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ABSTRACT
We provide strong observational evidence for a multimode black hole ringdown spectrum, using the gravitational wave event
GW190521. We show strong evidence for the presence of at least two ringdown modes, with a Bayes factor of 43.4+8.1
−6.8 preferring
two modes over one. The dominant mode is the fundamental ` = m = 2 harmonic, and the sub-dominant mode corresponds to the
fundamental ` = m = 3 harmonic. We estimate the redshifted mass and dimensionless spin of the final black hole as 332+31
−35 M
and 0.871+0.052
respectively.
The
detection
of
the
two
modes
disfavors
a
binary
progenitor
with
equal
masses,
and
the
mass
ratio is
−0.096
constrained to 0.45+0.22
.
General
relativity
predicts
that
the
frequency
and
damping
time
of
each
mode
in
the
spectrum
depends
−0.29
only on two parameters, the black hole mass and angular momentum. Consistency between the different modes thus provides a
test of general relativity. As a test of the black hole no-hair theorem, we constrain the fractional deviation of the sub-dominant
mode frequency from the Kerr prediction to δ f330 = −0.010+0.073
−0.121 .

1 Introduction

spiral and the signal is dominated by the merger and ringdown
phase.
GW190521 was initially reported as the merger of two comparable mass black holes10, 11 , in which case one would not
expect to detect sub-dominant ringdown modes. Subsequent
re-analysis of the data suggested that the progenitor was in
fact likely to be an intermediate mass-ratio binary,14 suggesting the possibility of detectable sub-dominant modes. Here
indeed, we find strong evidence for multimode damped sinusoids in the ringdown phase of the gravitational wave event
GW190521.

A perturbed black hole approaches equilibrium by emitting a
spectrum of damped sinusoidal gravitational wave signals1–3 .
Unlike other astrophysical objects, the ringdown spectrum of
a black hole is remarkably simple. General relativity predicts
that the frequencies and damping times of its entire ringdown
spectrum are fully determined by just two numbers, the black
hole mass, M, and angular momentum, J, as described by
the Kerr solution4 . This prediction, a consequence of the
black hole “no-hair theorem”, does not hold in many alternate
theories of gravity. Thus, if astrophysical black holes are
observed to violate this property, it indicates new physics
beyond standard general relativity.5

2 Agnostic search

In order to observationally test this prediction using binary black hole mergers, an important observational challenge
must be met.6 The higher the binary mass ratio asymmetry, the more likely it is that sub-dominant 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, 9

A quasi-normal 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 O(100 M ) black
hole is O(10 ms), 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 quasi-normal modes from the data.
To account for uncertainty in the merger time of GW190521
due to modelling systematics, we perform a series of analyses
in 6 ms increments starting at a geocentric GPS reference time
tref = 1242442967.445. The reference time is taken from the
maximum likelihood geocentric time obtained via the NR
Surrogate analysis in Nitz & Capano14 . We also fix the sky
location to the maximum likelihood values from the same
analysis.

Here we confound this expectation with the gravitational
wave event GW190521, detected by the two LIGO detectors
and Virgo at 03:02:29 UTC on the 21st May, 2019.10, 11 This
is the heaviest black hole merger event observed to date.12, 13
The signal is consistent with the merger of two high mass
black holes which merge at a low frequency relative to the
detector sensitivity band. As such it has a barely observable in1

Figure 1. Marginal posterior probability distributions on frequency and damping time from an agnostic quasi-normal mode
analysis of GW190521 at 6ms after tref . A single mode is searched for in each of the shown frequency ranges, range A 50 to
80Hz and range B 80 to 256Hz. Top panels show the marginal posterior on the mode frequencies, with priors indicated by
dotted lines; the gray region in the top left panel shows the highest 90th percentile density interval of the dominant mode.
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, red, and green regions, respectively). The mode in range B is clearly consistent with
the expected frequency and damping time of the (330) mode.
The most agnostic way to search for quasi-normal 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 quasi-normal modes: they
are not orthogonal, meaning that modes that overlap in time
must be sufficiently separated in frequency in order to be
distinguishable. Simulations of binary black hole mergers
have shown that one mode is typically significantly louder
than the other modes. In order to extract sub-dominant modes
from noisy data in an agnostic search it is necessary 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 60-70 Hz (see Supplemental
Fig. S.1). In order to isolate this and search for sub-dominant
modes we constructed three frequency ranges: “range A” between 50−80 Hz, “range B” between 80−256 Hz, and “range
C” between 15−50 Hz. We search for one quasi-normal mode
in each range using Bayesian inference. We use uniform priors on the 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 + 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 as we move to later times. A clear
second mode is found in range B. This mode is most visible

at tref + 6 ms, the result of which is shown in Fig. 1. The
frequency of the secondary mode at this time is 97.7+97.5
−8.1 Hz
with a damping time of 32+42
ms,
while
the
primary
mode
−26
+1.8
+7.9
has frequency of 62.6−2.0 Hz and damping time 26.4−5.9 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 ringdown spectrum of a Kerr black hole consists of
an infinite set of frequencies f`mn and damping times τ`mn
labeled by three integers (`, m, n). Here ` and m are the usual
angular harmonic numbers. The third index n ≥ 0 denotes
overtones with n = 0 being the fundamental mode.
The dominant mode found at 62.6+1.8
−2.0 Hz is expected to be
the quadrupolar ` = m = 2, n = 0 fundamental mode. Measurement of f220 and τ220 provides an estimate of the mass and
angular momentum of the remnant black hole. This in turn
predicts the entire ringdown spectrum of subdominant modes.
Figure 1 shows that the subdominant mode at 97.7+97.5
−8.1 Hz
is consistent with ` = m = 3 and n = 0. This is also in full
agreement with expectations from numerical simulations of
binary black hole mergers.15, 16

3 Consistency and deviations from Kerr
The search for damped sinusoids in section (2) assumed no
particular relation between different modes, with a correspond2/12

Figure 2. (Top) Bayes factor of models with the indicated
modes compared to a model assuming the presence of only
the (220) mode. All values are shown for five different start
times of the analysis relative to the reference time tref .
(Bottom) Median values and 90% credible intervals for the
(220) mode found when assuming a Kerr black hole
ringdown model.

ing large prior parameter volume. In this section, we assume
that the frequency and damping time of each damped sinusoid
are related as in the ringdown of a Kerr black hole. This has
the effect of reducing the prior parameter volume and focusing
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 assume that the agnostically found
dominant mode near 63Hz is the (220) mode of a Kerr black
hole and we make various choices for the identity of the
sub-dominant mode. We also consider the possibility of finding more than two modes. Additionally, we make different
choices for the start time of the ringdown relative to the reference time tref , as described in section (2).
Results for various multi-mode Kerr models are shown in
Figure 2. The preferred model is the combination of the (220)
and (330) modes at 6 ms after tref , with a Bayes factor of
43.4+8.1
−6.8 compared to a model with a single (220) mode.
Only moderate evidence is found for the presence of any
other modes, although at 18 ms after tref the most favoured
model is one containing the (220), (330), (440) and (210)
modes.
Figure 2 also shows the (220) mode frequency, f220 , measured with the preferred Kerr model –(220) + (330) modes–
at different ringdown start times. The stability of f220 indi-

Figure 3. Posterior distribution of final redshifted mass
(1 + z)M f and dimensionless spin χ f assuming the identified
modes are the (220) and (330) modes of a Kerr black hole.
Vertical dashed lines indicate the 90% credible interval. For
the Kerr+δ (330) results, we use fitting formulae8 to convert
the frequency f330 (1 + δ f330 ) and damping time
τ330 (1 + δ τ330 ) into mass and spin.
cates that the black hole has reached a regime of constant
ringdown frequency. Figure 3 shows the final Kerr black hole
mass, M f , and dimensionless spin, χ f = J f /M 2f , measured
with this model. We find that the remnant black hole has
redshifted mass (1 + z)M f = 332+31
−35 M and dimensionless
spin χ f = 0.871+0.052
.
−0.096
We now extend our analysis to consider deviations of the
(330) parameters from the expected Kerr values. Thus, we
extend the signal model keeping the dependence of f220 on
(M, χ) as in the Kerr solution but including fractional deviations δ f330 and δ τ330 of f330 and τ330 , respectively. This is
the classic no-hair theorem test.6 Figure 3 shows the Kerr
black hole mass M f and dimensionless spin χ f associated
to this (330) mode frequency f330 (1 + δ f330 ) and damping
time τ330 (1 + δ τ330 ). Posterior distributions on these parameters are shown in Supplemental Fig. S.4. We constrain the
fractional deviation from Kerr to δ f330 = −0.010+0.073
−0.121 . The
damping time is only weakly constrained, δ τ330 = 0.7+1.9
−1.3 .
We obtain slightly better constraints when we include the
(440) and (210) modes in the analysis (see Supplemental
Fig. S.5), however, this model is only marginally favored over
the (220)+(330) at 18ms, and disfavored at all earlier times.

4 Discussion and comparison with previous results
The detection of a (330) mode indicates that the progenitor black holes in GW190521 had asymmetric masses, since
3/12

Figure 4. Posterior distribution for (top) the amplitude ratio
of the (330) mode, A330 /A220 , and (bottom) the mass ratio of
the binary, m2 /m1 < 1, obtained using numerical fits between
the (330) amplitude and mass ratio.16 Vertical dashed lines
indicate the 90% credible interval. For comparison, we also
show the mass ratio obtained from the full signal using NR
Surrogate14 and PhenomXPHM models (see Supplemental
Sec. 7.1), reweighted to a uniform prior in mass ratio between
[1/25, 1] .

equal-mass binaries are not expected to excite the (330) mode.
Figure 4 shows the posterior distribution on the amplitude of
the (330) mode and on the ratio of the initial black hole masses
m1 and m2 using numerical fits between the (330) amplitude
and mass ratio.16 We find m2 /m1 = 0.45+0.22
−0.29 .
The redshifted final mass and spin of GW190521 were
found by the LVC using a (220) ringdown fit to be (1+z)M f =
+36.6
282.2+50.0
−61.9 M , or 259.2−29.0 M when analyzing the full signal.
The low-mass-ratio part of the posterior of Nitz and Capano14 found (1 + z)M f ∼ 260M using the full signal.17, 18
These results are somewhat in tension with the final mass
and spin inferred from the ringdown modes found here. The
complete waveform models used in the above analyses still
do not include all relevant physical effects, for instance eccentricity. This, coupled with the fact that GW190521 has a very
short inspiral signal, can lead to systematic errors for parameter estimation. On the other hand, the ringdown waveforms
used in this paper are simpler and more robust for signals like
GW190521, provided they are applied sufficiently late in the
post-merger regime. This argument would tend to favor the estimates derived in this paper for the total mass. Nevertheless,
a satisfactory resolution of this tension provides a valuable
challenge for both approaches.
Overtones were found in the ringdown phase of
GW15091419 and GW190521 07435920 (not to be confused

with GW190521). Black hole spectroscopy tests showed consistency with the Kerr hypothesis for these events.19–21 These
results rely on modeling the entire post-merger signal, starting
immediately after the merger, by a combination of ringdown
modes including the higher ringdown overtones with n ≥ 1.
There is however as yet no fundamental argument or calculation from general relativity that shows the remnant black
hole is in the perturbative regime even immediately after its
formation.
Moreover, following-up from early work due to Nollert and
Price22, 23 , recent work24–26 has shown that the higher overtones are unstable even under extremely small, high-frequency
perturbations of the effective potential. While the applicability
of this work to astrophysical black holes is not yet fully clear,
it shows that it would be preferable if black hole spectroscopy
could be carried out without the higher overtones. Furthermore, since the overtones frequencies are very close to each
other, it is difficult to resolve them individually and thus they
cannot achieve a comparable precision to our results here.
The true nature of the gravitational wave event GW190521
has been the subject of much speculation.27–29 The interpretation of GW190521 as a head-on collision of two highly spinning Proca stars29 predicts the presence of a (200) mode30 ,
which is strongly disfavored by our results. 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.31
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 detectors7, 9
(although those population models did not include massive
binaries). Our results here show that, remarkably, GW190521
displays distinct subdominant modes and that these modes are
consistent with the ringdown of a Kerr black hole.

5 Methods
5.1 The ringdown signal model
The quasi-normal mode (QNM) spectrum of allowed frequencies ω`mn and damping times τ`mn of a perturbed Kerr black
hole are labeled by three integers ` = 2, 3, . . . , −` ≤ m ≤ `,
and n = 0, 1, 2, . . .. These can be combined together in a complex frequency Ω`mn = ω`mn + i/τ`mn such that the ringdown
signal of a perturbed Kerr black hole can be expressed as a
sum of damped sinusoids:
h+ + ih× =

Mf
DL

∑ −2 Slm (ι, ϕ)A`mn ei(Ω`mnt+φ`mn ) ,

(1)

`mn

where h+ and h× are the plus and cross polarizations of the
gravitational wave, M f is the mass of the black hole in the
detector frame and DL is the luminosity distance to the source.
The functions −2 S`m (ι, ϕ) are the spin-weighted spheroidal
harmonics of spin weight −2, which depend on the inclination
angle ι between the black hole spin and the line-of-sight from
the observer to the source, and the azimuth angle ϕ between
the black hole and the observer.
4/12

The complex QNM frequencies Ω`mn can be determined
from the Teukolsky equation32, 33 . By the no-hair theorem,
the frequencies and damping times are determined by the
mass M f and spin χ f of the black hole, with χ f ∈ (−1, 1).
Positive (negative) spin means the perturbation is co-(counter)rotating with respect to the black hole. The amplitudes A`mn
and phases φ`mn depend on the initial perturbation and take
different values for different `mn modes.
For a given ` and n, the +m and −m modes are related to
each other by Ω`−mn = −Ω`mn and τ`−mn = τ`mn 8 . Furthermore, if the ringdown waveform is circularly polarized, the
amplitude and phase of the ±m modes are related to each
other by A`−mn eiφ`−mn = −(1)` A`mn e−iφ`mn . By “circularly polarized”, we mean that an observer at an inclination angle of 0
or π (above or below the black hole, as determined by the direction of its spin) would detect gravitational waves in which
the plus and cross polarizations have equal amplitudes; the
polarization for observers at other positions are determined
by the spheroidal harmonics.
Numerical simulations of black hole binaries have shown
that it is difficult to get non-circular polarization in the ringdown8 . To simultaneously sum over the ±m modes for a given
`n, we parameterize the waveform as
h`|m|n = A0`|m|n e−t/τ`|m|n ×
(+)

[−2 S`mn (ι, ϕ)A`|m|n ei(Ω`|m|n t+φ`|m|n )
(−)

+ −2 S`−mn (ι, ϕ)A`|m|n e−i(Ω`|m|n t−φ`|m|n ) ],
where, A0`|m|n is the intrinsic amplitude of the (`mn) mode and
√
2 cos(π/4 + ∆βl|m|n )
√
(−)
Al|m|n = 2 sin(π/4 + ∆βl|m|n )ei(lπ+∆φl|m|n ) .
(+)

Al|m|n =

(2)
(3)

If the parameters ∆β`mn and ∆φ`mn are both zero, the waveform reduces to circular polarization.
For all Kerr analyses, we do two analyses, a circularly
polarized one in which ∆β`mn and ∆φ`mn are both set to zero,
and one in which a common ∆β and ∆φ for all modes are
allowed to vary uniformly between [−π/4, π/4) and [−π, π),
respectively. In all cases we find that the circularly polarized
analysis is favored over the arbitrary polarized analysis; we
therefore only report results from the former here. In all
analyses we fix ϕ = 0, as it is degenerate with modes’ initial
phases. To obtain the frequency and damping times for a
given mass and spin we use tabulated values from Berti et al.8 ,
which we interpolate using a cubic spline. For the spheroidal
harmonics we use tabulated values of the angular separation
constants (also from Berti et al.8 ) and solve the recursion
formula given in Leaver33 . Our code for doing this is publicly
available on GitHub38 .
For the agnostic analysis, we do not assume any mode
corresponds to any particular `mn. We therefore use arbitrary
complex numbers X`±mn = eiψ`±mn in place of the −2 S`±mn .
Here, the ψ`±mn are allowed to vary uniformly in [0, 2π). We

vary a common ∆β parameter, but fix the ∆φ parameter to
zero, as it is degenerate with the X`mn .
5.2 Analysis methods
We use the open source PyCBC Inference library for computational analysis.39, 40 To avoid contamination from the loud
merger signal we remove the inspiral-merger contributions
by “gating” them out. This is accomplished by zeroing the
residual d(t) − h(t) over a two second window (or “gate”)
ending at the analysis start time, where d(t) and h(t) are the
data and template waveform, respectively. The gated region
of time is then “in painted” such that the contribution to the
likelihood from the gated region is zero.41 We use data for the
event GW190521 made publicly available by the Gravitational
Wave Open Science Center.36 We choose to fix the sky location to the values given by the maximum likelihood result of
Nitz and Capano,14 although we have obtained similar results
using the LVC’s maximum likelihood sky location.11 We use
a geocentric GPS reference time of tref = 1242442967.445.14
Credible intervals in the text are quoted to 90%.
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7 Supplemental
7.1 Note on PhenomXPHM posterior samples
Posterior samples for GW190521 using the PhenomXPHM
model18 are obtained using a recently available updated implementation which allows for transitional precession. The
analysis is performed in the same manner as in Nitz & Capano14 . The updated model has reduced support for the most
extreme mass ratio mode.
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Figure S.1. Left: Whitened data in each detector, which have been gated at the reference time tref . Right: Frequency domain
representation of the Hanford and Livingston data shown in the left panel. Also shown is the frequency domain representation
of at an off-source time, one second later. The siginal is clearly visible in the LIGO time-domain data, and is seen as a spike in
the frequency domain data between ∼ 60 − 70 Hz. The primary frequency range’s (“A”) boundaries were set to isolate this
spike. Frequencies below (region “C”) and above (region “B”) were searched for additional QNM in the agnostic analysis.
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Figure S.2. Whitened data in each detector, with a gate applied at 6 ms after the reference time tref . Plotted are the maximum
likelihood waveforms using just the (220) mode (black) and the (220) and (330) mode (orange). The model including the (330)
+8.1
mode is favored over the (220) mode by a Bayes Factor of 43.4−6.8
.
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Figure S.3. Spectra plots at 0, 6, 12, and 18ms showing marginal posterior distributions from frequency range A and B in the
agnostic analysis. Also shown are the expected regions for the 3,3 (blue), 4,4 (green), 5,5 (red) modes, assuming the peak in
region A is the 2,2 mode.
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Figure S.4. Posterior on the deviation from Kerr of the (330) frequency δ f330 (left) and damping time δ τ330 (right) using a
model in which we include the (220)+(330) modes at tref + 6, 12, and 18ms. Quoted values are the median and 90% credible
interval, which is indicated by the dashed vertical lines. We quote the values from the 6ms analysis in the main text, as the
Bayes Factor for the presence of the (330) mode is highest at that point. We use a prior (black dotted lines) that is uniform over
δ f330 ∈ [−0.3, 0.3), with the constraint that f330 (1 + δ f330 ) > 75 Hz. This constraint is necessary to avoid label switching with
the 220 mode; even with the constraint we clearly measure a lower bound on δ f330 . For the damping time we use a prior that is
uniform over δ τ330 ∈ [−0.9, 3), and find that the damping time is only weakly constrained.
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Figure S.5. Same as Fig. S.4, but using an analysis in which we include the (330), (440), and (210) modes, and allow them to
deviate from their Kerr value. Shown are the resulting constraints on δ f330 and δ τ330 . We find slightly tighter constraints at all
times than in the analysis in which we only include the (220) and (330) modes. However, adding the (440) and (210) modes is
only favored over a (220)+(330) analysis at tref + 18ms.
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