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The ever-increasing number of detections of gravitational waves from compact binaries by the Advanced LIGO
and Advanced Virgo detectors allows us to perform ever-more sensitive tests of general relativity (GR) in the
dynamical and strong-field regime of gravity. We perform a suite of tests of GR using the compact binary signals
observed during the second half of the third observing run of those detectors. We restrict our analysis to the 15
confident signals that have false alarm rates  10�3 yr�1. In addition to signals consistent with binary black hole
mergers, the new events include GW200115 042309, a signal consistent with a neutron star–black hole merger.
We find the residual power, after subtracting the best fit waveform from the data for each event, to be consistent
with the detector noise. Additionally, we find all the post-Newtonian deformation coe�cients to be consistent
with the predictions from GR, with an improvement by a factor of ⇠ 2 in the �1PN parameter. We also find that
the spin-induced quadrupole moments of the binary black hole constituents are consistent with those of Kerr
black holes in GR. We find no evidence for dispersion of gravitational waves, non-GR modes of polarization,
or post-merger echoes in the events that were analyzed. We update the bound on the mass of the graviton, at
90% credibility, to mg  1.27 ⇥ 10�23eV/c2. The final mass and final spin as inferred from the pre-merger and
post-merger parts of the waveform are consistent with each other. The studies of the properties of the remnant
black holes, including deviations of the quasi-normal mode frequencies and damping times, show consistency
with the predictions of GR. In addition to considering signals individually, we also combine results from the
catalog of gravitational waves signals to calculate more precise population constraints. We find no evidence in
support of physics beyond general relativity.

I. INTRODUCTION

The first three observing runs of Advanced LIGO [1] and
Advanced Virgo [2] have led to detections of signals consis-
tent with coming from the three canonical classes of compact
binary systems: binary black holes (BBH) [3], binary neutron
stars (BNS) [4], and neutron star–black holes (NSBH) [5].1
These observations had, in particular, a profound impact on
fundamental physics as they allowed us to probe the proper-
ties of gravity in the highly nonlinear and dynamical regime.
These detections subjected Einstein’s general relativity (GR),

a Deceased, August 2020.
b Deceased, April 2021.
1 At current sensitivities, gravitational wave observations have been unable to

distinguish neutron stars from black holes in compact binaries. Thus, except
for GW170817, with its electromagnetic counterpart, all these classifications
are based solely on the binaries’ component masses.

which had passed all previous experimental tests to date with
flying colors, to scrutiny in an entirely new regime. These new
gravitational-wave tests [6–11] complement existing laboratory
and astrophysical tests of GR [12, 13].

GR has a well posed initial value formulation, making it pos-
sible to calculate the two-body evolution. Despite the progress
made on the analytical fronts (see for example [14–23]) and nu-
merical fronts (see for example [24–30]), modelling compact
binaries in modified gravity theories is still in its infancy. We
are thus not yet able to carry out tests of GR that rely on high-
accuracy waveforms in alternative theories. Instead, it is possi-
ble to devise a strategy based on the currently best-understood
theory of gravity (GR) and look for possible departures from
its predictions [31, 32]. This approach enables constraints to
be placed on potential deviations from GR, although it has
been argued that without reference to specific alternatives, it
is di�cult to assess the ability of these methods to detect GR
violations [33].

Given the major advances in the compact binary dynamics
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TABLE I. Summary of methods and results. This table summarizes the names of the tests performed, the corresponding sections, the parameters
involved in the test, and the improvement with regard to our previous analysis. The analyses performed are: RT = residuals test; IMR =
inspiral–merger–ringdown consistency test; PAR = parametrized tests of GW generation; SIM = spin-induced moments; MDR = modified
GW dispersion relation; POL = polarization content; RD = ringdown; ECH = echoes searches. The last column provides the approximate
improvement in the bounds over the previous analyses reported in [11]. This is defined as XGWTC�2/XGWTC�3, where X denotes the width of the
90% credible interval for the parameters for each test, using the combined results on all events considered. For the MDR test, some of the
bounds have worsened in comparison to GWTC-2. See the corresponding section for details. Note that the high improvement factor for pSEOB
is due to the larger number of events from GWTC-2 analysed here compared to [11].

Test Section Quantity Parameter Improvement w.r.t. GWTC-2

RT IV A p-value p-value Not applicable

IMR IV B Fractional deviation in remnant mass and spin
⇢
�Mf

M̄f
,
��f

�̄f

�
1.1–1.8

PAR V A PN deformation parameter ��̂k 1.2–3.1
SIM V B Deformation in spin-induced multipole parameter �s 1.1–1.2
MDR VI Magnitude of dispersion |A↵| 0.8–2.1
POL VII Bayes Factors between di↵erent polarization hypotheses log10 BX

T New Test
RD VIII A 1 Fractional deviations in frequency (pyRing) � f̂221 1.1

VIII A 2 Fractional deviations in frequency and damping time (pSEOB)
�
�⌧̂220, � f̂220

 
1.7–5.5

ECH VIII B Signal-to-noise Bayes Factor log10 BS/N New Test

for echoes is replaced by a wavelet-based [83] morphology-
independent search [84, 85]. Besides these changes, the wave-
form models employed in most analyses have been upgraded to
more accurate and complete ones, accounting for more physics,
the details of which are discussed in Sec. III. Table I summa-
rizes the tests that are performed, the quantities that are used
for the test, the fractional changes with regard to the previous
analyses, and the section where details about each test can be
found.

The paper is organized as follows. Section II discusses the
data used in this paper while Sec. III describes the method
of extracting astrophysical information about events from the
data. Section IV discusses two tests of consistency with GR:
examining the residuals left in the data after subtracting the
best-fit GR waveform (Sec. IV A) and looking at consistency
of the inspiral and postinspiral portions of the waveform with
GR (Sec. IV B). Section V discusses two tests of gravitational
wave generation, the parameterized tests of GR (Sec. V A) and
the test for BBH nature using the spin-induced quadrupole
moment (Sec.V B). Section VI discusses tests of gravitational
wave propagation looking for non-GR dispersion of gravita-
tional waves. Section VII reports results from the searches
for non-GR polarization. Section VIII discusses various tests
using the merger remnants, specifically two analyses of ring-
down (Sec. VIII A) and a search for the signatures of echoes
(Sec. VIII B). Section IX discusses the conclusions.

II. DATA, EVENTS, AND SIGNIFICANCE

The global network of gravitational wave detectors com-
pleted their third observing run in March 2020. O3b adds 35
candidate events with probability of being of astrophysical
origin better than 0.5, including the first confident observations
of neutron star–black hole systems [5, 81]. The analyses pre-
sented here are focused on events from O3b, though the joint

bounds that are reported also include events from previous
observing runs. Following our O3a analysis [11], we consider
only those events with false alarm rates lower than 10�3 per
year that were confidently observed in two or more detectors as
determined by any search pipeline used in the catalog of O3b
events [81]. Of the 14 binary black hole mergers and the one
neutron star–black hole merger (GW200115 042309) that pass
this threshold, nine events are observed with three detectors
and six are observed with only two detectors. The median total
masses in the detector frame of these analysed events range
from ⇠ 8–140 M�.

The LIGO interferometers maintained sensitivities compara-
ble to that in O3a [86], and the Virgo interferometer achieved
a ⇠ 20% improvement during O3b. As with previous results,
noise subtraction methods [83, 87–89] were applied to selected
events in order to improve parameter estimation. The third
gravitational wave transient catalog (GWTC-3) [81] includes
details on instrument performance. Three events analysed here
were identified in as requiring additional data quality mitiga-
tion. One, GW191109 010717 had data quality issues in both
LIGO detectors, while the other two (GW200115 042309 and
GW200129 065458) were each only a↵ected by noise tran-
sients in one interferometer. Details on the noise transient
removal techniques can be found in GWTC-3’s Table XIV.
Appendix A below discusses how these data quality issues can
a↵ect analyses in this article.

Table II shows selected source properties of events from the
O3b observing run that are included in this paper. Similar ta-
bles in O2 [10] and O3a [11] analyses provide selected source
properties for the other events included in the analyses pre-
sented here. Every test detailed in the following sections has
its own sub-selection criteria of events from this table based
on the physics it explores; these criteria are detailed in the
respective sections for each analysis.

Detection significance is given by four search pipelines,
three of which rely on GR-based templates (PyCBC [90–
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TABLE II. List of O3b events considered in this paper. The first block of columns gives the names of the events and lists the instruments (LIGO
Hanford, LIGO Livingston, Virgo) 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 �f = c|~S f |/(GM2

f ),
and network signal-to-noise ratio SNR. Reported quantities correspond to the median and 90% symmetric credible intervals, as computed in
Table IV in GWTC-3 [81]. The final mass and final spin quantities are inferred from analysis of the entire signal and are for the remnant long
after the coalescence and ringdown are complete, as described in [99]. 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); POL = polarization content (Sec. VII); RD = ringdown (Sec. VIII A); ECH = echoes searches (Sec. VIII B).

Event Inst. Properties SNR Tests performed
DL (1 + z)M (1 + z)M (1 + z)Mf �f RT IMR PAR SIM MDR POL RD ECH

[Gpc] [M�] [M�] [M�]

GW191109 010717 HL 1.29+1.13
�0.65 140+21

�17 60.1+9.8
�9.3 135+19

�15 0.61+0.18
�0.19 17.3+0.5

�0.5 3 – – – – 3 3 3

GW191129 134029 HL 0.79+0.26
�0.33 20.10+2.94

�0.64 8.49+0.06
�0.05 19.19+3.07

�0.67 0.69+0.03
�0.05 13.1+0.2

�0.3 3 – 3 3 3 – – 3

GW191204 171526 HL 0.65+0.19
�0.25 22.74+1.94

�0.48 9.70+0.05
�0.05 21.60+2.05

�0.50 0.73+0.03
�0.03 17.5+0.2

�0.2 3 – 3 3 3 3 – 3

GW191215 223052 HLV 1.93+0.89
�0.86 58.4+4.8

�3.7 24.9+1.5
�1.4 55.8+4.8

�3.3 0.68+0.07
�0.07 11.2+0.3

�0.4 3 – – – 3 3 – 3

GW191216 213338 HV 0.34+0.12
�0.13 21.17+2.93

�0.66 8.94+0.05
�0.05 20.18+3.06

�0.70 0.70+0.03
�0.04 18.6+0.2

�0.2 3 – 3 3 3 3 – 3

GW191222 033537 HL 3.0+1.7
�1.7 119+16

�13 51.0+7.2
�6.5 114+14

�12 0.67+0.08
�0.11 12.5+0.2

�0.3 3 – – – 3 3 3 3

GW200115 042309 HLV 0.29+0.15
�0.10 7.8+1.9

�1.8 2.58+0.01
�0.01 7.7+1.9

�1.8 0.42+0.09
�0.05 11.3+0.3

�0.5 3 – 3 – – – – 3

GW200129 065458 HLV 0.90+0.29
�0.38 74.6+4.5

�3.8 32.1+1.8
�2.6 70.9+4.2

�3.4 0.73+0.06
�0.05 26.8+0.2

�0.2 3 3 3 3 3 3 3 3

GW200202 154313 HLV 0.41+0.15
�0.16 19.01+1.99

�0.34 8.15+0.05
�0.05 18.12+2.09

�0.35 0.69+0.03
�0.04 10.8+0.2

�0.4 3 – 3 – 3 – – 3

GW200208 130117 HLV 2.23+1.00
�0.85 91+11

�10 38.8+5.2
�4.8 87.5+10.3

�9.1 0.66+0.09
�0.13 10.8+0.3

�0.4 3 3 – – 3 3 – 3

GW200219 094415 HLV 3.4+1.7
�1.5 103+14

�12 43.7+6.3
�6.2 98+13

�11 0.66+0.10
�0.13 10.7+0.3

�0.5 3 – – – 3 3 – 3

GW200224 222234 HLV 1.71+0.49
�0.64 94.9+8.3

�7.2 40.9+3.5
�3.8 90.2+7.5

�6.4 0.73+0.07
�0.07 20.0+0.2

�0.2 3 3 – – 3 3 3 3

GW200225 060421 HL 1.15+0.51
�0.53 41.2+3.0

�4.0 17.65+0.98
�1.97 39.4+2.9

�3.6 0.66+0.07
�0.13 12.5+0.3

�0.4 3 3 3 3 3 3 – 3

GW200311 115853 HLV 1.17+0.28
�0.40 75.9+6.2

�5.7 32.7+2.7
�2.8 72.4+5.6

�5.1 0.69+0.07
�0.08 17.8+0.2

�0.2 3 3 3 – 3 3 3 3

GW200316 215756 HLV 1.12+0.47
�0.44 25.5+8.7

�1.1 10.68+0.12
�0.12 24.3+9.0

�1.1 0.70+0.04
�0.04 10.3+0.4

�0.7 3 – 3 3 – – – 3

[81], unless otherwise stated.

When combining results obtained from multiple events, we
employ two methods. The first method relies on the multi-
plication of the individual likelihoods corresponding to the
deformation parameters that are inferred from the data. This
method assumes that the deformation parameters take the same
value across events [146]. This is a restrictive assumption for
all the tests we consider except for the modified dispersion test.
In order to address this, wherever possible, we combine the
information from the tests for di↵erent events hierarchically
using a model that does not make this restrictive assumption
and hence provides bounds which are qualitatively more robust
[147].

We quantify the agreement of our results with GR using
several statistical indicators. In Section IV B we present GR
quantiles Q2D

GR for joint distributions, which denote the fraction
of the likelihood contained within the isoprobability contour
passing through the GR value, with a smaller GR quantile indi-
cating a better agreement with GR. In Sections V A and VI, we
report instead quantiles on one-dimensional distributions QGR.
When error bars are reported, they denote 90% confidence in-
tervals and, likewise, we show 90% credible regions (intervals)
when presenting joint (individual) posterior distributions.

IV. CONSISTENCY TESTS

A. Residuals test

Measuring the remnant coherent power in the network data
after the subtraction of the best-fit GR template can be used
to quantify consistency of GR waveform model with the data.
The random noise in di↵erent detectors can be taken to be
incoherent. The presence of consistent noise in the network
after removing the GW signal from the data indicates an in-
consistency between the signal present in the data and the GR
template used. The residual analysis is designed to detect such
discrepancies of the data with GR [6, 10, 148, 149].

A residual data set is obtained by subtracting the waveform
corresponding to maximum likelihood parameters from indi-
vidual detector data with a window size of one second around
the trigger time. The window size of one second is used due to
the relatively short length of the signal. Then the residual SNR,
or SNR90, is computed as the 90% credible upper limit on
the remnant coherent network SNR in the residual data using
the BAYESWAVE pipeline [83, 145, 150]. BAYESWAVE uses a
template-independent model to characterize any excess power
in the residual compared to the detector noise.

We follow the method used in the previous analyses per-
formed in GWTC-1 [10] and GWTC-2 [11]. However, we
use the new phenomenological waveform model PhenomX-
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where D is the number of parameters that define the signal
model and where the reduction from D to D − 1 is because
the match is independent from the overall amplitude of the
signal. For the minimally modeled waveform reconstruc-
tions, the distributions of match values are more difficult to
predict. Using simulations, it is found that the mismatch
decreases with SNR, but more slowly than for templates,
since the effective dimension of the model increases with
SNR [108]. The mismatch also scales with the time-
frequency volume. For binary systems of a given SNR,

the mismatch is generally smaller for high-mass systems
[108,319,320]. Given these complexities, we choose to
empirically estimate the match distribution from simula-
tions for each event. As a proxy for the signal, we use fair
draws from the on-source template-based analysis and
inject these into data surrounding the event; the right
ascensions for the simulated signals are adjusted such
that the simulated source is at the same sky location in
the frame of the detectors. For the majority of events, the
waveform model used for the injections is IMRPhenomPv2.

FIG. 16. The upper panels show waveform reconstructions for GW190519_153544 in the LIGO Livingston detector. The waveform
posterior from the template-based analysis (shown in orange) is compared to the BWanalysis in the upper left and to the cWB analysis in
the upper right. The panels also show the 90% credible bands for the Bayesian LALInference and BW algorithms and the
90% confidence band for cWB derived from off-source injections, i.e., by injecting samples from the template-based analysis into data
surrounding the event and repeating the analysis multiple times (these bands are computed on an individual time sample basis). The
lower two panels show the distribution of overlap values when running BW and cWB on waveforms drawn from the template-based
analysis that are injected into data surrounding the event. The fraction of runs with matches below that of the on-source analysis give the
p value for the event.
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