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Gravitational waves enable tests of general relativity in the highly dynamical and strong-field regime. Using

events detected by LIGO–Virgo up to 1 October 2019, we evaluate the consistency of the data with predictions

from the theory. We first establish that residuals from the best-fit waveform are consistent with detector noise,

and that the low- and high-frequency parts of the signals are in agreement. We then consider parametrized

modifications to the waveform by varying post-Newtonian and phenomenological coefficients, improving past

constraints by factors of ∼2; we also find consistency with Kerr black holes when we specifically target signatures

of the spin-induced quadrupole moment. Looking for gravitational-wave dispersion, we tighten constraints on

Lorentz-violating coefficients by a factor of ∼2.6 and bound the mass of the graviton to mg ≤ 1.76 × 10−23 eV/c2

with 90% credibility. We also analyze the properties of the merger remnants by measuring ringdown frequencies

and damping times, constraining fractional deviations away from the Kerr frequency to δ f̂220 = 0.03+0.38
−0.35

for the

fundamental quadrupolar mode, and δ f̂221 = 0.04+0.27
−0.32

for the first overtone; additionally, we find no evidence

for postmerger echoes. Finally, we determine that our data are consistent with tensorial polarizations through a

template-independent method. When possible, we assess the validity of general relativity based on collections of

events analyzed jointly. We find no evidence for new physics beyond general relativity, for black hole mimickers,

or for any unaccounted systematics.

I. INTRODUCTION

General relativity (GR) remains our most accurate theory of

gravity, having withstood many experimental tests in the Solar

System [1] as well as binary pulsar [1, 2], cosmological [3, 4]

and gravitational-wave (GW) observations [5–15]. Many of

these tests probe regimes where gravitational fields are weak,

spacetime curvature is small, and characteristic velocities are

not comparable to the speed of light. Observations of compact

binary coalescences enable us to test GR in extreme environ-

ments of strong gravitational fields, large spacetime curvature,

and velocities comparable to the speed of light; high post-

Newtonian (PN) order calculations and numerical relativity

(NR) simulations are required to accurately model the emitted

GW signal [5, 6, 14, 15].

We report results from tests of GR on binary black hole

(BBH) signals using the second Gravitational-wave Transient

catalog (GWTC-2) [16]. The GWTC-2 catalog includes all

observations reported in the first catalog (GWTC-1) [17], cov-

ering the first (O1) and second (O2) observing runs, as well as

new events identified in the first half of the third observing run

(O3a) of the Advanced LIGO and Advanced Virgo detectors

[16]. We focus on the most significant signals, requiring them

to have been detected with a false-alarm rate (FAR) < 10−3 per

year.

A current limitation on tests of beyond-GR physics with

compact binary coalescences is the lack of understanding of

the strong-field merger regime in nearly all modified theories of

gravity. This restricts our analysis to testing the null hypothesis,

taken to be GR, using model-independent or parametrized tests

of GR [5, 14, 15, 18–29]. An important goal in constraining

beyond-GR theories is the development of model-dependent

tests, requiring analytical waveforms and NR simulations in al-

ternative theories of gravity across the binary parameter space.

Unfortunately, there is still a lack of alternative theories of

gravity that are mathematically well-posed, physically viable,

and provide sufficiently well-defined alternative predictions

for the GW signal emitted by two coalescing compact objects.

Recent NR studies have begun to model astrophysically rele-

vant binary black hole mergers in beyond-GR theories [30–34]

and numerous advances have been made deriving the analyti-

cal equations of motion and gravitational waveforms in such

theories [35–48]. However, it is often unknown whether the

full theories are well-posed and a significant amount of work

is required before the results can be used in the context of GW

data analysis.

The approach taken here is therefore to (i) check the con-

sistency of GR predictions with the data, and (ii) introduce

parametrized modifications to GR waveforms in order to con-

strain the degree to which the deviations from the GR predic-

tions agree with the data. As in [15], the results in this paper

should be treated as observational constraints on deviations

from GR. Such limits are a quantitative indication of the degree

to which the data are described by GR but can also be rein-

terpreted in the context of a given modified theory of gravity

to produce constraints, subject to a number of assumptions

[7, 49]. Our analyses do not reveal any inconsistency with GR

and the results improve on the previous tests of GR using the

BBHs observed in O1 and O2 [5, 6, 8, 13–15].

The analyses performed in this paper can be broken down

into four broad categories. In order to test the consistency of

the GR predictions in a generic way, we look for residual power

after subtracting the best-fit GR waveform from the data. We

also separately study the low-frequency and high-frequency

portions of an observed signal, and evaluate the agreement of

the inferred parameters. To constrain specific deviations from

GR, we perform parametrized tests targeting the generation

of GWs and the propagation of the GW signal. All these

approaches were already implemented in [15] for GWTC-1

signals. In addition, we introduce a new suite of analyses: an

extension of the parametrized test considering terms from the

spin-induced quadrupole moment of the binary components,

dedicated studies of the remnant properties (ringdown and

echoes), and a new method for probing the geometry of GW
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polarizations.

The tests considered here are not all independent, and will

have some degree of overlap or redundancy. Whilst a detailed

discussion and study of the complex relationships between

the tests is beyond the scope of this paper, it is important to

highlight potential complementarity between the analyses. For

example, any physics that modifies the generation of GWs

would also likely lead to modifications to their propagation.

Similarly, physics that modifies the nature of the remnant ob-

ject might also predict modifications to the earlier inspiral

dynamics. Furthermore, several types of deviations from GR

may be picked up simultaneously by multiple analyses.

The rapid increase in the number of observed binary co-

alescences has driven interest in how we can best combine

information from a set of measurements. In order to address

this question, we employ hierarchical inference on a subset of

our analyses to parametrize and constrain the distribution of

observed beyond-GR parameters for different sources [50, 51].

This allows us to make quantitative statements about the over-

all agreement of our observations with the null hypothesis

that GR is correct and that no strong systematics are present.

Such measurements are qualitatively more general than com-

bined constraints previously presented in [15]. In Sec. III we

discuss parameter inference for individual events and detail

how the hierarchical analysis is performed on the full set of

measurements.

Our constraints on deviations from GR are currently dom-

inated by statistical uncertainty induced by detector noise

[5, 15, 52]. Yet, the statistical uncertainty can be reduced

by combining the results from multiple events. Additional

uncertainty will arise from systematic error in the calibration

of the detectors and power spectral density (PSD) estimation,

as well as errors in the modeling of GW waveforms in GR;

unlike uncertainty induced by detector noise, such errors do not

improve when combining multiple events and therefore will

dominate the uncertainty budget for sufficiently large catalogs

of merger events. Most of the tests in this paper are sensitive

to such systematics, which could mimic a deviation from GR.

However, we do not find any evidence of GR violations that

cannot be accounted for by possible systematics.

This paper is organized as follows. Section II provides an

overview of the data used in the analysis. It also defines the

event selection criteria and discusses which GW events are

used to produce the individual and combined results presented

in this paper. We provide details about gravitational waveforms

and data analysis methods in Sec. III. In Sec. IV we present

the residuals test, and the inspiral–merger–ringdown (IMR)

consistency test. In Sec. V we outline tests of GW generation,

including generic parametrized modifications and a test of the

spin-induced quadrupole moment. In Sec. VI we describe

tests of GW propagation using a modified dispersion relation.

We present tests of the remnant properties in Sec. VII and

study GW polarizations in Sec. VIII. Finally, we conclude with

Sec. IX.

Data products associated with the results of analyses in this

paper can be found in [53]. The GW strain data for all events

are available at the Gravitational Wave Open Science Center

[54, 55].

II. DATA, EVENTS, AND SIGNIFICANCE

The analyses presented here use data taken during O3a by

Advanced LIGO [56] and Advanced Virgo [57]. O3a extended

from 1 April 2019 to 1 October 2019. All three detectors

achieved sensitivities significantly better than those in the pre-

vious observing run [17]. Calibration [58–61] accuracy of

a few percent in amplitude and a few degrees in phase was

achieved at all sites. To improve the precision of parameter

estimation, various noise subtraction methods [62–65] were

applied to some of the events used here (see Table V in [16]

for the list of events requiring such mitigation). See [16] for

detailed discussion of instrument performance and data quality

for O3a.

We present results for the detections of possible BBH events

in O3a with FAR < 10−3 per year, as reported by any of the

pipelines featured in [16]. This threshold is stricter than the

one in [15] to accommodate the increased number of events

within computational constraints. The 24 selected events, and

some of their key properties, are listed in Table I. Out of those,

GW190814 is the only one to have been identified as a possible

neutron star–black hole (NSBH) system based on the inferred

component masses, although the true nature of the secondary

object remains unknown [66]. In this paper, we start from the

null hypothesis that all signals analyzed (including GW190814)

correspond to BBHs as described by GR, and proceed to seek

evidence in the data to challenge this (we find none). We do

not study the likely binary neutron star signal GW190425 [67].

Detection significance is provided by two pipelines that rely

on GR templates (PyCBC [68–70] and GstLAL [71, 72], both

relying on the waveform models described in [73–76] and

[77]), and by one pipeline that does not (coherentWaveBurst,

henceforth cWB [78–80]). Making use of a measure of sig-

nificance that assumes the validity of GR could potentially

lead to biases in the selection of events to be tested, system-

atically disfavoring signals in which a GR violation would be

most evident (e.g., [81]). cWB would detect at least some of

the conceivable chirp-like signals with sufficient departures

from GR that they would be missed by the templated searches.

Nonetheless, we cannot fully discard the existence of a hid-

den population of signals exhibiting large deviations from GR,

which could escape both modeled and unmodeled searches.

Out of all the events reported in [16], only the massive event

GW190521 was identified with greater significance by the

unmodeled search. This can be explained as a consequence of

the system’s high mass, which led to a short signal with only ∼4

cycles visible in our detectors [82, 83]. This fact makes it more

difficult to evaluate consistency with GR for this event than for

other (less massive) systems which remain in the sensitive band

of our detectors for a longer period. This is especially true for

tests targeting the inspiral, since there is little signal-to-noise

ratio (SNR) before the merger (SNR ≈ 4.7, computed as in

Sec. IV B); on the other hand, this signal is highly suitable for

studies of black hole (BH) ringdown [83].

We consider each of the GW events individually, carrying

out different analyses depending on the properties of each

signal. Some of the tests presented here, such as the IMR con-

sistency test in Sec. IV B and the parametrized tests in Sec. V,
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distinguish between the inspiral and the postinspiral regimes of

the signal. The remnant-focused analyses of Sec. VII are only

meaningful for systems massive enough for the postinspiral

signal to be detectable by LIGO–Virgo. Finally, studies of

polarization content are only feasible for detections involving

the full three-detector network. We choose which analyses to

apply in each case following pre-established selection criteria

based on the signal power recovered in different frequency

regimes, or the number of involved detectors. Table I indicates

which events have met the selection criteria for each analysis;

further details are provided in the sections below.

Having a large number of detections also allows us to make

statements about the validity of GR from the set of measure-

ments as a whole. Ideally, we would like to constrain the

properties of the true population of signals that exist in Nature—

for example, if GR is correct, the population distribution of

parametrized deviations from GR would be a δ function at the

point corresponding to no deviation. However, this would re-

quire an understanding of our detection efficiency as a function

of these deviations [84, 85], as well as a joint model for the

distribution of individual event properties and deviations from

GR [86]. Because no such comprehensive modeling is avail-

able, we do not attempt to make any statements about possible

intrinsic populations, but rather measure the distribution of

deviations from GR across observed signals. Our strategies for

doing so are outlined in Sec. III B.

Given the increased significance threshold for inclusion in

this paper, we dispense with the two-tiered selection crite-

rion applied in [15]. Instead, we make combined statements

using all events in our selection. When possible, we also

combine our results for O3a with those from preceeding obser-

vation runs that satisfy our selection criterion. That includes

all events analyzed in [15] except GW151012 and GW170729;

that is: GW150914, GW151226, GW170104, GW170608,

GW170809, GW170814, GW170818, and GW170823.1 This

is done for tests already presented in [15] (residuals test, IMR

consistency, parametrized tests, and modified dispersion rela-

tions), as well as for new analyses for which pre-O3a results

are presented here for the first time (spin-induced moments,

ringdown, and polarizations).

In some cases we perform tests on events that yield uninfor-

mative results, so that the posterior distribution extends across

the full extent of the prior. This means that upper limits in

such cases are determined by the prior, and thus are arbitrary.

However, this is not a problem when considering the set of

measurements as a whole using the techniques described in

Sec. III B.

1 Unlike in this paper, combined results in [15] did not include GW170818

because it was only detected by a single pipeline.

III. PARAMETER INFERENCE

A. Individual events

The foundation for almost all of the tests presented in this

paper are the waveform models that describe the GW signal

emitted from a coalescing compact binary. The only exception

is the polarization analysis (Sec. VIII), which relies on null-

stream projections of the data [87, 88]. In GR, the GW signal

from a BBH on a quasicircular orbit is fully characterized by

15 parameters [89]. These include the intrinsic parameters

(the masses m1,2 and spin angular momenta ~S 1,2 of the binary

components), and extrinsic ones (the luminosity distance, the

location of the binary in the sky, the orientation of its orbit with

respect to observer’s line of sight, its polarization angle, and

the reference time and orbital phase). The dominant effects of

the BHs’ spin angular momenta on the waveform comes from

the spin components along the orbital axis. However, the other

components of the spins lead to precession of the spin vectors

and the binary’s orbital plane, introducing modulations into the

GW amplitude and phase [90, 91]. We find that aligned-spin

waveform models are sufficient for many events in this paper,

but we analyze all events with at least one precessing waveform

model, to take these effects into account.

The working null hypothesis throughout the paper is that

all events are quasicircular BBHs in GR, with no measurable

systematics. In principle, a BBH waveform could be affected

by the presence of eccentricity, which is not included in any

of the waveform models we use. The presence of significant

eccentricity could result in systematic errors mimicking a devi-

ation from GR [92–94]. If evidence for such a deviation was

found, extra work would be required to discard eccentricity,

matter effects (for less massive systems), or other systematics.

For a majority of the tests we employ two waveform families

to model signals from BBHs in GR. One is the non-precessing

effective-one-body (EOB) waveform family SEOBNRv4 [77],

an analytical model that takes inputs from post-Newtonian

theory, BH perturbation theory, the gravitational self-force for-

malism, and NR simulations. For computational efficiency in

the analyses, we use a frequency-domain reduced-order model

for SEOBNRv4 known as SEOBNRv4 ROM [77]. There ex-

ists a precessing EOB waveform model SEOBNRv4P [95–97],

which has been employed in [16], but we do not use it here due

to its high computational cost. The other waveform family is

the precessing phenomenological waveform family IMRPhe-

nomPv2 [98–100], a frequency-domain model that describes

the spin precession effects in terms of two effective parameters

by twisting up the underlying aligned-spin model [101–103].

The aligned-spin model is itself calibrated to hybrid waveforms,

which are constructed by stitching together waveforms from

the inspiral part (modeled using the SEOBNRv2 [104] model

without calibration from NR) and the merger–ringdown part

(modeled using NR simulations) of the coalescence. The two

waveform models, IMRPhenomPv2 and SEOBNRv4 ROM, are

employed to help gauge systematics, as discussed in detail in

Sec. V A. Although a detailed study of waveform systematics

is beyond the scope of this paper, relevant studies can be found

in [77, 97, 99, 105–110].
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TABLE I. List of O3a events considered in this paper. The first block of columns gives the names of the events and lists the instruments

involved in each detection, as well as some relevant properties obtained assuming GR (luminosity distance DL, redshifted total mass (1 + z)M,

redshifted chirp mass (1 + z)M, redshifted final mass (1 + z)Mf, dimensionless final spin χf = c|~S f |/(GM2
f
), and signal-to-noise ratio SNR).

Reported quantities correspond to the median and 90% symmetric credible intervals, as computed in Table VI in [16]. The last block of columns

indicates which analyses are performed on a given event according to the selection criteria in Sec. II: RT = residuals test (Sec. IV A); IMR =

inspiral-merger-ringdown consistency test (Sec. IV B); PAR = parametrized tests of GW generation (Sec. V A); SIM = spin-induced moments

(Sec. V B); MDR = modified GW dispersion relation (Sec. VI); RD = ringdown (Sec. VII A); ECH = echoes searches (Sec. VII B); POL =

polarization content (Sec. VIII).

Event Inst.
Properties

SNR
Tests performed

DL (1 + z)M (1 + z)M (1 + z)Mf χf RT IMR PAR SIM MDR RD ECH POL

[Gpc] [M⊙] [M⊙] [M⊙]

GW190408 181802 HLV 1.58+0.40
−0.59

55.6+3.4
−3.8 23.8+1.4

−1.7 53.1+3.2
−3.4 0.67+0.06

−0.07
15.3+0.2

−0.3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GW190412 HLV 0.74+0.14
−0.17

44.2+4.4
−4.6

15.2+0.2
−0.2 42.9+4.5

−4.7 0.67+0.05
−0.06

18.9+0.2
−0.3 ✓ – ✓ ✓ ✓ – ✓ ✓

GW190421 213856 HL 3.15+1.37
−1.42

109.7+16.1
−12.5

47.0+6.8
−6.0

104.8+14.7
−11.5

0.68+0.10
−0.11

10.7+0.2
−0.4 ✓ ✓ ✓ – ✓ ✓ ✓ –

GW190503 185404 HLV 1.52+0.71
−0.66

91.9+11.6
−11.7 38.8+5.5

−5.9
88.0+10.5

−10.7 0.67+0.09
−0.12

12.4+0.2
−0.3 ✓ ✓ ✓ – ✓ ✓ ✓ ✓

GW190512 180714 HLV 1.49+0.53
−0.59

45.3+3.9
−2.8 18.6+0.9

−0.8 43.4+4.1
−2.8 0.65+0.07

−0.07
12.2+0.2

−0.4 ✓ – ✓ ✓ ✓ ✓ ✓ ✓

GW190513 205428 HLV 2.16+0.94
−0.80

73.9+13.6
−7.0 29.7+6.1

−2.6
70.8+12.2

−6.9
0.69+0.14

−0.12
12.9+0.3

−0.4 ✓ ✓ ✓ – ✓ ✓ ✓ ✓

GW190517 055101 HLV 2.11+1.79
−1.00

85.8+9.7
−7.6

36.1+4.0
−3.5

80.0+8.9
−6.6

0.87+0.05
−0.07

10.7+0.4
−0.6

✓ – ✓ – ✓ – ✓ ✓

GW190519 153544 HLV 2.85+2.02
−1.14

156.8+16.3
−18.1 65.9+7.5

−10.3 148.2+14.5
−15.5

0.80+0.07
−0.12

15.6+0.2
−0.3 ✓ ✓ ✓ – ✓ ✓ ✓ ✓

GW190521 HLV 4.53+2.30
−2.13

272.6+40.0
−33.1 116.3+14.9

−17.1 259.2+36.6
−29.0 0.73+0.11

−0.14
14.2+0.3

−0.3 ✓ – ✓ – – ✓ ✓ ✓

GW190521 074359 HL 1.28+0.38
−0.57

92.7+4.8
−5.5

39.9+2.2
−2.9 88.1+4.3

−4.9 0.72+0.05
−0.07

25.8+0.1
−0.2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ –

GW190602 175927 HLV 2.99+2.02
−1.26

173.9+23.0
−21.5

74.0+10.5
−13.4 165.6+20.5

−19.2 0.71+0.10
−0.13

12.8+0.2
−0.3 ✓ – ✓ – ✓ ✓ ✓ ✓

GW190630 185205 LV 0.93+0.56
−0.40

69.7+4.2
−3.5

29.5+1.6
−1.6

66.4+4.2
−3.3 0.70+0.06

−0.07
15.6+0.2

−0.3 ✓ ✓ ✓ ✓ ✓ – ✓ –

GW190706 222641 HLV 5.07+2.57
−2.11

183.7+21.4
−26.8

77.0+10.0
−16.9

173.6+18.8
−22.9 0.80+0.08

−0.17
12.6+0.2

−0.4 ✓ ✓ ✓ – ✓ ✓ ✓ ✓

GW190707 093326 HL 0.80+0.37
−0.38

23.1+1.7
−0.5

9.89+0.1
−0.09

22.1+1.8
−0.5

0.66+0.03
−0.04

13.3+0.2
−0.4 ✓ – ✓ ✓ ✓ – ✓ –

GW190708 232457 LV 0.90+0.33
−0.40

36.1+2.6
−0.8 15.5+0.3

−0.2 34.4+2.7
−0.7 0.69+0.04

−0.04
13.1+0.2

−0.3 ✓ – ✓ ✓ ✓ ✓ ✓ –

GW190720 000836 HLV 0.81+0.71
−0.33

24.9+4.9
−1.2 10.4+0.2

−0.1 23.7+5.1
−1.2 0.72+0.06

−0.05
11.0+0.3

−0.8 ✓ – ✓ ✓ ✓ – ✓ ✓

GW190727 060333 HLV 3.60+1.56
−1.51

105.2+11.9
−11.0 45.1+5.3

−5.8
100.0+10.5

−10.0 0.73+0.10
−0.10

11.9+0.3
−0.5

✓ ✓ ✓ – ✓ ✓ ✓ ✓

GW190728 064510 HLV 0.89+0.25
−0.37

23.9+5.3
−0.7 10.1+0.09

−0.08
22.7+5.5

−0.7 0.71+0.04
−0.04

13.0+0.2
−0.4 ✓ – ✓ ✓ ✓ – ✓ ✓

GW190814 LVa 0.24+0.04
−0.05

27.1+1.1
−1.0 6.41+0.02

−0.02
26.9+1.1

−1.0 0.28+0.02
−0.02

24.9+0.1
−0.2 ✓ ✓ ✓ – ✓ – – –

GW190828 063405 HLV 2.22+0.63
−0.95

80.1+6.8
−5.9

34.6+2.9
−2.7 75.9+6.0

−5.2
0.76+0.06

−0.07
16.2+0.2

−0.3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GW190828 065509 HLV 1.66+0.63
−0.61

44.3+6.6
−3.9 17.4+0.6

−0.7 42.7+6.8
−4.1 0.65+0.09

−0.08
10.0+0.3

−0.5
✓ – ✓ ✓ ✓ – ✓ ✓

GW190910 112807 LV 1.57+1.07
−0.64

102.1+10.5
−7.8 44.0+4.7

−3.7 97.3+9.4
−7.1 0.70+0.08

−0.07
14.1+0.2

−0.3 ✓ ✓ ✓ – ✓ ✓ ✓ –

GW190915 235702 HLV 1.70+0.71
−0.64

78.5+8.3
−8.0 33.3+3.3

−3.7 75.0+7.7
−7.3 0.71+0.09

−0.11
13.6+0.2

−0.3 ✓ – ✓ – ✓ ✓ ✓ ✓

GW190924 021846 HLV 0.57+0.22
−0.22

15.5+5.7
−0.7 6.44+0.04

−0.03
14.8+5.9

−0.7 0.67+0.05
−0.05

11.5+0.3
−0.4 ✓ – ✓ ✓ ✓ – ✓ ✓

a Parameter estimation for GW190814 made use of data from the three instruments, HLV, although search pipelines only considered LV [66].

During O3a, we observed a number of events for which

higher-order (non-quadrupole) multipole moments of the ra-

diation were shown to affect parameter estimation; this in-

cludes GW190412 [111], GW190521 [82, 83], and GW190814

[66]. Where possible and appropriate, we employ one of three

waveform models incorporating higher moments (HMs): IMR-

PhenomPv3HM [112, 113], SEOBNRv4HM ROM [105, 107],

or NRSur7dq4 [114]. IMRPhenomPv3HM is a successor of

IMRPhenomPv2 that includes two-spin precession [115] and

the (ℓ, |m|) = (2, 2), (2, 1), (3, 3), (3, 2), (4, 4), (4, 3) multipoles;

SEOBNRv4HM ROM is built upon SEOBNRv4HM which

incorporates (ℓ, |m|) = (2, 2), (2, 1), (3, 3), (4, 4), (5, 5); finally,

NRSur7dq4 is a surrogate model that is built by directly in-

terpolating NR simulations, accounting for all spin degrees of

freedom and all multipoles with ℓ ≤ 4, in the coprecessing

frame. When we use IMRPhenomPv2, IMRPhenomPv3HM,

and NRSur7dq4, we impose a prior m2/m1 ≥ 1/18, 1/18, 1/6,

respectively, on the mass ratio, as these waveform families

are not known to be valid for lower m2/m1. Whenever we

make use of a waveform other than IMRPhenomPv2 or SEOB-

NRv4 ROM, we state so explicitly in the text.

A majority of the tests presented in this paper are performed

using the LALInference code [116] in the LIGO Scientific

Collaboration Algorithm Library Suite (LALSuite) [117]. This

code is designed to carry out Bayesian inference using two

possible sampling algorithms: Markov-chain Monte Carlo

(MCMC), and nested sampling. More detail on how the binary

parameters are estimated can be found in Sec. V of [16]. In

LALInference analyses, the PSD used was either estimated at

the time of each event using the BayesWave code [65, 118]

or estimated near the time of an event using Welch’s method

[119]. Unless otherwise specified, the prior distributions of

various GR parameters (intrinsic and extrinsic) for each event

are the same as in [16]. The priors on non-GR parameters
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specific to each test are discussed in their respective sections

below. Other quantities such as the frequency range (over

which the matched-filter output is computed) for each event is

kept the same as in [16], unless otherwise specified.

Exceptions to the use of LALInference include the residuals

test of Sec. IV A, the IMR consistency test of Sec. IV B, one

of the ringdown studies in Sec. VII A, and the polarization

analysis of Sec. VIII. The residuals test uses BayesWave di-

rectly to carry out inference on the residual data. Additional

to LALInference, the IMR consistency test also employs a

parallelized nested sampling pipeline pBilby [89, 120, 121].

The damped-sinusoid ringdown analysis is carried out with

the pyRing pipeline [122, 123]. The polarization analysis is

carried out with the BANTAM pipeline [88].

Finally, we assumed the same cosmology for all the events

in this paper to infer their unredshifted masses and the

proper distances (as required in Sec. VI). Specifically, we

take H0 = 67.90 km s−1 Mpc−1 for the Hubble constant, and

Ωm = 0.3065 and ΩΛ = 0.6935 for the matter and dark energy

density parameters (TT+lowP+lensing+ext values from [124]).

B. Sets of measurements

There are multiple statistical strategies for drawing infer-

ences from a set of events, each carrying its own set of assump-

tions about the nature of potential deviations from GR and how

they may manifest in our signals. For simplicity, [15] reported

constraints assuming that deviations from GR would manifest

equally across events, independent of source properties. This

is only strictly justifiable when the deviation parameters are

known by construction to be the same for all detected events (or

some known function of the source properties). This is the case

for probes of the propagation of GWs (e.g., dispersion), where

the propagation effects can reasonably be assumed to affect all

sources equally (barring a known dependence on the luminos-

ity distance, which is explicitly factored out of the analysis).

However, it is generally not the case for parametrized tests of

GW generation, wherein waveforms are allowed to deviate in

arbitrary (albeit controlled) ways from the GR prediction.

To relax the assumption of shared deviations across events,

in this paper we apply the hierarchical inference technique

proposed and implemented for GWTC-1 events in [50, 51]. We

apply this procedure to the IMR consistency test (Sec. IV B),

the waveform generation tests (Sec. V), and the ringdown

analyses (Sec. VII A). The strategy consists of modeling non-

GR parameters for each event in our pool as drawn from a

common underlying distribution, whose properties we infer

coherently from the data for all events as whole [84, 125].

The nature of such unknown distribution would be determined

by the true theory of gravity and the population of sources

(e.g., the magnitude of the departure from GR could be a

function of the total mass of the binary), convolved with any

biases affecting our selection of events. By comparing the

inferred distribution to the GR prediction (no deviation for any

of the events), we obtain a null test of GR from our whole set

of observations.

Unlike other contexts in which hierarchical techniques are

used (notably, the study of astrophysical populations [86, 126]),

the goal here is always to characterize the distribution of mea-

sured quantities for the events in our set, not to make infer-

ences about underlying astrophysical distributions that are not

directly accessible (as discussed in Sec. II). This simplifies

our hierarchical model, which does not attempt to deconvolve

selection biases. However, it limits the kinds of conclusions

we may draw from our observations, since they will neces-

sarily pertain strictly to the signals that we have detected and

analyzed.

Although the true nature of the hyperdistribution could be

arbitrarily complex, we may always capture its essential fea-

tures by means of a moment expansion. To achieve this, we

model the true values of each beyond-GR parameter in our

pool of events as drawn from a Gaussian of unknown mean

µ and standard deviation σ [51]. This is a suitable choice be-

cause the Gaussian is the least informative distribution (i.e., it

has maximum entropy conditional on the first two moments)

[127]. GR is recovered for σ = 0 and µ = xGR, where xGR is

the GR prediction for the parameter at hand (e.g., xGR = 0 for

parameters defined as a fractional deviation away from GR).

As the number of detections increases in the future, we may en-

hance flexibility by including additional moments in our model

(akin to adding further terms in a series expansion). In spite

of its simplicity, the Gaussian parametrization has been shown

to work effectively even when the true distribution presents

highly nontrivial features, like correlations across the beyond-

GR parameters [51]. A set of measurements not conforming to

GR would be identified through posteriors on µ and σ that are

inconsistent with the GR values, at the 90% credible level.

We obtain posteriors on the hyperparameters µ and σ
through a joint analysis of the set of detections, using the

Stan-based [128] infrastructure developed in [51]. We sum-

marize the results from that hierarchical analysis through the

population-marginalized distribution for the beyond-GR pa-

rameters, also known as the observed population predictive

distribution [86]. For a given beyond-GR parameter x, this

distribution p(x | d) is the expectation for x after marginalizing

over the hyperparameters µ and σ,

p(x | d) =

∫

p(x | µ, σ) p(µ, σ | d) dµ dσ , (1)

where d represents the data for all detected events, and

p(x | µ, σ) ∼ N(µ, σ) by construction [51]. Since we are

characterizing a group of observations, not an astrophysical

distribution, there is no factor in Eq. (1) accounting for se-

lection biases. A posterior expectation p(x | d) that supports

x = xGR is a necessary, but insufficient, condition for establish-

ing agreement with GR—since we must also have σ consistent

with zero. If GR is correct and in the absence of systematics,

p(x | d) should approach a Dirac δ function at xGR with in-

creasing number of observations. Assuming xGR is supported

by p(x | d), the width of this distribution is a measure of our

uncertainty about deviations from GR in this parameter after

combining all events.

Requiring that all events share the same value of the beyond-

GR parameter is equivalent to demanding σ = 0. Fixing

σ = 0, the hierarchical method reduces to the approach of
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TABLE V. Parametrized test event selection for all binaries meeting

the FAR < 10−3yr−1 threshold. Here f PAR
c denotes the cutoff frequency

used to demarcate the division between the inspiral, and postinspiral

regimes; ρIMR, ρinsp, and ρpostinsp are the optimal SNRs of the full

signal, the inspiral, and postinspiral regions respectively. The last

two columns denote if the event is included in parametrized tests on

the inspiral (PI) and postinspiral (PPI) respectively. GW190814 is

excluded due to the impact of HMs, see Appendix C.

Event f PAR
c [Hz] ρIMR ρinsp ρpostinsp PI PPI

GW150914 50 24.7 9.6 22.8 ✓ ✓

GW151226 153 12.3 11.1 5.3 ✓ −

GW170104 60 13.4 7.9 11.3 ✓ ✓

GW170608 179 15.8 14.8 6.3 ✓ ✓

GW170809 54 12.0 5.8 10.9 − ✓

GW170814 58 16.3 9.1 13.6 ✓ ✓

GW170818 48 10.8 4.5 10.1 − ✓

GW170823 40 11.5 4.2 11.1 − ✓

GW190408 181802 68 15.0 8.3 12.5 ✓ ✓

GW190412 83 19.1 15.1 11.8 ✓ ✓

GW190421 213856 36 10.4 2.9 10.0 − ✓

GW190503 185404 39 13.7 4.3 13.0 − ✓

GW190512 180714 87 12.8 10.5 7.4 ✓ ✓

GW190513 205428 48 13.3 5.1 12.2 − ✓

GW190517 055101 41 11.1 3.4 10.5 − ✓

GW190519 153544 23 15.0 0.0 15.0 − ✓

GW190521 14 13.9 0.0 13.9 − ✓

GW190521 074359 40 25.4 9.7 23.5 ✓ ✓

GW190602 175927 22 13.1 0.0 13.1 − ✓

GW190630 185205 50 16.3 8.1 14.1 ✓ ✓

GW190706 222641 19 12.7 0.0 12.7 − ✓

GW190707 093326 161 13.4 12.2 5.5 ✓ −

GW190708 232457 103 13.7 11.1 8.0 ✓ ✓

GW190720 000836 126 10.5 9.2 5.2 ✓ −

GW190727 060333 35 12.3 2.0 12.2 − ✓

GW190728 064510 157 12.6 11.4 5.3 ✓ −

GW190814 137 24.8 22.3 10.9 ✓ ✓

GW190828 063405 45 16.2 6.0 15.1 ✓ ✓

GW190828 065509 80 9.9 6.3 7.6 ✓ ✓

GW190910 112807 35 14.4 3.3 14.0 − ✓

GW190915 235702 46 13.1 3.7 12.6 − ✓

GW190924 021846 239 12.2 11.8 3.4 ✓ −

The inspiral deviations are expressed as shifts to the part

of the PN coefficients with no spin dependence, ϕNS
i

, i.e.,

ϕi → (1 + δϕ̂i)ϕ
NS
i
+ ϕS

i
, where ϕS

i
denotes the spin-dependent

part of the aligned-spin PN coefficients. This is the same

parametrization that has been previously used [5, 6, 13–15]

and circumvents the potential singular behavior observed when

the spin-dependent terms cancel with the non-spinning term.

In GR, the coefficients occurring at −1PN and 0.5PN van-

ish, so we parametrize δϕ̂−2 and δϕ̂1 as absolute deviations,

with a prefactor equal to the 0PN coefficient; all other coef-

ficients represent fractional deviations around the GR value.

We derive constraints on the inspiral coefficients using the

IMRPhenomPv2 and SEOBNRv4 ROM analyses.

Besides the inspiral, the intermediate and merger-ringdown

model in IMRPhenomPv2 is analytical and allows for

parametrized deviations of the phenomenological coeffi-

cients that describe these regimes, denoted by {δβ̂2, δβ̂3} and

{δα̂2, δα̂3, δα̂4} respectively. The parameters δβ̂i explicitly cap-

ture deformations in the NR calibrated coefficients βi in the

intermediate regime, whereas the parameters δα̂i describe de-

formations of the merger-ringdown coefficients αi obtained

from a mix of BH perturbation theory and calibration to NR

[98, 99]. We omit δα̂5 as this occurs in the same term as δα̂4,

see Eq. (13) of [99], meaning that there will be a degree of

degeneracy between the two coefficients.

As detailed in Sec. I, we consider all binaries that meet

the significance threshold of FAR < 10−3yr−1 and impose the

additional requirement that the SNR > 6 in the inspiral regime

(δϕ̂i) or postinspiral regime (δβ̂i and δα̂i) respectively for an

event to be included in the analyses, as data below these SNR

thresholds fails to provide meaningful constraints. In contrast

to the selection criteria used in [15], GW170818 meets the FAR

threshold applied in this analysis and is included in the joint

constraints. The SNRs and cutoff frequencies for all events are

detailed in Table V.

For three of the events considered in this analysis, HMs

have a non-trivial impact on parameter estimation and must

be taken into account. This is the case for GW190412 and

GW190814, which show evidence of detectable HM power

[66, 111], and for GW190521, which does not [82, 83]. We

perform the parametrized tests using IMRPhenomPv3HM

and, for GW190814, SEOBNRv4HM ROM. By construction,

parametrized deformations in IMRPhenomPv3HM are propa-

gated to the HMs through approximate rescalings of the (2, 2)

mode with no new coefficients being introduced. The frame-

work used for the SEOBNRv4HM ROM analysis is extended

to HMs in an analogous way. We show the posterior distribu-

tions for GW190412 and GW190814, the two events that show

measurable HM power, in Appendix C.

We use LALInference to calculate the posterior probability

distributions of the parameters characterizing the waveform

[116]. The parametrization used here recovers GR in the limit

δ p̂i → 0, enabling us to verify consistency with GR if the poste-

riors of δp̂i have support at 0. As in previous analyses, we only

allow the coefficients δp̂i to vary one at a time. Despite the lack

of generality, this approach is effective at detecting deviations

from GR that do not just modify a single coefficient [27, 153].

In particular, the coefficients will be sensitive to corrections

that occur at generic PN orders even when varying a coefficient

that corresponds to some fixed PN order [27]. Allowing the test

to vary multiple coefficients simultaneously can often lead to

posteriors that are less informative, with the single-coefficient

templates often being preferred to the templates with multiple

parameters in the context of Bayesian model selection [153].

Varying multiple coefficients simultaneously would therefore

not improve the efficiency of detecting violations of GR [153].

On the other hand, nontrivial multicoefficient deviations may

be detected even when only one δ p̂i is allowed to vary at a time

[51]. We adopt uniform priors on δ p̂i that are symmetric about

zero. Due to the way in which parametrized deformations

are implemented, evaluating a model in certain regions of the

parameter space can lead to pathologies and unphysical effects.

This can result in multimodal posterior distributions or other

systematic errors, see the discussion in Appendix C.
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TABLE VII. Results for the modified dispersion analysis (Sec. VI). The table shows 90%-credible upper bounds on the graviton mass mg and

the absolute value of the modified dispersion relation parameter Aα, as well as the GR quantiles QGR. The < and > labels denote the upper

bound on |Aα| when assuming Aα < 0 and > 0, respectively, and Āα = Aα/eV2−α is dimensionless. Rows compare the GWTC-1 results from

[15] to the GWTC-2 results.

mg |Ā0| |Ā0.5| |Ā1| |Ā1.5| |Ā2.5| |Ā3| |Ā3.5| |Ā4|

[10−23 < > QGR < > QGR < > QGR < > QGR < > QGR < > QGR < > QGR < > QGR

eV/c2] [10−45] [%] [10−38] [%] [10−32] [%] [10−26] [%] [10−14] [%] [10−8] [%] [10−2] [%] [104] [%]

GWTC-1 4.70 7.99 3.39 79 1.17 0.70 73 2.51 1.21 70 6.96 3.70 86 5.05 8.01 28 2.94 3.66 25 2.01 3.73 35 1.44 2.34 34

GWTC-2 1.76 1.75 1.37 66 0.46 0.28 66 1.00 0.52 79 3.35 1.47 83 1.74 2.43 31 1.08 2.17 17 0.76 1.57 12 0.64 0.88 25

and positive values of Aα. The enhanced stringency of our

measurements relative to our previous GWTC-1 results is also

visible here, as seen in the smaller size of the blue violins

with respect to the gray, and the fact that the medians (blue

circles) are generally closer to the GR value. The latter is

also manifested in the GR quantiles QGR = P(Aα < 0) in

Table VII, which tend to be closer to 50% (QGR = 50% implies

the distribution is centered on the GR value).

From our combined GWTC-2 data, we bound the graviton

mass to be mg ≤ 1.76 × 10−23eV/c2, with 90% credibility

(Table VII). This represents an improvement of a factor of

2.7 relative to [15]. The new measurement is 1.8 times more

stringent than the most recent Solar System bound of 3.16 ×

10−23 eV/c2, also with 90% credibility [193].

VII. REMNANT PROPERTIES

A. Ringdown

In GR, the remnant object resulting from the coalescence of

two astrophysical BHs is a perturbed Kerr BH. This remnant

BH will gradually relax to its Kerr stationary state by emitting

GWs corresponding to a specific set of characteristic quasi-

normal modes (QNMs), whose frequency f and damping time

τ depend solely on the BH mass Mf and the dimensionless spin

χf . This last stage of the coalescence is known as ringdown.

The description of the ringdown stage is based on the final

state conjecture [194–198] stating that the physical spectrum

of QNMs is exclusively determined by the final BH mass

and spin (the no-hair conjecture [161, 199–206]) and that the

Kerr solution is an attractor of BH spacetimes in astrophysical

scenarios.6

By analyzing the postmerger signal from a BBH coales-

cence independently of the preceding inspiral, we can verify

the final state conjecture, test the nature of the remnant ob-

ject (complementary to the searches for GW echoes discussed

in Sec. VII B), and estimate directly the remnant mass and

spin assuming it is a Kerr BH—which, in turn, allows us to

test GR’s prediction for the energy and angular momentum

emitted during the coalescence (complementary to the IMR

consistency test discussed in Sec. IV B, and the postinspiral

parameters in Sec. V A). This set of analyses is referred to as

BH spectroscopy [122, 123, 210–219]. Unlike the IMR con-

sistency test, a ringdown-only analysis is not contaminated by

frequency mixing with other phases of the signal and it does

not require a large amount of SNR in the inspiral regime (the

lack of such SNR is why the IMR consistency test was unable

to be applied to GW190521 [82, 83], for instance).

The complex-valued GW waveform during ringdown can be

expressed as a superposition of damped sinusoids:

h+(t) − ih×(t) =

+∞
∑

ℓ=2

ℓ
∑

m=−ℓ

+∞
∑

n=0

Aℓmn exp

[

−
t − t0

(1 + z)τℓmn

]

exp

[

2πi fℓmn(t − t0)

1 + z

]

−2S ℓmn(θ, φ, χf), (7)

where z is the cosmological redshift, and the (ℓ,m, n) indices

label the QNMs. The angular multipoles are denoted by ℓ
and m, while n orders modes of a given (ℓ,m) by decreasing

damping time. The frequency and the damping time for each

ringdown mode can be computed for a perturbed isolated BH

as a function of its mass Mf and spin χf [220–223]. For each

(ℓ,m, n), there are in principle two associated frequencies and

damping times: those for a prograde mode, with sgn( fℓmn) =

6 In principle such frequencies and damping times would also depend on the

electric charge of the remnant BH. However, for astrophysically relevant

scenarios the BH charge is expected to be negligible [207–209].

sgn(m), and those for a retrograde mode, with sgn( fℓmn) ,

sgn(m)—retrograde modes are not expected to be relevant

[212], so we do not include them in Eq. (7). The frequency

and damping time of the +|m| mode are related to those of the

−|m| mode by fℓmn = − fℓ−mn and τℓmn = τℓ−mn for m , 0. The

complex amplitudesAℓmn characterize the excitation and the

phase of each ringdown mode at a reference time t0, which for

a BBH merger can be predicted from numerical simulations

[224–226]. In general,Aℓmn is independent ofAℓ−mn.

The angular dependence of the GW waveform is contained

in the spin-weighted spheroidal harmonics −2S ℓmn(θ, φ, χf),

where θ, φ are the polar and azimuthal angles in a frame cen-

tered on the remnant BH and aligned with its angular mo-
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mentum. We approximate these functions through the spin-

weighted spherical harmonics −2Yℓm(θ, φ), which introduces

mode-mixing between QNMs with the same m index but dif-

ferent ℓ indices [227–229]. Except in one case, as indicated

below, models in this section do not account for this effect.

However, mode-mixing is expected to be negligible for the

modes we consider, in particular for the dominant ℓ = |m| = 2

mode [227–229].

We present results from two approaches: a time-domain

ringdown analysis pyRing [122, 123], and a parametrized ver-

sion of an aligned-spin EOB waveform model with HMs called

pSEOBNRv4HM [105, 216].

1. The pyRing analysis

The pyRing analysis infers the remnant BH parameters based

on the ringdown part of a signal alone. The analysis is com-

pletely formulated in the time domain [122, 123] for both the

likelihood function and waveform templates, hence avoiding

spectral leakage from previous stages of the coalescence as

would arise in a frequency-domain analysis when Fourier trans-

forming a template with an abrupt start [122, 123, 230]. We

employ four different waveform templates, each constructed

with different sets of assumptions in order to obtain agnostic

measurements of the QNM frequencies and damping times,

and to explore the contribution of modes other than the least

damped mode (n = 0).

The Kerr220 template corresponds to the ℓ = |m| = 2, n = 0

contribution (i.e., the 220 mode) of Eq. (7), where the frequen-

cies and damping times are predicted as a function of (Mf , χf)

by GR, while the complex amplitudes are kept as free parame-

ters. The remnant mass and spin were sampled with uniform

priors. The Kerr221 template is similar to Kerr220 but incorpo-

rates the first overtone (n = 1) for ℓ = |m| = 2 in addition to

the fundamental mode. We do not consider a higher number of

overtones since they are not expected to be relevant at current

sensitivity [123, 231–233]. Uniform priors on the remnant

mass and spin were also adopted.

The KerrHM template includes all fundamental prograde

modes with ℓ ≤ 4, with the angular dependence parametrized

using spin-weighted spherical harmonics, taking into account

mode-mixing [226]. NR fits are used to compute amplitudes as

a function of the initial binary parameters, and frequencies and

damping times as a function of the remnant parameters where

both the initial binary parameters and the remnant parameters

are sampled independently with uniform priors.

We use as a reference time t0, which is chosen based on an

estimate of the peak of the strain (h2
+ + h2

×) from the full IMR

analyses assuming GR.7 When overtones (n > 0) are included

in a template, we fit the data starting at t0 itself [123, 231],

while in all other cases we start the fit 10GMf(1+ z)/c3 after t0,

7 For events in O1 and O2, the waveform approximant used in the full IMR

analyses was SEOBNRv4 ROM. As for events in O3a, the waveform ap-

proximant used in the full IMR analyses was IMRPhenomPv2, except for

GW190521 where NRSur7dq4 was used instead.

which is when the least damped mode is expected to dominate

the signal. The sky locations and start times at each detector

are released in [53].

We analyze all the GWTC-2 BBHs and report results

for those events where the remnant parameters were con-

strained compared to the adopted prior bounds, and for which

the Bayesian evidence favors the presence of a signal over

pure Gaussian noise when using our most sensitive template

(Kerr221). Estimates of the remnant parameters obtained

through the three waveform templates (Kerr220, Kerr221, and

KerrHM) are reported in Table VIII. Fitting the data at an ear-

lier time increases the SNR available when using this template,

which is reflected in tighter constraints of the remnant param-

eters as shown in Table VIII for the Kerr221 template. In all

cases the estimated remnant quantities from the three wave-

form templates agree with the corresponding GR predictions

coming from the full IMR analyses [16]. For GW190521, the

results reported in [82, 83] are not identical to the ones reported

here as the previous analyses did not include the negative-m

mode, and we have updated to use a more precise value for the

reference time. The lower frequency cut-off for this event was

also changed from 20 Hz to 11 Hz. None of the conclusions

previously reported for GW190521 are affected by these small

changes.

We use log Bayes factors to quantify the contribution of over-

tones or HMs during ringdown. In Table VIII, we report the

log Bayes factors log10 B
HM
220

comparing a fit with all modes in

KerrHM, versus one with only the ℓ = |m| = 2, n = 0 mode; this

computation provides no strong evidence for the presence of

HMs. We also present the log Bayes factors log10 B
221
220

compar-

ing the results obtained when fitting the full postmerger signal

using the n = 0, 1 modes against the template including the

n = 0 mode only, with both templates starting at the reference

time t0. The data show evidence for the presence of overtones

only for loud signals (for example GW190521 074359 shows

such evidence), although in all cases estimates of the rem-

nant parameters tend to get closer to the full IMR waveform

estimates when including overtones.

To achieve a test of the final state conjecture and quantify the

level of agreement with GR, we modify the Kerr221 template

to allow for fractional deviations in the frequency and damping

time with respect to their GR predictions for the 221 mode (the

first overtone). Meanwhile, the frequency and the damping

time of the better-measured 220 mode remain the same as their

GR predictions as functions of the remnant mass Mf and spin

χf to help constrain the remnant properties. This approach,

compared to allowing for deviations in the fundamental mode,

has the advantage of lowering the impact of priors on the

remnant mass and spin recovery, as well as the impact of

correlations among the deviation parameters and the remnant

parameters. We sample over the regular Kerr parameters and

the fractional deviations with uniform priors in the [−1, 1]

range for the frequency δ f̂221 and in the [−0.9, 1] range for

the damping time δτ̂221.8 The posteriors on the fractional

8 The lower prior bound on the damping time deviation is set by the discrete

analysis time resolution.
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TABLE VIII. The median, and symmetric 90%-credible intervals, of the redshifted final mass and final spin, inferred from the full IMR analysis

(IMR) and the pyRing analysis with three different waveform models (Kerr220, Kerr221, and KerrHM). The estimates using different models are

consistent with each other within 90% credibility. We quantify the contribution of the HMs using log Bayes factors log10 B
HM
220

, where a positive

value reflects the presence of HMs in the data. Similarly, we quantify the contribution of the first overtone using log Bayes factors log10 B
221
220

,

where a positive value reflects the presence of the first overtone in the data. We also quantify the level of agreement with GR for each event

using log odds ratios log10 O
modGR
GR

comparing the generic modified-GR hypothesis with GR. The catalog-combined log odds ratio is slightly

negative (−0.70), and the log odds ratios for individual events are also inconclusive, showing no evidence that the Kerr metric is insufficient.

Event Redshifted final mass Final spin Higher Overtones

(1 + z)Mf [M⊙] χf modes

IMR Kerr220 Kerr221 KerrHM IMR Kerr220 Kerr221 KerrHM log10 B
HM
220

log10 B
221
220

log10 O
modGR
GR

GW150914 68.8+3.6
−3.1 62.7+19.0

−12.1 71.7+13.2
−12.5

80.3+20.1
−21.7 0.69+0.05

−0.04
0.52+0.33

−0.44
0.69+0.18

−0.36
0.83+0.13

−0.45
0.03 0.63 −0.34

GW170104 58.5+4.6
−4.1 56.2+19.1

−11.6
61.3+16.7

−13.2 104.3+207.7
−43.1 0.66+0.08

−0.11
0.26+0.42

−0.24
0.51+0.34

−0.44
0.59+0.34

−0.51
0.26 −0.20 −0.23

GW170814 59.7+3.0
−2.3 46.1+133.0

−33.6
56.6+20.9

−11.1 171.2+268.7
−143.5

0.72+0.07
−0.05

0.52+0.42
−0.47

0.47+0.40
−0.42

0.54+0.41
−0.48

0.04 −0.19 −0.11

GW170823 88.8+11.2
−10.2 73.8+26.8

−23.7 79.0+21.3
−13.2 103.0+133.1

−46.7
0.72+0.09

−0.12
0.46+0.40

−0.41
0.36+0.38

−0.32
0.74+0.22

−0.61
0.02 −0.98 −0.07

GW190408 181802 53.1+3.2
−3.4 22.4+253.0

−11.1 46.6+18.8
−10.9 127.4+327.7

−107.6
0.67+0.06

−0.07
0.45+0.45

−0.40
0.36+0.46

−0.33
0.46+0.47

−0.41
−0.05 −1.02 −0.02

GW190512 180714 43.4+4.1
−2.8 37.6+48.9

−22.4 36.7+19.3
−24.8 99.4+247.6

−66.5
0.65+0.07

−0.07
0.41+0.47

−0.37
0.45+0.40

−0.39
0.77+0.20

−0.66
0.09 −0.42 0.03

GW190513 205428 70.8+12.2
−6.9

55.5+31.5
−42.1 68.5+28.2

−11.8 88.7+250.0
−41.9 0.69+0.14

−0.12
0.38+0.48

−0.34
0.31+0.53

−0.28
0.59+0.34

−0.52
0.09 −0.54 −0.05

GW190519 153544 148.2+14.5
−15.5

120.7+39.7
−21.5

125.9+24.3
−21.7 155.4+84.4

−42.5
0.80+0.07

−0.12
0.42+0.41

−0.36
0.52+0.25

−0.40
0.70+0.21

−0.50
0.21 −0.00 −0.11

GW190521 259.2+36.6
−29.0 282.2+50.0

−61.9
284.0+40.4

−43.9 299.3+57.7
−62.4

0.73+0.11
−0.14

0.76+0.14
−0.38

0.78+0.10
−0.22

0.80+0.13
−0.30

0.12 −0.86 −0.50

GW190521 074359 88.1+4.3
−4.9 83.0+24.0

−17.2 86.4+14.1
−14.8 105.9+20.8

−26.4
0.72+0.05

−0.07
0.57+0.31

−0.49
0.67+0.17

−0.34
0.87+0.09

−0.39
−0.04 1.29 −0.27

GW190602 175927 165.6+20.5
−19.2 156.4+71.4

−30.6
160.0+37.4

−31.2 261.7+84.4
−91.5

0.71+0.10
−0.13

0.34+0.41
−0.31

0.46+0.31
−0.39

0.79+0.14
−0.49

0.61 −1.56 0.32

GW190706 222641 173.6+18.8
−22.9 136.0+52.0

−29.3 152.5+37.8
−28.4 184.0+139.2

−55.8
0.80+0.08

−0.17
0.41+0.42

−0.37
0.55+0.31

−0.45
0.68+0.26

−0.54
−0.06 −0.64 −0.45

GW190708 232457 34.4+2.7
−0.7 28.9+285.4

−17.9 32.3+15.0
−12.2 171.9+307.6

−147.8 0.69+0.04
−0.04

0.47+0.45
−0.42

0.34+0.44
−0.31

0.43+0.51
−0.39

−0.11 −0.17 −0.02

GW190727 060333 100.0+10.5
−10.0 78.7+45.7

−66.4
88.8+25.7

−16.0
107.4+112.1

−42.7 0.73+0.10
−0.10

0.53+0.42
−0.47

0.45+0.39
−0.41

0.71+0.24
−0.59

−0.02 −1.65 −0.40

GW190828 063405 75.9+6.0
−5.2

71.2+35.8
−55.5

69.6+22.0
−17.3 99.0+166.0

−49.1 0.76+0.06
−0.07

0.72+0.25
−0.62

0.65+0.27
−0.55

0.92+0.06
−0.74

0.05 −0.72 −0.05

GW190910 112807 97.3+9.4
−7.1 112.2+32.0

−31.7 107.7+28.6
−27.4 137.1+59.5

−31.4 0.70+0.08
−0.07

0.76+0.18
−0.55

0.75+0.17
−0.46

0.91+0.07
−0.27

−0.10 −0.64 −0.40

GW190915 235702 75.0+7.7
−7.3 38.3+335.1

−27.4 63.0+19.1
−9.9 137.3+324.1

−96.2
0.71+0.09

−0.11
0.52+0.43

−0.46
0.27+0.40

−0.24
0.55+0.39

−0.49
0.06 −0.37 −0.04

deviations quantify the agreement of the 221 mode with the

Kerr prediction.

Additionally, we may follow [24, 25, 214] to compute a

log odds ratio log10 O
modGR
GR

for deviations from the Kerr ring-

down. We define the baseline GR hypothesis HGR to be the

proposition that both the fractional deviation parameters vanish,

i.e., δ f̂221 = δτ̂221 = 0. Similarly, we define the modified GR

hypothesis HmodGR to be the proposition that at least one of

the fractional deviation parameters is non-zero, with the priors

above. We may constructHmodGR from three sub-hypotheses,

which we label Hδ f̂221
, Hδτ̂221

, and Hδ f̂221, δτ̂221
. For Hδ f̂221

, we

write the frequencies and damping times for the 220 and the

221 mode as

Hδ f̂221
≡



































f220 = f GR
220

(Mf , χf)

τ220 = τGR
220

(Mf , χf)

f221 = f GR
221

(Mf , χf)(1 + δ f̂221)

τ221 = τGR
221

(Mf , χf) ,

(8)

where the “GR” superscript indicates the Kerr value corre-

sponding to a given Mf and χf . Similarly, forHδτ̂221
, we write

the frequencies and damping times for the 220 and the 221

mode as

Hδτ̂221
≡



































f220 = f GR
220

(Mf , χf)

τ220 = τGR
220

(Mf , χf)

f221 = f GR
221

(Mf , χf)

τ221 = τGR
221

(Mf , χf)(1 + δτ̂221) .

(9)

Finally, for Hδ f̂221, δτ̂221
, we again write the frequencies and

damping times as

Hδ f̂221, δτ̂221
≡



































f220 = f GR
220

(Mf , χf)

τ220 = τGR
220

(Mf , χf)

f221 = f GR
221

(Mf , χf)(1 + δ f̂221)

τ221 = τGR
221

(Mf , χf)(1 + δτ̂221) ,

(10)

allowing deviations in both frequency and damping time of the

221 mode simultaneously.

If we assign equal prior weight to both the GR and modified-

GR hypotheses, then the odds ratio is

OmodGR
GR =

1

3

(

B
δ f̂221

GR
+ B

δτ̂221

GR
+ B

δ f̂221,δτ̂221

GR

)

. (11)

The log odds ratios log10 O
modGR
GR

are reported in Table

VIII for each event. Among all the events considered,

GW190602 175927 has the highest log10 O
modGR
GR

with a value

of 0.32, which is not statistically significant. We also find a

catalog-combined log odds ratio of −0.70, in favor of the GR

hypothesis that the Kerr metric is sufficient to describe the

observed ringdown signals.

Figure 13 shows both the 1D marginal and the joint poste-

rior distributions for δ f̂221 and δτ̂221 obtained from individual

GW events where we allow both the frequency and the damp-

ing time of the 221 mode to deviate from the GR predictions

(i.e., the Hδ f̂221, δτ̂221
hypothesis). We only show results from
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ring and the would-be event horizon. These compact objects

are referred to as exotic compact objects (ECOs), for example

gravastars [237] and fuzzballs [238, 239]. When an ECO is

formed as the remnant of a compact binary coalescence, a train

of repeating pulses known as GW echoes are emitted from

the ECO in the late postmerger stage in addition to the usual

ringdown we expect from BHs. The effective potential barrier

and the reflective surface act like a cavity trapping the GWs.

Unlike BHs, which have a purely in-going boundary condition

at the event horizon, the GWs trapped in the cavity will be

reflected back and forth between the potential barrier and the

surface, emitting pulses of waves towards infinity when some

of the waves are transmitted through the potential barrier and

escape. Detecting these GW echoes would be clear evidence

of the existence of these proposed ECOs [240, 241], though

there are still no full and viable models of ECOs that produce

echoes [242, 243].

We employ a template-based approach [244] that uses the

model proposed in [245] to search for GW echoes. The wave-

form model takes the ringdown part of an IMR waveform and

repeats the modulated ringdown waveform according to five

additional echo parameters which control the relative ampli-

tude of the echoes, the damping factor between each echo, the

start time of ringdown, the time of the first echo with respect

to the merger, and the time delay between each echo. We

adopt a uniform prior for each of the echo parameters. We

used IMRPhenomPv2 as the IMR waveform approximant for

all the events we analyzed except for GW190521 where NR-

Sur7dq4 was used instead. The pipeline computes the log

Bayes factor log10 B
IMRE
IMR

of the data being describable by an

inspiral–merger–ringdown–echoes (IMRE) waveform versus

an IMR waveform, and uses it as the detection statistic to

identify the existence of echoes in the data.

We analyze 31 BBH signals from GWTC-2 passing our

false-alarm rate threshold (see Sec. II and Table I) and report

the search results of GW echoes in Table X.9 No statistically

significant evidence of echoes was found in the data; it was

reported in [244] that for detector noise fluctuations typical

for O1, a detection threshold for log10 B
IMRE
IMR

was found to

be roughly 2.48 by empirically constructing the background

distribution of the Bayes factor if we require the false-alarm

probability to be . 3×10−7. The event GW190915 235702 has

the highest log10 B
IMRE
IMR

of merely 0.17, which both indicate

negligible support for the presence of GW echoes in the data.

The null results for O1 and O2 events are consistent with what

were reported in [244, 246–250]. The posterior distributions of

the extra echo parameters mostly recover their corresponding

prior distributions, consistent with the fact that we did not

detect any echoes in the data.

9 We do not analyze GW190814 because the long data segment and high

sampling rate it requires makes the analysis prohibitively expensive.

TABLE X. Results of search for GW echoes. A positive value of

the log Bayes factor log10 B
IMRE
IMR

indicates a preference for the IMRE

model over the IMR model, while a negative value of the log Bayes

factor suggests instead a preference for the IMR model over the IMRE

model.

Event log10 B
IMRE
IMR

Event log10 B
IMRE
IMR

GW150914 −0.57 GW170809 −0.22

GW151226 −0.08 GW170814 −0.49

GW170104 −0.53 GW170818 −0.62

GW170608 −0.44 GW170823 −0.34

GW190408 181802 −0.93 GW190706 222641 −0.10

GW190412 −1.30 GW190707 093326 0.08

GW190421 213856 −0.11 GW190708 232457 −0.87

GW190503 185404 −0.36 GW190720 000836 −0.45

GW190512 180714 −0.56 GW190727 060333 0.01

GW190513 205428 −0.03 GW190728 064510 0.01

GW190517 055101 0.16 GW190828 063405 0.10

GW190519 153544 −0.10 GW190828 065509 −0.01

GW190521 −1.82 GW190910 112807 −0.22

GW190521 074359 −0.72 GW190915 235702 0.17

GW190602 175927 0.13 GW190924 021846 −0.03

GW190630 185205 0.08

VIII. POLARIZATIONS

Generic metric theories of gravity may allow up to six GW

polarizations [251, 252]. These correspond to the two tensor

modes (helicity ±2) allowed in GR, plus two additional vector

modes (helicity ±1), and two scalar modes (helicity 0). The

polarization content of a GW is imprinted in the relative ampli-

tudes of the outputs at different detectors, as determined by the

corresponding antenna patterns [1, 253–256]. This fact can be

used to reconstruct the GW polarization content from the data,

although a five-detector network would be needed to do this

optimally with transient signals. The existing three-detector

network may be used to distinguish between some specific

subsets of all the possible polarization combinations.

We previously reported constraints on extreme polarization

alternatives (full tensor versus full vector, and full tensor versus

full scalar) in [13–15], using a simplified analysis that relied on

GR templates [256]. None of the events analyzed (GW170814,

GW170817, and GW170818) disfavored the tensorial hypoth-

esis. Because the source sky location was known from elec-

tromagnetic observations [257], the results were strongest for

GW170817, which we found to be highly inconsistent with the

full-vector and full-scalar hypotheses with (base ten) log Bayes

factors &20 [14]. Although this is strong evidence against vec-

tor or scalar being the only possible GW polarization, it does

not strictly preclude scenarios in which only some sources

produce vector-only or scalar-only GWs.

Here we probe the same extreme polarization hypotheses

as in previous studies, but through a different technique that

does not rely on specific waveform models. This null-stream

based polarization test is a Bayesian implementation of the

null stream construct proposed in [258], generalized to vector
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are consistent with instrumental noise (Sec. IV A), and con-

firmed that events return compatible parameter estimates when

the low- and high-frequency regimes are analyzed separately

(Sec. IV B).

Next we focused on controlled deviations away from the

GR prediction for the GW waveform (Sec. V A). Allowing for

corrections to the GW phasing through inspiral PN parameters,

as well as phenomenological merger-ringdown coefficients,

we found no evidence for GR deviations, and improved pre-

vious constraints in [15] by a factor of ∼2. We also targeted

specific deviations in the GW phasing due to modifications

to the spin-induced quadrupole moment of the binary com-

ponents, obtaining broad constraints in agreement with the

Kerr hypothesis (Sec. V B). Through a generalized dispersion

relation, we tested GR’s prediction that GWs propagate with-

out dispersion and that the graviton is massless (Sec. VI). We

found no evidence for GW dispersion, and tightened previous

constraints on Lorentz-violating dispersion parameters by a

factor of ∼2.6. Notably, we constrained the mass of the gravi-

ton to be mg ≤ 1.76 × 10−23 eV/c2 with 90% credibility—an

improvement of a factor of 2.7 over the GWTC-1 measurement

[15], and of 1.8 over Solar System bounds [193].

The detection of relatively high-mass events, coupled with

the development of novel analysis techniques, allowed us to

probe the properties of the merger remnant through targeted

studies of the signal after merger. We validated the expectation

that the remnants were Kerr BHs, constraining QNM frequen-

cies and damping times (Sec. VII A). The results show agree-

ment with Kerr remnants: the population-marginalized con-

straint on the fractional deviation away from the Kerr frequency

is δ f̂220 = 0.03+0.38
−0.35

for the 220 mode, and δ f̂221 = 0.04+0.27
−0.32

for

the 221 mode at 90% credibility. In addition, we considered

the existence of GW echoes—repetitions of the postmerger

signal that could signal the presence of some reflective struc-

ture near the presumed event horizon of the remnant object,

absent for classical BHs (Sec. VII B). A search for such excess

power after the main signal using periodic templates yielded

no significant evidence for echoes.

Finally, we studied the polarization content of GWs with

a new approach that does not make use of templates to re-

construct the signal power (Sec. VIII). With only three active

detectors, we cannot simultaneously constrain all the six pos-

sible GW polarizations allowed in generic metric theories of

gravity (scalar, vector, and tensor). Instead, as in previous

studies, we compared the likelihood of having purely scalar or

purely vector polarizations against the pure tensor case, pre-

dicted by GR. We found no evidence in favor of non-tensor

GWs.

Our conclusions come from the analysis of multiple BBH

signals, studied individually and collectively. To understand

our measurements holistically, we made use of a variety of sta-

tistical techniques, including hierarchical Bayesian inference,

to evaluate the agreement of our set of measurements with

the expectation from GR. As the number of GW detections

continues to grow, these strategies will become increasingly

indispensable as tools to properly interpret our data and their

agreement with theory, as well as to tease out potential dis-

agreements that would be indiscernible from individual signals.

With constantly improving detectors and analysis capabilities,

we will continue to expand the scope and sensitivity of our tests

of GR and our probes of the nature of BHs when analyzing

data from O3b and future observing runs.
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17Gran Sasso Science Institute (GSSI), I-67100 L’Aquila, Italy

18INFN, Laboratori Nazionali del Gran Sasso, I-67100 Assergi, Italy
19INFN, Sezione di Pisa, I-56127 Pisa, Italy
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29Université de Paris, CNRS, Astroparticule et Cosmologie, F-75013 Paris, France
30California State University Fullerton, Fullerton, CA 92831, USA
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122Texas Tech University, Lubbock, TX 79409, USA

123University of Rhode Island, Kingston, RI 02881, USA
124The University of Texas Rio Grande Valley, Brownsville, TX 78520, USA

125Bellevue College, Bellevue, WA 98007, USA
126Scuola Normale Superiore, Piazza dei Cavalieri, 7 - 56126 Pisa, Italy

127MTA-ELTE Astrophysics Research Group, Institute of Physics, Eötvös University, Budapest 1117, Hungary
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