 Hz). Top panels show the marginal posterior on the mode frequencies, with priors indicated by dotted lines. White
dotted (dashed) contours in the bottom panels show the 50th (90th) credible regions. Assuming the dominant mode in range A
corresponds to the (220) mode of a Kerr black hole, we estimate what the frequency and damping times would be of the (330), (440), and
(550) modes (blue, green, and red regions, respectively). The mode in range B is clearly consistent with the expected frequency and
damping time of the (330) mode. Here, we do not see the (440) and (550) modes, indicating they are weaker than the (330) mode. This is
consistent with an asymmetric binary black hole merger.
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has a frequency of 63þ2
−2 Hz and damping time 26þ8

−6 ms.
The signal-to-noise ratio (SNR) of the primary and
secondary modes of the maximum likelihood waveform
is 12.2 and 4.1, respectively. Results from range C (not
shown) are consistent with noise.
The dominantmode found at 63þ2

−2 Hz is expected to be the
quadrupolar l ¼ m ¼ 2; n ¼ 0 fundamental mode. Mea-
surement of f220 and τ220 provides an estimate of the mass
and angular momentum of the remnant black hole [30]. This
in turn predicts the entire ringdown spectrum of subdominant
modes. Figure 1 shows that the subdominant mode at
98þ89

−7 Hz is consistent with the l ¼ m ¼ 3; n ¼ 0 mode.
This is also in agreement with expectations from numerical
simulations of binary black hole mergers [15,31,32].
To quantify the agreement between the expected (330)

mode and the observed mode in range B, we multiply the
observed posterior in range B (color map in Fig. 1) with the
expected distribution using range A (indicated by the blue
contour in Fig. 1) and integrate [33]. This yields a statistic ζ
that is proportionate to the agreement between the expected
mode and the observed mode. Repeating on all the grid
points, we find that ζ obtains a maximum value of 1.27 at
tref þ 6 ms, consistent with our visual inspection. In
Ref. [33] we perform a large simulation campaign in the
data surrounding GW190521. Repeating the agnostic
analysis on these simulations, we find that the probability
of finding ζ ≥ 1.27 in noise is ∼0.004.
Consistency with the Kerr solution.—The search for

damped sinusoids in the previous section assumed no
particular relation between different modes, with a corre-
sponding large prior parameter volume. In this section, we
assume that the frequency and damping times of the
damped sinusoids are related as in the ringdown of a
Kerr black hole. This reduces the prior parameter volume
and focuses in on particular modes. The amplitudes and
phases of the modes are left as free parameters, since they
depend on the specific initial state of the remnant black hole
immediately after the merger.
For this analysis, we model the ringdown signal based on

the final Kerr black hole mass, Mf, and dimensionless
spin, χf ¼ Jf=M2

f. We expect only a subset of the entire
spectrum of quasinormal modes to be visible above noise.
Including all possible modes in our signal model can lead to
overfitting the data. For this reason we perform several
analyses, which include different combinations of the
(330), (440), (210), and (550) modes, in addition to the
dominant (220) mode. Numerical simulations of binary
black hole mergers have generally shown these modes to be
the strongest [32]. Giesler et al. [34] showed that including
overtones of the dominant harmonic allows a quasinormal
mode description of the signal to be used at earlier times,
close to merger. We therefore also perform analyses in
which we include the first overtone of the dominant
harmonic ðlmnÞ ¼ ð221Þ. We use a prior range on the
(330) amplitude of ½0; 0.5�A220, while for the (221) mode

we use ½0; 5�A220; prior ranges for the other modes can be
found in the data release accompanying this Letter. These
choices for the amplitude priors are sufficiently broad that
they comfortably include results from numerical simula-
tions [32,34]. Other prior choices are possible, e.g., a
broader amplitude prior was adopted in Ref. [35].
We repeat these analyses in 1 ms intervals between

tref þ ½−9 ms; 24 ms�. We use Bayes factors to determine
which model is most favored at each time step. For the
model that includes the fundamental dominant harmonic
(220) and its overtone (221), the Bayes factor is evaluated
against the model with only the (220) mode. For models
that include the (330) (or other subdominant modes), the
Bayes factor is evaluated against the stronger of the (220) or
(220) + (221) models.
The Bayes factors for the various multimode Kerr

models are shown in Fig. 2. Consistent with the agnostic
results, we find strong evidence for the presence of the
(330) mode, with the Bayes factor for the ð220Þ þ ð330Þ
model peaking at 56� 1 at tref þ 6 ms. The marginal
posterior on the (330) amplitude is peaked away from
zero at this time with a value of A330=A220 ¼ 0.2þ0.2

−0.1 ; see
Fig. 3. The maximum likelihood ringdown waveforms at
this time are shown in the Supplemental Material.
A Bayes factor of ∼50 should correspond to a false alarm

probability of 0.02. In Ref. [33] we validate this by
repeating the analysis on a large number of simulated
signals added to off-source data surrounding GW190521.
There, we find that the distribution of Bayes factors in noise

FIG. 2. Bayes factor of Kerr models that include the indicated
modes. The Bayes factor for the ð220Þ þ ð221Þ model is
calculated against the (220)-only model. For all other models,
the Bayes factors are calculated by comparing the evidence for
the model against the maximum of the (220)-only model and the
ð220Þ þ ð221Þ model. The hexagon marks the point with the
largest overall Bayes factor, which is for the ð220Þ þ ð330Þ
model. Quoted mass and spin estimates are taken at this point, as
well as the no-hair test described in the text.
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matches expectations; e.g., the probability of obtaining a
maximized Bayes factor as large as 56 from noise is ∼0.02.
Our quoted Bayes factor is therefore robust against back-
ground noise fluctuations.
As can be seen in Fig. 2, the model that includes the

(220), (330), and (210) modes is nearly as strong as the
model with just the (220) and (330) mode in it, and is
slightly favored at tref þ 18 ms, indicating some support
for the presence of the (210) mode in addition to the (330).
However, the ratio of evidences between the ð220Þ þ ð330Þ
and the ð220Þ þ ð330Þ þ ð210Þ models is order unity, i.e.,
the data is uninformative as to whether the (210) mode is
observable in addition to the (330). A model consisting of
just the (220) and (210) is disfavored at all times compared
to any involving the (330), as can be seen in Fig. 2. We
therefore only claim detection of the (330) mode, and make
no claim regarding the observability of the (210) mode.
Figure 4 shows the redshifted mass and the dimension-

less spin of the final black hole, measured with the ð220Þ þ
ð330ÞKerr model at 6 ms after tref. We find that the remnant
black hole has a redshifted mass ð1þ zÞMf ¼ 330þ30

−40M⊙

and dimensionless spin χf ¼ 0.86þ0.06
−0.11 .

If a quasinormal model without overtones is used too
close to merger, the resulting final mass estimate can be
biased toward larger values [3,34]. We find the final mass
estimate to be stable between 6 and 12 ms using the
ð220Þ þ ð330Þ model (see the Supplemental Material for
plot). This indicates that by this time the black hole has
reached a regime of constant ringdown frequency—a

requirement for the validity of linear-regime, quasinormal
modes.
Given the strong evidence for the presence of the (330)

mode at tref þ 6 ms, we can perform the classic no-hair
theorem test [6] (see also Ref. [36] for a reformulation in
terms of parametric deviations). Here, we keep the depend-
ence of f220 and τ220 on ðMf; χfÞ as in the Kerr solution but
introduce fractional deviations δf330 and δτ330 of f330 and
τ330, respectively. We find good agreement with general
relativity. Figure 4 shows the Kerr black hole massMf and
dimensionless spin χf associated to the (330) mode fre-
quency f330ð1þ δf330Þ and damping time τ330ð1þ δτ330Þ
measured at 6 ms after tref. Plots of the posterior distribu-
tions on the fractional deviations are provided in the
Supplemental Material. We constrain the fractional
deviation from Kerr to δf330 ¼ −0.01þ0.08

−0.09 . The damping
time is only weakly constrained, with δτ330 ¼ 0.6þ1.9

−1.2 .
Discussions and conclusions.—The redshifted final mass

of GW190521 measured by the LIGO and Virgo Collabo-
rations using a (220) ringdown fit was ð1þ zÞMf ¼
282.2þ50.0

−61.9M⊙, or 259.2þ36.6
−29.0M⊙ when analyzing the full

signal [11]. The low-mass-ratio part of the posterior of Nitz
and Capano [13] found ð1þ zÞMf ∼ 260M⊙ using the full
signal [37,38]. These results are somewhat in tension with
the final mass and spin inferred from the ringdown modes
found here.
However, the complete waveform models used in the

above analyses may not include all relevant physical

FIG. 3. Marginal posterior distribution of the amplitude ratio of
the (330) mode relative to the (220) mode, A330=A220. The gray
dotted line shows the prior, which was uniform in [0, 0.5).
Vertical dashed lines indicate the 90% credible interval. The
posterior distribution is obtained from the ð220Þ þ ð330Þ model
starting at tref þ 6 ms (red hexagon in Fig. 2), which is the most
favored model in the Kerr analysis.

FIG. 4. Posterior distribution of final redshifted mass ð1þzÞMf
and dimensionless spin χf measured at 6 ms after tref assuming
the identified modes are the (220) and (330) modes of a Kerr
black hole. Dashed lines indicate the 90% credible interval. For
the Kerr with δð330Þ results, we use fitting formulae [30] to
convert the frequency f330ð1þ δf330Þ and damping time
τ330ð1þ δτ330Þ into mass and spin.
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effects. This, coupled with the fact that GW190521 has a
very short inspiral signal, can lead to systematic errors for
parameter estimation. For example, the waveform models
used in the LIGO and Virgo Collaborations’ analysis and
Nitz and Capano assume quasicircular orbits, but several
studies have indicated that the binary may have been
eccentric at merger [39–41]. These studies have also found
slightly larger estimates for the binary’s total mass, making
them more consistent with our estimate for the final mass.
Even without eccentricity, the reanalysis in Estelles et al.
[14] using a recalibrated time-domain model found a
bimodal distribution for the final mass and spin. One of
these modes yields similar estimates for the mass and spin
as we obtain here; see Ref. [33] for a more detailed
comparison.
The ringdown waveforms used in this Letter are simpler

and more robust than full inspiral-merger-ringdown models
for signals like GW190521, provided they are applied
sufficiently late in the postmerger regime. This argument
would tend to favor the estimates derived in this Letter for
the total mass. Nevertheless, a full resolution of this tension
is beyond the scope of this work.
Evidence for overtones of the (220) mode very close to

merger were previously found for the events GW150914
[42] and GW190521_074359 [35] (not to be confused with
GW190521), although the strength of the evidence for the
overtone is disputed [43,44]. Black hole spectroscopy tests
showed consistency with the Kerr hypothesis for these
events [35,42]. However, the resulting constraints were
weaker than what we find with the (330) mode here.
Furthermore, while there is strong numerical evidence for
the presence of ringdown overtones close to the merger
[34], a number of theoretical questions remain as to the
validity of a quasinormal description of the black hole close
to merger [45–49].
The true nature of the gravitational wave event

GW190521 has been the subject of much speculation
[50–52]. The interpretation of GW190521 as a head-on
collision of two highly spinning Proca stars [52] predicts
the presence of a (200) mode [53]. We do not find evidence
for such a mode. Additionally, the high-mass, multiple-
mode ringdown signal observed here does not agree with
the scenario of a very massive star collapsing to a black
hole of mass ∼50M⊙ and an unstable massive disk [54].
Expectations based on population models were that

black hole ringdown signals with multiple modes were
unlikely to be observed with the Advanced LIGO and Virgo
detectors [7,8] (although those population models did not
include massive binaries). However, Forteza et al. [15]
predicted that for even moderately asymmetric binaries
(with mass ratios ≳1.2), the (330) mode would be the best
observable mode. They further predicted that the (330)
mode’s frequency could be constrained to the ∼10% level if
the ringdown SNR is ≳8. Our results are remarkably
consistent with this prediction: we get a ringdown SNR

for GW190521 of ∼12, and we constrain the (330)
frequency to be within ∼10% of the expected value from
general relativity.
In summary, we have shown that GW190521 displays a

distinct subdominant mode and that this mode is consistent
with the (330) ringdown mode of a Kerr black hole.

Posterior data samples and data necessary to reproduce
the figures are available at [55]. The gravitational-wave
data used in this work were obtained from the Gravitational
Wave Open Science Center (GWOSC) [56]. All software
used in this analysis is open source. Bayesian inference was
performed with the PyCBC library [57]. Configuration files
used to perform all analyses can be found at [55].
Spheroidal harmonics, Kerr frequencies, and Kerr damping
times were generated using PYKERR [58].
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