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GWTC-4.0: Tests of General Relativity. III. Tests of the Remnants

THE LIGO SCIENTIFIC COLLABORATION, THE VIRGO COLLABORATION, AND THE KAGRA COLLABORATION2

(Compiled: 18 March 2026)3

ABSTRACT4

This is the third paper of the set recording the results of the suite of tests of general relativity (GR) performed on5

the signals from the fourth Gravitational-Wave Transient Catalog (GWTC-4.0), where we focus on the remnants6

of the binary mergers. We examine for the first time 42 events from the first part of the fourth observing run of the7

LIGO–Virgo–KAGRA detectors, alongside events from the previous observation runs, restricting our analysis to8

the confident signals, which were measured in at least two detectors and that have false alarm rates ≤ 10−3 yr−1.9

This paper focuses on seven tests of the coalescence remnants. Three of these are tests of the ringdown and its10

consistency with the expected quasi-normal mode (QNM) spectrum of a Kerr black hole. Specifically, two tests11

analyze just the ringdown in the time domain, and the third test analyzes the entire signal in the frequency domain.12

Four tests allow for the existence of possible echoes arriving after the end of the ringdown. As such echoes are13

not expected in GR, we consider two families of proposed waveform templates, and two independent searches14

for general excess coherent power after the merger. We find overall consistency of the remnants with GR, and15

the tightest single-event constraint on the damping time of the dominant (2, 2, 0) QNM of all the GWTC-4.016

events is found for GW231226 101520 by the frequency domain ringdown analysis. When combining events by17

multiplying likelihoods (hierarchically), that analysis finds that the GR prediction lies at the boundary of the18

98.6+1.4
−9.4% (99.3+0.7

−4.5%) credible region, an increase from 93.8+6.1
−20.0% (94.9+4.4

−18.2%) for GWTC-3.0. Here the19

ranges of values comes from bootstrapping to account for the finite number of events analyzed and suggest that20

some of the apparently significant deviation could be attributed to variance due to the finite catalog. Since the21

significance also decreases to 92.2% (96.2%) when including the more recent very loud event GW250114, there22

is no strong evidence for a GR deviation. We find no evidence for post-merger echoes in the events that were23

analyzed.24

1. OVERVIEW25

In this paper, we examine whether the gravitational waves26

(GWs) emitted by remnants of compact binary coalescences27

(CBCs) behave as predicted by general relativity (GR). The28

preceding two papers presented tests for general consistency29

with GR (Paper I; Abac et al. 2025a) and parameterized tests30

(Paper II; Abac et al. 2025b). This third testing GR paper31

specifically summarizes the results of the ringdown-based32

tests for black hole (BH) remnants and echo searches. The33

expected remnant of a binary BH (BBH) merger is an isolated34

Kerr BH, a simple object whose perturbations are well stud-35

ied mathematically (Chandrasekhar 1983; Pound & Wardell36

2022), making it an excellent candidate for clean tests of37

strong-field gravity. In particular, a linearly perturbed Kerr38

BH is expected to shed its perturbations by emitting radia-39

tion described by quasi-normal modes (QNMs), which have40

complex frequencies determined by the BH’s mass and spin41

(Vishveshwara 1970; Berti et al. 2009). Thus, the QNM signal42
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decays exponentially and in practice only a handful of cycles43

are detectable even for strong signals at current sensitivities,44

such as the event GW250114 (Abac et al. 2025c) from the45

second part of the fourth observing run (O4b). Analyzing this46

ringdown signal in the linear regime allows one to make tests47

of the consistency of multiple QNMs with the GR predictions.48

No further signals are expected in GR after the ringdown of49

the system, although later signals, termed echoes, have been50

predicted in some alternative theories. These ringdowns and51

echoes are the subject of the tests in this paper.52

The tests were performed on the events reported by the53

LIGO–Virgo–KAGRA Collaboration (LVK) in the fourth54

GW transient catalog (GWTC-4.0; Abac et al. 2025d,e),55

which were observed with at least two detectors and have a56

false-alarm rate of ≤ 10−3 yr−1. Table 1 details which events57

were examined for each test. These include events from the58

first part of the fourth observing run (O4a), which are new59

(Abac et al. 2025e), as well as some events from previous runs,60

O1 (Abbott et al. 2016), O2 (Abbott et al. 2019a,b), O3a (Ab-61

bott et al. 2024, 2021a), and O3b (Abbott et al. 2023a, 2025),62

which have been used for a subset of the tests. Of the O4a63

events tested here, GW230518 125908 has masses consistent64

with a neutron star–BH binary, while the rest all have masses65

consistent with BBHs. The loud event GW230814 23090166
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Table 1. Event selection table for the analyses in this paper, from O4a and the previous observing runs O1–O3

Ringdown Echoes

Waveforms Min. Mod.

Run Event Name SNR (1+z)Mf/M⊙ χf q pyRing pSEOBNR QNMRF ADA BHP BW CWB

O1 GW150914 26.0+0.1
−0.2 67.6+3.6

−3.2 0.68+0.05
−0.05 0.88+0.11

−0.22 ++ ✓ + ++ + + +

GW151012* 9.3+0.3
−0.5 44.3+12.8

−4.3 0.70+0.13
−0.13 0.57+0.36

−0.34 · · · · · · · · · + + + +

GW151226 12.7+0.3
−0.3 22.6+9.5

−1.5 0.75+0.12
−0.05 0.53+0.41

−0.34 · · · · · · · · · ++ + + +

O2 GW170104 13.8+0.2
−0.3 57.8+4.0

−3.5 0.67+0.07
−0.08 0.73+0.24

−0.26 ++ ✓ · · · ++ + + +

GW170608 15.3+0.2
−0.3 18.86+2.39

−0.33 0.69+0.03
−0.03 0.74+0.23

−0.33 · · · · · · · · · ++ + + +

GW170729* 10.7+0.4
−0.5 119+19

−18 0.80+0.08
−0.20 0.58+0.35

−0.23 · · · · · · · · · · · · + + +

GW170809 12.8+0.2
−0.3 67.3+5.7

−4.2 0.71+0.08
−0.08 0.71+0.25

−0.25 · · · · · · · · · ++ · · · + +

GW170814 17.7+0.2
−0.3 59.7+3.3

−2.7 0.72+0.07
−0.06 0.81+0.16

−0.23 ++ · · · · · · ++ + + +

GW170817 32.7+0.1
−0.1 2.67+0.16

−0.05 0.68+0.01
−0.03 0.72+0.24

−0.21 · · · · · · · · · · · · · · · + · · ·

GW170818 12.0+0.3
−0.4 72.6+6.0

−5.2 0.69+0.08
−0.08 0.80+0.18

−0.24 · · · · · · · · · ++ + + · · ·

GW170823 12.2+0.2
−0.3 87.2+11.0

−9.1 0.71+0.08
−0.09 0.78+0.20

−0.30 ++ · · · · · · ++ + + +

O3a GW190408 181802 14.6+0.2
−0.3 53.3+3.1

−2.9 0.67+0.06
−0.07 0.75+0.21

−0.26 ++ · · · · · · ++ + · · · +

GW190412 19.8+0.2
−0.3 40.7+5.5

−4.6 0.66+0.05
−0.04 0.325+0.172

−0.097 · · · · · · · · · ++ + · · · +

GW190421 213856 10.7+0.2
−0.4 103+12

−11 0.66+0.09
−0.12 0.78+0.20

−0.32 · · · · · · · · · ++ + · · · · · ·

GW190503 185404 12.1+0.2
−0.4 86+12

−12 0.66+0.09
−0.15 0.69+0.27

−0.29 · · · · · · · · · ++ + · · · · · ·

GW190512 180714 12.7+0.3
−0.4 43.4+4.4

−2.7 0.65+0.06
−0.07 0.54+0.36

−0.18 ++ · · · · · · ++ + · · · +

GW190513 205428 12.5+0.3
−0.4 72.8+13.4

−8.2 0.72+0.13
−0.14 0.52+0.41

−0.20 ++ · · · · · · ++ · · · · · · +

GW190517 055101 10.8+0.5
−0.6 80.9+8.9

−7.3 0.87+0.05
−0.07 0.64+0.30

−0.30 · · · · · · · · · ++ + · · · +

GW190519 153544 15.9+0.2
−0.3 146+16

−16 0.79+0.07
−0.12 0.63+0.26

−0.22 ++ ✓ · · · ++ + · · · +

GW190521 14.3+0.4
−0.3 234+50

−32 0.62+0.21
−0.23 0.59+0.33

−0.38 ++ · · · · · · ++ + · · · +

GW190521 074359 25.9+0.1
−0.2 88.1+6.7

−4.6 0.71+0.07
−0.06 0.77+0.19

−0.21 ++ ✓ · · · ++ + · · · +

GW190602 175927 13.2+0.2
−0.3 166+23

−22 0.72+0.11
−0.17 0.63+0.32

−0.34 ++ · · · · · · ++ + · · · +

GW190630 185205 16.4+0.2
−0.3 66.4+4.6

−3.4 0.70+0.06
−0.07 0.68+0.28

−0.22 · · · ✓ · · · ++ · · · · · · · · ·

GW190706 222641 13.4+0.2
−0.4 177+22

−24 0.80+0.08
−0.16 0.56+0.34

−0.25 ++ · · · · · · ++ + · · · +

GW190707 093326 13.1+0.2
−0.4 22.35+1.65

−0.71 0.66+0.03
−0.03 0.66+0.28

−0.20 · · · · · · · · · ++ + · · · · · ·

GW190708 232457 13.4+0.2
−0.3 35.5+3.0

−1.7 0.68+0.04
−0.05 0.58+0.36

−0.18 ++ · · · · · · ++ · · · · · · · · ·

GW190720 000836 10.9+0.3
−0.8 24.2+4.4

−1.6 0.71+0.05
−0.05 0.53+0.35

−0.24 · · · · · · · · · ++ + · · · · · ·

GW190727 060333 11.7+0.2
−0.5 100.2+12.2

−9.8 0.73+0.10
−0.10 0.79+0.18

−0.29 ++ · · · · · · ++ + · · · · · ·

GW190728 064510 13.1+0.3
−0.4 22.82+5.59

−0.77 0.71+0.04
−0.04 0.64+0.30

−0.36 · · · · · · · · · ++ + · · · · · ·

GW190814 25.3+0.1
−0.2 27.0+1.5

−1.3 0.28+0.03
−0.03 0.111+0.012

−0.011 · · · · · · · · · · · · + · · · +

GW190828 063405 16.5+0.2
−0.3 76.0+7.7

−5.5 0.76+0.07
−0.07 0.82+0.15

−0.26 ++ ✓ · · · ++ + · · · +

GW190828 065509 10.2+0.4
−0.5 42.3+5.9

−3.9 0.64+0.08
−0.08 0.44+0.38

−0.16 · · · · · · · · · ++ + · · · · · ·

GW190910 112807 14.5+0.2
−0.3 96.6+8.7

−7.2 0.69+0.08
−0.08 0.80+0.18

−0.23 ++ ✓ · · · ++ · · · · · · · · ·

GW190915 235702 13.1+0.2
−0.3 72.7+7.1

−6.0 0.69+0.08
−0.09 0.76+0.21

−0.29 ++ · · · · · · ++ + · · · +

Table 1 continued
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Table 1 (continued)

Ringdown Echoes

Waveforms Min. Mod.

Run Event Name SNR (1+z)Mf/M⊙ χf q pyRing pSEOBNR QNMRF ADA BHP BW CWB

GW190924 021846 12.0+0.3
−0.4 14.79+3.34

−0.69 0.67+0.05
−0.04 0.58+0.32

−0.30 · · · · · · · · · ++ + · · · · · ·

O3b GW191109 010717 17.2+0.5
−0.5 135+19

−15 0.61+0.18
−0.19 0.73+0.21

−0.24 ++ ✓ · · · · · · + ++ +

GW191129 134029 13.1+0.2
−0.3 19.20+3.08

−0.67 0.69+0.03
−0.05 0.63+0.31

−0.29 · · · · · · · · · · · · + ++ · · ·

GW191204 171526 17.5+0.2
−0.2 21.60+2.04

−0.50 0.73+0.03
−0.03 0.69+0.25

−0.26 · · · · · · · · · · · · + ++ +

GW191215 223052 11.2+0.3
−0.4 55.9+5.0

−3.3 0.68+0.07
−0.07 0.73+0.24

−0.27 · · · · · · · · · · · · + ++ +

GW191216 213338 18.6+0.2
−0.2 20.18+3.10

−0.70 0.70+0.03
−0.04 0.63+0.31

−0.29 · · · · · · · · · · · · · · · ++ · · ·

GW191222 033537 12.5+0.2
−0.3 114+14

−12 0.67+0.08
−0.11 0.79+0.18

−0.32 ++ · · · · · · · · · + ++ +

GW200115 042309 11.3+0.3
−0.5 7.6+2.3

−1.7 0.43+0.10
−0.06 0.243+0.432

−0.097 · · · · · · · · · · · · + ++ · · ·

GW200129 065458 26.8+0.2
−0.2 70.9+4.2

−3.4 0.73+0.06
−0.05 0.85+0.12

−0.41 ++ ✓ · · · · · · + ++ · · ·

GW200202 154313 10.8+0.2
−0.4 18.12+2.09

−0.35 0.69+0.03
−0.04 0.72+0.24

−0.31 · · · · · · · · · · · · + ++ · · ·

GW200208 130117 10.8+0.3
−0.5 87.5+10.3

−9.1 0.66+0.09
−0.13 0.73+0.23

−0.29 · · · ✓ · · · · · · + ++ · · ·

GW200219 094415 10.7+0.3
−0.5 98+13

−11 0.66+0.10
−0.13 0.77+0.21

−0.32 · · · · · · · · · · · · + ++ +

GW200224 222234 20.0+0.2
−0.2 90.5+7.6

−6.4 0.73+0.07
−0.07 0.82+0.16

−0.26 ++ ✓ · · · · · · + ++ · · ·

GW200225 060421 12.5+0.3
−0.4 39.4+2.9

−3.6 0.66+0.07
−0.13 0.73+0.23

−0.28 · · · · · · · · · · · · + ++ +

GW200311 115853 17.8+0.2
−0.2 72.4+5.6

−5.1 0.69+0.07
−0.08 0.82+0.16

−0.27 ++ ✓ · · · · · · + ++ +

GW200316 215756 10.3+0.4
−0.7 24.4+9.0

−1.1 0.70+0.04
−0.04 0.59+0.34

−0.38 · · · · · · · · · · · · + ++ · · ·

O4a GW230518 125908 14.2+0.2
−0.4 9.97+0.79

−0.83 0.38+0.03
−0.03 0.18+0.04

−0.03 · · · · · · · · · · · · · · · ✓ · · ·

GW230601 224134 12.3+0.2
−0.3 164+16

−15 0.67+0.12
−0.13 0.69+0.26

−0.30 ✓ · · · · · · ✓ · · · ✓ ✓

GW230605 065343 10.5+0.3
−0.4 32.6+4.7

−1.2 0.69+0.05
−0.05 0.65+0.31

−0.29 · · · · · · · · · ✓ ✓ ✓ · · ·

GW230606 004305 10.3+0.3
−0.4 90+14

−11 0.64+0.11
−0.14 0.70+0.27

−0.33 · · · · · · · · · ✓ ✓ ✓ ✓

GW230609 064958 9.8+0.3
−0.5 91+12

−10 0.64+0.09
−0.13 0.73+0.24

−0.30 ✓ · · · · · · ✓ · · · ✓ ✓

GW230624 113103 9.7+0.4
−0.5 56.2+13.0

−5.3 0.72+0.12
−0.11 0.59+0.35

−0.29 · · · · · · · · · ✓ · · · ✓ ✓

GW230627 015337 28.5+0.1
−0.1 14.34+0.94

−0.32 0.68+0.02
−0.03 0.69+0.25

−0.21 · · · · · · · · · ✓ · · · ✓ ✓

GW230628 231200 15.5+0.2
−0.3 79.0+5.9

−5.2 0.69+0.08
−0.06 0.85+0.14

−0.24 ✓ ✓ · · · ✓ ✓ ✓ ✓

GW230630 234532 9.4+0.3
−0.5 19.29+2.46

−0.56 0.66+0.04
−0.05 0.67+0.29

−0.28 · · · · · · · · · ✓ ✓ ✓ · · ·

GW230702 185453 9.5+0.3
−0.5 82+23

−11 0.64+0.13
−0.15 0.45+0.45

−0.25 · · · · · · · · · ✓ ✓ ✓ ✓

GW230731 215307 11.9+0.2
−0.3 20.99+1.73

−0.33 0.67+0.04
−0.03 0.76+0.22

−0.29 · · · · · · · · · ✓ ✓ ✓ ✓

GW230811 032116 12.8+0.3
−0.4 76.0+6.7

−5.0 0.69+0.09
−0.09 0.63+0.31

−0.22 ✓ · · · · · · ✓ ✓ ✓ ✓

GW230814 061920 9.4+0.3
−0.5 176+22

−25 0.69+0.12
−0.14 0.62+0.32

−0.29 ✓ · · · · · · ✓ ✓– ✓ ✓

GW230824 033047 10.0+0.2
−0.4 148+16

−16 0.68+0.10
−0.13 0.71+0.26

−0.34 ✓ · · · · · · ✓ · · · ✓ ✓

GW230904 051013 10.2+0.3
−0.5 20.30+3.03

−0.55 0.69+0.04
−0.04 0.68+0.29

−0.31 · · · · · · · · · ✓ ✓– ✓ · · ·

GW230914 111401 16.2+0.2
−0.3 135+14

−13 0.71+0.09
−0.14 0.62+0.32

−0.26 ✓ ✓ · · · ✓ ✓ ✓ ✓

GW230919 215712 15.7+0.2
−0.3 58.4+3.2

−2.6 0.75+0.06
−0.05 0.79+0.18

−0.25 · · · · · · · · · ✓ ✓ ✓ ✓

GW230920 071124 10.1+0.3
−0.4 80.2+9.0

−6.4 0.69+0.10
−0.10 0.75+0.22

−0.30 · · · · · · · · · ✓ ✓ ✓ ✓

GW230922 020344 11.8+0.3
−0.4 85.3+8.1

−6.5 0.70+0.08
−0.08 0.75+0.22

−0.26 ✓ · · · · · · ✓ ✓ ✓ ✓

GW230922 040658 11.4+0.2
−0.4 235+29

−29 0.79+0.08
−0.14 0.71+0.26

−0.43 ✓ · · · · · · ✓ · · · ✓ ✓

Table 1 continued
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Table 1 (continued)

Ringdown Echoes

Waveforms Min. Mod.

Run Event Name SNR (1+z)Mf/M⊙ χf q pyRing pSEOBNR QNMRF ADA BHP BW CWB

GW230924 124453 12.9+0.2
−0.3 70.2+5.0

−4.1 0.70+0.07
−0.06 0.81+0.17

−0.24 ✓ · · · · · · ✓ ✓ ✓ ✓

GW230927 043729 10.5+0.2
−0.4 91.1+8.9

−7.5 0.69+0.08
−0.08 0.80+0.18

−0.27 ✓ · · · · · · ✓ ✓ ✓ ✓

GW230927 153832 19.7+0.2
−0.2 44.7+1.7

−1.0 0.69+0.04
−0.03 0.75+0.21

−0.19 ✓ ✓ · · · ✓ ✓ ✓ ✓

GW230928 215827 8.9+0.4
−0.6 141+20

−23 0.83+0.07
−0.15 0.56+0.35

−0.27 ✓ · · · · · · ✓ · · · ✓ ✓

GW231001 140220 9.6+0.3
−0.5 191+31

−28 0.64+0.15
−0.20 0.54+0.36

−0.26 ✓ · · · · · · ✓ ✓ ✓ ✓

GW231020 142947 10.5+0.3
−0.4 22.66+8.56

−0.97 0.72+0.06
−0.04 0.61+0.35

−0.40 · · · · · · · · · ✓ ✓ ✓ · · ·

GW231028 153006 21.0+0.2
−0.2 241+19

−20 0.84+0.05
−0.10 0.63+0.33

−0.35 ✓ ✓ ✓ ✓ · · · ✓ ✓

GW231102 071736 13.3+0.2
−0.3 160+15

−15 0.70+0.09
−0.10 0.72+0.25

−0.27 ✓ ✓ · · · ✓ ✓ ✓ ✓

GW231104 133418 11.0+0.2
−0.4 25.17+3.29

−0.59 0.72+0.05
−0.04 0.70+0.26

−0.31 · · · · · · · · · ✓ ✓– ✓ · · ·

GW231108 125142 12.4+0.2
−0.3 53.2+2.9

−2.3 0.66+0.06
−0.05 0.75+0.22

−0.23 ✓ · · · · · · ✓ ✓ ✓ ✓

GW231110 040320 11.0+0.3
−0.4 40.7+4.1

−1.7 0.74+0.06
−0.05 0.65+0.30

−0.25 · · · · · · · · · ✓ ✓ ✓ · · ·

GW231113 200417 10.1+0.3
−0.5 22.10+3.80

−0.72 0.72+0.06
−0.04 0.65+0.31

−0.31 · · · · · · · · · ✓ ✓– ✓ ✓

GW231114 043211 9.8+0.3
−0.5 37.6+10.0

−4.3 0.61+0.06
−0.06 0.36+0.27

−0.17 · · · · · · · · · ✓ ✓– ✓ · · ·

GW231118 005626 10.5+0.3
−0.5 40.4+5.4

−2.4 0.80+0.06
−0.05 0.55+0.37

−0.22 · · · · · · · · · ✓ · · · ✓ · · ·

GW231118 090602 10.9+0.4
−0.4 24.3+14.1

−1.3 0.70+0.08
−0.04 0.56+0.38

−0.41 · · · · · · · · · ✓ · · · ✓ · · ·

GW231123 135430 20.7+0.2
−0.3 304+40

−42 0.84+0.07
−0.19 0.74+0.22

−0.38 ++ · · · · · · ✓ ✓ ✓ ✓

GW231206 233134 11.0+0.3
−0.4 93.1+9.4

−9.0 0.67+0.09
−0.10 0.81+0.17

−0.28 ✓ · · · · · · ✓ ✓ ✓ ✓

GW231206 233901 21.0+0.1
−0.2 80.7+4.7

−4.1 0.67+0.06
−0.07 0.76+0.21

−0.25 ✓ ✓ · · · ✓ ✓ ✓ ✓

GW231213 111417 9.7+0.2
−0.4 99+15

−12 0.71+0.09
−0.09 0.79+0.19

−0.30 ✓ · · · · · · ✓ ✓ ✓ ✓

GW231223 032836 8.8+0.3
−0.5 124+18

−20 0.63+0.13
−0.17 0.71+0.26

−0.41 ✓ · · · · · · ✓ ✓ ✓ ✓

GW231224 024321 12.9+0.2
−0.3 18.74+1.12

−0.24 0.68+0.04
−0.03 0.79+0.19

−0.26 · · · · · · · · · ✓ ✓– ✓ · · ·

GW231226 101520 33.7+0.1
−0.1 87.6+3.4

−3.2 0.67+0.04
−0.04 0.88+0.11

−0.19 ✓ ✓ ✓ ✓ ✓ ✓ ✓

NOTE—Event selection table for the analyses in this paper, from O4a (Abac et al. 2025e) and the previous observing runs O1 (Abbott et al.
2016), O2 (Abbott et al. 2019a), O3a (Abbott et al. 2021b, 2024), and O3b (Abbott et al. 2023a), with binary parameters from each observing
run’s catalog paper. The starred events GW151012 and GW170729 had previously been used for tests of GR in Abbott et al. (2016, 2019b), but
do not meet the current selection criteria, though we list analyses performed on them in external work. A ✓ indicates an event meeting our
selection criteria for an analysis, and thus included in our results. A ✓–indicates an event meeting the criteria, but not included yet due to
runtime constraints (see Section 3.1) A + indicates existing results from previous runs in external works, while a ++ indicates previous results
by the LVK exist, although are not used for the new bounds here. A · · · indicates events not meeting selection criteria.

(shortened to GW230814 23; Abac et al. 2025f) is not covered67

by this paper, as it was a single-detector event.68

In Section 2, we discuss the three tests performed on the69

ringdown of remnants of BBH mergers, which are expected70

to behave like vacuum Kerr BHs. These check if the observed71

ringdown is consistent with the predicted spectrum of QNMs72

of a Kerr BH. Of these, PYRING (Section 2.1) performs73

various analyses of just the post-inspiral signal in the time74

domain, pSEOBNR (Section 2.2) analyzes the entire signal in75

the frequency domain, and the QNM rational filter analysis76

(QNMRF; Section 2.3) again just considers the post-inspiral77

signal in the time domain, applying a filter to determine the78

QNMs present in the signal. We summarize the ringdown79

results in Section 2.4. Section 3 describes searches for echoes,80

i.e., post-ringdown signals on longer timescales than expected81

for a pure GR ringdown. These include both searches with82

waveform models (Echoes WFM), both ADA and BHP, as83

described in Section 3.1, and minimally modeled searches84

(Echoes MM), similar to searches for bursts of GWs coher-85

ent between the detectors, namely BAYESWAVE (BW) and86

CWB, as described in Sections 3.2 and 3.3, respectively. We87

summarize the echoes results in Section 3.4. We give the88

overall conclusion in Section 4, and additional details about89

the PYRING analysis in the Appendix.90
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All masses used in this paper are the redshifted masses91

(1 + z)m (sometimes denoted with a “det” superscript, for92

the detector frame), unless otherwise specified (Section 3.3),93

with m either the total original mass M or the final remnant94

mass Mf . When the mass is of interest, we use it in units95

of the solar mass M⊙, namely (1 + z)m/M⊙, while when96

interested in the time scale derived from the mass, we use the97

conversion tm = G(1 + z)m/c3, in seconds.98

2. RINGDOWN TESTS99

In Section 4.2 of Paper I, we examined the overall con-100

sistency of the early to late parts of the inspiral–merger–101

ringdown (IMR) signals. Here, we focus on the post-merger102

signal, consisting of GWs emitted from the remnant as it103

relaxes to a equilibrium state. In binary BH mergers, this104

relaxation is highly dynamic. However, at sufficiently late105

times, it can be modeled using BH perturbation theory as a106

linear combination of QNMs with fixed amplitudes (i.e., just107

having the expected exponential decay). Here, we present108

the results obtained by three ringdown-based tests of GR: (1)109

a time-domain analysis that examines only the post-merger110

signal (PYRING), (2) a frequency-domain analysis that con-111

siders the entire signal (pSEOBNR), and (3) a time-domain112

analysis that filters out specific QNMs from the post-merger113

signal (QNMRF).114

Traditional perturbation theory-based analyses, such as115

the Kerr analysis within PYRING and the QNMRF anal-116

ysis, concentrate solely on this late-time regime, more com-117

monly known as the ringdown phase. In contrast, the118

KerrPostmerger PYRING analysis and pSEOBNR incor-119

porate the entire post-merger signal. Additionally, pSEOBNR120

includes the pre-merger portion as well, assuming it adheres121

to GR, whereas the other methods exclude this region from122

the stretch of data analyzed.123

Detecting multiple QNMs and using them to perform BH124

spectroscopy (Detweiler 1980; Dreyer et al. 2004; Berti et al.125

2006, 2025) is a goal of many ringdown analyses. BH spec-126

troscopy aims to test GR by using the observation of multiple127

QNMs and checking their consistency with the spectrum pre-128

dicted for a Kerr BH. Similarly, when a subdominant mode129

is identified in addition to the dominant 220 QNM, verifying130

that the detector-frame remnant mass (1 + z)Mf and spin χf131

inferred from ringdown analysis agree with those from the132

full IMR analysis constitutes a self-consistency test of GR.133

However, BH spectroscopy is complicated by the fact that we134

have an incomplete understanding of the relaxation dynamics135

in the early post-merger phase of the binary’s evolution. Using136

a ringdown model based on a superposition of QNMs can thus137

introduce systematic uncertainties if the spacetime has not138

relaxed enough to admit a stationary Kerr perturbative descrip-139

tion. The early post-merger phase is influenced by transient140

effects driven by (i) initial conditions (Berti & Cardoso 2006;141

Albanesi et al. 2023; Lagos & Hui 2023; Chavda et al. 2025;142

De Amicis et al. 2026); (ii) nonlinearities, which have been in-143

vestigated using both numerical-relativity (NR; London et al.144

2014; Bhagwat et al. 2018; Baibhav et al. 2023; Cheung et al.145

2023; Mitman et al. 2023; Bourg et al. 2025) and perturbative146

approaches (Gleiser et al. 1996; Sberna et al. 2022; Bucciotti147

et al. 2023; Lagos & Hui 2023; Bucciotti et al. 2024; Ma &148

Yang 2024; Perrone et al. 2024; Redondo-Yuste et al. 2024a);149

and (iii) variations in the remnant BH’s mass and spin (Sberna150

et al. 2022; Capuano et al. 2024; May et al. 2024; Redondo-151

Yuste et al. 2024b; Zhu et al. 2024). Additionally, the mode152

amplitudes are traditionally assumed to be constant, with no153

time variations after the exponential decay has been factored154

out, for simplicity. However, amplitude growth has recently155

been computed in toy models (Lagos & Hui 2023; Chavda156

et al. 2025) and perturbative binary settings (De Amicis et al.157

2026). Finally, higher harmonics peak significantly later than158

the fundamental mode, requiring a QNM description starting159

at later times (Nagar et al. 2020a).160

None of the aforementioned effects that exist in early post-161

merger are accounted for in the QNM-based analyses that use162

fixed amplitudes, which could potentially introduce bias if we163

start our analysis before the post-merger admits this simplistic164

description. This should be kept in mind as an important165

caveat. Currently, only phenomenological descriptions exist166

for the earlier dynamical QNM regime in comparable mass167

systems (Baker et al. 2008; Damour & Nagar 2014; Estellés168

et al. 2022b; Pompili et al. 2023). Thus, the accuracy of pure169

QNM superpositions crucially depends on the validity of the170

stationary QNM description for the ringdown, determined171

by the analysis start time, tstart. This is set by the model’s172

assumptions, as detailed below, and is a key ingredient for173

accurate detection of multiple QNMs.174

Finally, since astrophysical BHs are expected to be un-175

charged (Wald 1974; Gibbons 1975; Blandford & Znajek176

1977), we disregard electric or magnetic charges in all these177

analyses. Studies have indicated that the impact of a remnant178

U(1) charge in ringdown measurements should be negligible179

at current sensitivities (Carullo et al. 2022; Gu et al. 2024).180

For the PYRING Kerr and QNMRF analyses, the ring-181

down signal is modeled as a superposition of QNMs. For a182

given (ℓ, |m|, n) mode, the waveform can be written using the183

spin-weighted spheroidal harmonics Sℓ,m,n
s (Teukolsky 1973),184

which extend the spin-weighted spherical harmonics Y ℓ,m
s185

(Gelfand et al. 1958; Newman & Penrose 1966; Creighton186

& Anderson 2011). Here we need only the harmonics for187

spin s = −2 and have evaluated the spin-weighted spheroidal188

harmonics at the QNM frequency, hence the n overtone index.189

We thus have190

h+ − ih× = Aℓ,+m,n exp

[
i

(
2πfℓ|m|nt

1 + z
+ ϕℓ,+m,n

)]
exp

[
− t

(1 + z)τℓ|m|n

]
Sℓ,+m,n
−2 (ι, φ, χf)

+Aℓ,−m,n exp

[
i

(
−2πfℓ|m|nt

1 + z
+ ϕℓ,−m,n

)]
exp

[
− t

(1 + z)τℓ|m|n

]
Sℓ,−m,n
−2 (ι, φ, χf) ,

(1)191
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where ι is the inclination angle, fℓ|m|n, τℓ|m|n are the QNM192

frequency and damping times, Aℓ,+m,n and Aℓ,−m,n are the193

amplitudes for the left- and right-handed polarizations, and194

ϕℓ,+m,n and ϕℓ,−m,n are the corresponding phases. In GR,195

fℓ|m|n, τℓ|m|n are uniquely determined by the remnant mass196

and spin through the Kerr spectrum. The PYRING analy-197

sis approximates the spheroidal harmonics by the spherical198

harmonics. The mixing between spherical harmonic modes199

created by this approximation is expected to be negligible for200

the systems being considered, particularly for the dominant201

220 QNM (Isi & Farr 2021).202

For non-precessing binaries, modes with opposite azimuthal203

index are related by reflection symmetry,204

Xℓ,−m = (−1)ℓX∗
ℓ,m, (2)205

where Xℓm denotes either (frequency domain) waveform mul-206

tipoles h̃ℓm or QNM amplitudes Aℓ,+m,n. This symmetry207

also holds approximately for systems with generic spins.208

For the PYRING KerrPostmerger and pSEOBNR anal-209

yses, which allow for deviations from GR, we quantify the con-210

sistency with the null hypothesis by the GR quantile, which211

corresponds to the fraction of the posterior enclosed by the iso-212

probability contour that passes through the GR value (Ghosh213

et al. 2018), and is defined such that 0% (100%) indicates full214

consistency (full inconsistency) with the null hypothesis. For215

these analyses, we obtain combined results on many events216

hierarchically, and denote the GR quantile in the full four-217

dimensional space of hyperparameters for the hierarchical218

analysis by Q4D
GR. For pSEOBNR, we also compute the joint219

posterior of the two deviation parameters when combining220

events, and denote the GR quantile in that case by Q2D
GR.221

2.1. The PYRING analysis222

The PYRING (Carullo et al. 2019) analysis is designed to223

isolate and analyze the post-merger phase of binary BH merg-224

ers by employing a purely time-domain likelihood formula-225

tion (Del Pozzo & Nagar 2017; Carullo et al. 2019; Isi & Farr226

2021). This analysis uses a Bayesian framework, allowing for227

independent ringdown-only estimation of the remnant BH’s228

mass, spin, and QNM amplitudes, as well as the measurement229

of QNM frequencies and damping times for performing BH230

spectroscopy (Berti et al. 2025). It also realizes parameterized231

tests for non-GR features by introducing agnostic deviations232

in Kerr QNM frequencies and damping times.233

The PYRING analysis uses a hierarchical modeling strat-234

egy, using three template families that progressively in-235

corporate more information. The most agnostic model,236

known as DampedSinusoids (DS), uses a linear super-237

position of fixed-amplitude damped sinusoids with free fre-238

quencies and damping times. The next model, the Kerr239

template, constrains the frequency and damping time spec-240

trum to match the QNM spectrum of a Kerr BH. Finally, the241

KerrPostmerger model incorporates progenitor informa-242

tion and uses amplitude models calibrated to NR simulations243

up to the signal peak. KerrPostmerger is the most com-244

prehensive model, as it phenomenologically accounts for time-245

dependent amplitudes and extracts the most information from246

the data.247

To decrease computational cost, we select only systems248

with a sufficient observable ringdown signal. Specifically,249

events with a log10 B22
Noise ≳ 1 are selected, where B22

Noise250

is the signal-to-noise Bayes factor for KerrPostmerger251

(i.e., the ratio of the evidence for the presence of a252

KerrPostmerger signal with only the 22-mode contribu-253

tion to that for Gaussian noise). This threshold is low enough254

to include all events with a ringdown signal that can be confi-255

dently distinguished from noise, while excluding those with256

negligible ringdown signal-to-noise ratio (SNR). Estimates of257

the remnant parameters from IMR analyses in GR, for O4a258

events that pass the above criterion, are reported in Table 2.259

Due to a technical issue only discovered at a late stage in260

the preparation of this paper, B22
Noise was not computed for261

GW230606 004305 and GW231118 005626. Thus, those262

events are currently excluded a priori from the PYRING analy-263

sis.264

The analysis start time, specified below for the different265

models, is defined relative to a reference time, t0. chosen as266

the median time of the peak strain h2
++h2

× from the IMR GR267

analysis (Abac et al. 2025e) with the NRSUR7DQ4 (Varma268

et al. 2019) waveform when available for the given event.269

By convention, we use the strain in the Hanford detector to270

estimate the position t0 of the peak. To set the start time271

in other detectors we use the appropriate time shifts given272

the source’s inferred sky location. For events where results273

with NRSUR7DQ4 are not available, we instead determine274

t0 using the IMRPHENOMXPHM SPINTAYLOR waveform275

(henceforth IMRPHENOMXPHM for brevity; Pratten et al.276

2021; Colleoni et al. 2025). For NR-calibrated ringdown277

templates like KerrPostmerger, the reference time t220 is278

computed as the median time of the peak of the h22 mode,279

consistent with its NR calibration.280

We repeat the analysis for multiple starting times to confirm281

consistency with GR predictions and to check for potential282

anomalies, but for simplicity in Figure 1 and Table 2 we report283

results at a single characteristic time, tnom, set by the model’s284

regime of validity. The choice of tnom, and further discussion285

on how multiple start times are incorporated in the detection286

of HMs, can be found in the Appendix. Due to the current287

truncated time-segment formulation used in the analysis (Isi &288

Farr 2021), in which the ringdown analysis starts at the signal289

peak, the sky location is fixed to the maximum-likelihood290

value obtained from the full IMR analysis (Abac et al. 2025e).291

For certain exceptional events (e.g., in Abac et al. 2025g), we292

have explicitly verified that changing the sky location within293

the 90% credible region of the IMR posterior did not signifi-294

cantly affect the ringdown results. However, this analysis is295

expensive enough that we reserve it for exceptional cases.296

2.1.1. Results297

DampedSinusoids – The DS template serves as a min-298

imally modeled test of the ringdown emission’s consistency299

with GR, since no specific assumptions are made about the un-300

derlying spacetime metric nor the nature of the emitting object.301
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Table 2. Results from the PYRING analysis

Event log10 B22
Noise (1 + z)Mf/M⊙ χf log10 BHM

H0

IMR Kerr KerrPostmerger IMR Kerr KerrPostmerger Kerr KerrPostmerger

GW230601 224134 10.81 164+16
−15 200+230

−140 180+13
−22 0.67+0.12

−0.13 0.83+0.15
−0.72 0.84+0.08

−0.25 −0.71 0.16

GW230609 064958 2.60 91+12
−10 82+390

−70 94+12
−13 0.64+0.09

−0.13 0.41+0.46
−0.36 0.75+0.15

−0.26 −0.68 0.11

GW230628 231200 6.79 79.0+5.9
−5.2 88+21

−25 87.3+6.9
−8.8 0.69+0.08

−0.06 0.80+0.14
−0.48 0.85+0.07

−0.14 −0.42 0.20

GW230811 032116 3.19 76.0+6.7
−5.0 74+120

−38 75+11
−11 0.69+0.09

−0.09 0.56+0.38
−0.49 0.73+0.15

−0.23 −1.22 0.12

GW230814 061920 9.19 176+22
−25 177+64

−42 193+17
−20 0.69+0.12

−0.14 0.61+0.30
−0.52 0.79+0.09

−0.17 −1.29 0.46

GW230824 033047 7.23 148+16
−16 166+51

−50 161+13
−19 0.68+0.10

−0.13 0.78+0.17
−0.60 0.80+0.10

−0.24 −0.98 −0.04

GW230914 111401 18.91 135+14
−13 144+34

−34 146+11
−13 0.71+0.09

−0.14 0.66+0.22
−0.52 0.78+0.09

−0.15 −1.15 0.23

GW230922 020344 3.37 85.3+8.1
−6.5 75+26

−14 86.2+8.7
−9.9 0.70+0.08

−0.08 0.37+0.41
−0.33 0.78+0.11

−0.21 −0.91 0.17

GW230922 040658 14.26 235+29
−29 227+65

−49 240+16
−20 0.79+0.08

−0.14 0.62+0.28
−0.51 0.77+0.10

−0.16 −0.96 0.17

GW230924 124453 4.47 70.2+5.0
−4.1 79+28

−25 72.8+7.9
−9.5 0.70+0.07

−0.06 0.76+0.19
−0.60 0.79+0.11

−0.21 −1.35 0.00

GW230927 043729 1.95 91.1+8.9
−7.5 220+190

−150 92+11
−13 0.69+0.08

−0.08 0.43+0.45
−0.39 0.77+0.13

−0.25 −0.74 0.00

GW230927 153832 9.76 44.7+1.7
−1.0 44+14

−11 48.0+3.7
−5.2 0.69+0.04

−0.03 0.65+0.27
−0.54 0.80+0.10

−0.19 −0.77 0.14

GW230928 215827 2.05 141+20
−23 150+260

−130 134+16
−20 0.83+0.07

−0.15 0.64+0.33
−0.56 0.80+0.11

−0.27 −0.91 0.06

GW231001 140220 12.89 191+31
−28 172+42

−24 215+16
−19 0.64+0.15

−0.20 0.24+0.41
−0.22 0.77+0.10

−0.17 −0.49 0.55

GW231028 153006 60.05 241+19
−20 251+26

−32 227.8+9.9
−10.0 0.84+0.05

−0.10 0.81+0.08
−0.17 0.78+0.06

−0.07 0.01 −0.07

GW231102 071736 16.41 160+15
−15 152+49

−43 166+12
−14 0.70+0.09

−0.10 0.76+0.16
−0.49 0.77+0.09

−0.17 −0.70 −0.01

GW231108 125142 2.27 53.2+2.9
−2.3 45+98

−12 50.5+5.6
−6.5 0.66+0.06

−0.05 0.40+0.45
−0.36 0.80+0.11

−0.23 −0.82 −0.02

GW231206 233134 8.07 93.1+9.4
−9.0 127+26

−35 99.4+8.6
−10.0 0.67+0.09

−0.10 0.90+0.07
−0.32 0.81+0.10

−0.17 −1.17 0.10

GW231206 233901 19.85 80.7+4.7
−4.1 86+28

−20 81.5+6.8
−7.8 0.67+0.06

−0.07 0.59+0.29
−0.49 0.67+0.13

−0.19 −1.00 0.04

GW231213 111417 4.93 99+15
−12 87+34

−23 105+11
−12 0.71+0.09

−0.09 0.55+0.33
−0.48 0.77+0.13

−0.24 −1.23 0.01

GW231223 032836 4.12 124+18
−20 118+79

−72 129+18
−19 0.63+0.13

−0.17 0.47+0.44
−0.42 0.73+0.16

−0.26 −0.91 0.10

GW231226 101520 75.67 87.6+3.4
−3.2 97+17

−20 87.0+4.9
−5.6 0.67+0.04

−0.04 0.72+0.16
−0.39 0.67+0.09

−0.12 −1.15 0.02

NOTE—The median and symmetric 90% credible intervals of the redshifted final mass and final spin, inferred from the full IMR analysis (Abac
et al. 2025e) and the PYRING analysis with two waveform models (Kerr and KerrPostmerger) at their nominal validity time tnom (see the
Appendix). The selection criteria for an event to be included in the PYRING analysis is log10 B22

Noise ≳ 1. For values log10 BHM
H0

> 1 the data
would provide support for higher modes (HMs) over the single mode null hypothesis (H0). The error on each Bayes factor from the nested
sampling stopping criterion is ∼ 0.09.

In this approach, the frequency, damping time, and constant302

complex amplitude of each mode are treated as free parame-303

ters, assuming left-circular polarization. The analysis employs304

uniform priors for the frequency, damping time, logarithm of305

the amplitude, and phase. The evidence for an additional fre-306

quency component in the data is quantified by the logarithm307

of the Bayes factor between the two-mode (2DS) and one-308

mode damped sinusoid (1DS) models (log10 B2DS
1DS) shown in309

the Appendix. Bayes factors for a wide range of starting times310

are shown in Figure 2(a). Within the validity regime of the311

model (see the Appendix), no statistically significant presence312

of multiple modes was found. Parameter-estimation results313

using the favored model at its nominal validity starting time314

are shown in Figure 1 and reported in Table 2. The favored315

model is 1DS for all events except GW230922 040658, for316

which 2DS is marginally preferred; see Figure 2(a). For all317

events, 90% credible level (CL) overlap is found with GR318

results, signalling consistency with the GR prediction. Since319

we do not find any evidence for a second mode, we do not320

extend the search beyond two damped sinusoids.321

Kerr – A further semi-agnostic test to quantify the agree-322

ment with QNMs predictions from GR involves assuming that323

the frequencies depend on the asymptotically late value of the324

remnant Kerr BH mass and spin, as predicted by perturbation325

theory. This assumption characterizes all the models consid-326

ered below. We adopt the QNM waveform model given in327

Equation (1). In this model, φ is set to 0 given its degeneracy328

with the modes’ phases. This model ignores counter-rotating329

modes as their contribution is expected to be suppressed for330

the parameter space considered here (Cheung et al. 2024).331

Compared to DS, the only additional assumption of the332

Kerr model is that the mode frequencies and damping times333

are functions of the mass and spin of the remnant BH, which334

are treated as free parameters, together with the amplitudes335

and phases of the modes.336

For the Kerr analysis, we start with the fundamental337

(2,2,0) mode (expected to dominate the signal for most338

comparable-mass binary configurations) and then system-339

atically add one additional mode at a time in the form of340

220 + ℓmn, where ℓmn is any of the modes from the set341

ΛKerr = {221, 210, 200, 330, 320, 440}. These are the most342

excited modes in NR simulations of binary BH (Berti et al.343

2007; Buonanno et al. 2007). To reduce computational cost,344

we impose that the Kerr amplitudes obey the reflection sym-345

metry stated in Section 2. Since the difference between the346

±m modes is expected to be an order of magnitude smaller347
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Figure 1. Comparison of final mass, final spin, fundamental mode ringdown frequency and damping time at their nominal validity time tnom (see
the Appendix) for all events analyzed by PYRING. Different posterior colors represent the templates used in the analysis: DS (blue) and Kerr
(yellow) each with the highest evidence mode combination at the nominal time and KerrPostmerger (green) using all available HMs. The
DS analysis just provides results for f22 and τ22. IMR PE median values (solid vertical black lines) with 90% credible intervals (dashed vertical
black lines) from Abac et al. (2025e) are shown alongside the corresponding ringdown estimates, assessing consistency with GR expectations.

than the overall mode amplitudes (Nobili et al. 2025), we do348

not expect this assumption to affect the analysis at current349

sensitivity. The contribution of higher modes (HMs) is quanti-350

fied by the Bayes factor between the model with an additional351

mode, 220 + ℓmn and the null hypothesis H0 of detecting352

only the fundamental mode in the data (log10 B220+ℓmn
220 ).353

Bayes factors for a wide range of starting times are shown354

in Figure 2(b). Within the validity regime of the model (see355

the Appendix), no statistically significant presence of multiple356

modes was found. Parameter-estimation results using the most357

favored model at its nominal validity starting time tnom are358

shown in Figure 1 and reported in Table 2. The favored model359

includes only the fundamental mode for all models except360

GW231028 153006, where there is a very slight preference361

for the model also containing the 200 mode; see Figure 2(b).362

For all events, 90% CL overlap is found with GR results,363

signalling consistency with the GR prediction. Since we do364

not find any evidence for a second mode, we do not extend365

the search beyond two modes.366

For the event GW231123 135430 (henceforth shortened to367

GW231123), where we present results in Abac et al. (2025g),368

we find evidence for additional modes until a ringdown start369

time of 32.3 ms (21.6GM̄det
f /c3) past the peak of the signal.370

It is unclear if the ringdown start times, for which such ev-371

idence is recovered, lie within the regime of validity of the372

stationary ringdown templates deployed. This is due to the373

complex signal morphology of GW231123, as discussed in374

Abac et al. (2025g). Among the multi-mode ringdown tem-375

plates with positive evidence, the ones yielding consistency376

with IMR results contain mode contributions that are not pre-377

dicted to be significantly excited in the IMR template. This378

discrepancy may be due to waveform modeling uncertainties,379

as discussed in Abac et al. (2025g). However, the single-mode380

results are consistent with IMR estimates for the final mass381

and spin, and all mode combinations favor a massive remnant,382

in agreement with IMR estimates.383

KerrPostmerger – The KerrPostmerger analysis384

employs an NR-calibrated template for spin-aligned binaries385

that uses a phenomenological prescription to model the time-386

dependent amplitudes and phases, effectively capturing non-387

linearities, overtone excitations, and transient effects in the388

early post-merger. The KerrPostmerger model uses the389

TEOBPM ansatz, developed within the TEOBResumS family390

of waveforms (Damour & Nagar 2014; Del Pozzo & Nagar391

2017; Nagar et al. 2018, 2020a,b) and also used in other392

waveforms (Bohé et al. 2017; Cotesta et al. 2018; Estellés393

et al. 2021, 2022a). KerrPostmerger is defined from the394

peak of the mode (ℓ,m) = (2, 2) in the full IMR waveform,395

t0 = tpeak
22 ≡ 0M , and includes the dominant spherical mul-396

tipole moments with ℓ ≤ 5, specifically (2, 1), (3, 3), (4, 4),397

and (5, 5). The excitation amplitudes of the different modes398

are expressed as a function of the progenitor parameters, here399



9

(a) (b) (c) 

GW230914_111401
220 + mn = 220 + 200

GW230922_040658
220 + mn = 220 + 221

GW231001_140220
220 + mn = 220 + 221

GW231028_153006
220 + mn = 220 + 200

GW231226_101520
220 + mn = 220 + 210

HM
H0 = 10 threshold

10 5 0 5 10 15 20

tstart tpeak [GMdet
f /c3]

2

1

0

1

2

3

4

5

6

7

lo
g 1

0
2D

S
1D

S

10 5 0 5 10 15 20

tstart tpeak [GMdet
f /c3]

2

1

0

1

2

3

4

5

6

7

lo
g 1

0
22

0+
m

n
22

0

6 4 2 0 2 4 6

tstart tpeak [GMdet
f /c3]

0.50

0.25

0.00

0.25

0.50

0.75

1.00

1.25

lo
g 1

0
22

+
21

+
33

+
44

+
55

22

Figure 2. Logarithmic Bayes factor vs. start time of the analysis across different template families, used to evaluate the evidence for HMs (here
extended to also include the two-mode hypothesis for DampedSinusoids) over the single mode null hypothesis (H0). The dashed horizontal
lines mark the log10 BHM

H0
= 0 border and the log10 BHM

H0
= 1 detection threshold. The colored shading represents the 90% credible interval of

the tstart posterior, while regions outside that interval have a constant faint shading. We highlight five events in color, while the bulk of events is
depicted in gray. The DampedSinusoids model Bayes factors, depicted in panel (a), compares the agnostic two mode vs. the single mode
hypothesis. For the Kerr template, the most favored HM combination is reported in panel (b). The second line of the legend states the most
favored Kerr HM combination for the highlighted events. The KerrPostmerger analysis, depicted in panel (c), includes the 22, 21, 33, 44,
and 55 modes in the HM template. No statistically significant presence of HMs was found for all times in the 90% credible region of the tstart
posterior.

the binary’s two (redshifted) component masses, and two400

aligned spin components, all sampled with uniform priors. In401

the current implementation (Gennari et al. 2024), each mode402

included in the analysis brings one additional free initial phase403

ϕℓm.404

Incorporating the largest amount of information,405

KerrPostmerger is the most accurate and sensitive model406

in PYRING (Gennari et al. 2024), ideal for searching for HMs407

and small GR deviations, at the cost of being less flexible408

and agnostic about unmodeled physics. The model does not409

account for precession or eccentricity and does not include410

mode mixing. For the mode detection analysis, we use a tem-411

plate that includes only the (2, 2) mode for the null hypothesis412

H0 and an HM template which incorporates the (2, 1), (3, 3),413

(4, 4), and (5, 5) modes. To avoid missing a mode detection,414

we also search separately for the presence of either the (2, 1)415

mode or the (3, 3) mode in addition to the (2, 2) mode, since416

those are the two HMs expected to have the largest contribu-417

tion for comparable-mass spin-aligned quasi-circular systems418

(Kamaretsos et al. 2012a,b; London et al. 2014; Bhagwat et al.419

2020a,b; Jiménez Forteza et al. 2020; London 2020; Ota &420

Chirenti 2022; Gennari et al. 2024). Bayes factors for the full421

set of HMs for a wide range of starting times are shown in422

Figure 2(c). No statistically significant presence of multiple423

modes was found. Parameter-estimation results using the HM424

model are shown in Figure 1 and reported in Table 2. For all425

events, we find 90% CL overlap with GR results, signaling426

consistency with the GR prediction.427

Parametrized tests – Finally, to explore potential428

deviations in the ringdown spectrum of the remnant BH, we429

allow for deviations in the frequency and damping time of430

the GR QNMs. The parameter-estimation is carried out us-431

ing the same set of parameters as in the GR template, with432

the addition of the fractional frequency deviation δf̂220 con-433

strained to the range [−1, 1] and the fractional damping time434

deviation δτ̂220 constrained to [−0.9, 1] (Abbott et al. 2025).435

We use uniform priors for the deviation parameters. If GR436

accurately describes the ringdown emission, the posterior dis-437

tributions of the deviation parameters should encompass zero,438

with Bayesian evidence excluding the non-GR hypothesis.439

We search for such deviations in the mode (ℓ,m) = (2, 2)440

with the KerrPostmerger model, using the most accurate441

GR baseline that includes all HMs. All modes are included to442

avoid false deviations induced by the presence of additional443

unmodeled modes in the data. Although the model is only444

valid for spin-aligned binaries, we have analyzed precessing,445

comparable-mass signals simulated within GR and found that446

at current sensitivity deviation parameters recover values con-447

sistent with GR. Having excitation amplitudes informed by448

NR allows us to constrain GR deviations even if only one449

detectable mode is present in the signal (Abbott et al. 2021a;450

Ghosh et al. 2021; Gennari et al. 2024; Abbott et al. 2025).451

This allows us to constrain parameterized deviations even452

when no significant evidence for HMs is found, as in the453

current dataset.454

We hierarchically combine the deviation measurements455

from all O4a events analyzed, listed in Table 2. While the456

pre-O4 events were analyzed with KerrPostmerger in457

Gennari et al. (2024), that analysis used an approximation for458

the peak time that has since been found to lead to nonnegli-459
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Figure 3. 90% contours for the posterior probability distribution of
frequency deviation δf̂220 and damping time δτ̂220 for the analysis
with a KerrPostmerger template including all HMs and frac-
tional deviations in the (ℓ,m, n) = (2, 2, 0) mode (light contours,
with opacity and color determined by log10B22

Noise), along with the
hierarchically combined results (heavy contours), including with
the log10B22

Noise > 8 constraint. The hierarchical combination is
applied to the O4a events listed in Table 2, which are also the events
plotted; the contours of the two individual events with the largest
log10B22

Noise value are explicitly marked in the legend.

gible shifts in the results in some cases. Thus, a reanalysis460

of the pre-O4 events will be added later. We combine the461

(δf̂220, δτ̂220) 2D posteriors from the KerrPostmerger462

template with all HMs starting at the peak, and adopt a multi-463

variate Gaussian distribution for the population of deviations464

(Zhong et al. 2024). We obtain a hierarchical constraint on465

the deviation in frequency and damping time equal to466

δf̂hier
220 = 0.10+0.23

−0.18; δτ̂hier220 = 0.18+0.27
−0.26, (3)467

and show its posterior probability distribution in Figure 3.468

The corresponding hyperparameters inferred, i.e., the means469

and standard deviations of the multivariate Gaussian used to470

model the population of deviations, as well as the correlation471

ρ, are472

µδf̂220
= 0.11+0.13

−0.10; σδf̂220
< 0.18

µδτ̂220 = 0.18+0.17
−0.17; σδτ̂220 < 0.22

ρδf̂220δτ̂220 = −0.16+0.83
−0.65.

(4)473

The distributions of δf̂220 and δτ̂220 both tend towards a pos-474

itive deviation, but are consistent with GR within their 90%475

credible interval. In terms of the hyperparameters, GR is lo-476

cated slightly outside the 90% credible interval of the inferred477

one-dimensional deviation distribution for the mean of f̂220,478

but lies within the 95% credible interval.479

We observe a systematic tendency for events with relatively480

low SNR to yield more samples with positive deviations in at481

least one of the deviation parameters, even though their pos-482

teriors are mostly uninformative. We suspect that this effect483

arises due to an unbroken degeneracy between the total mass484

of the system and the deviation parameters at low SNR (Ghosh485

et al. 2021). To assess the influence of the less informative486

events on the combined analysis, we repeat the hierarchical487

inference using only the 11 events with log10 B22
Noise > 8. As488

shown in Figure 3, this selection results in a broadening of489

the posterior, but also reduces the positive bias in the distribu-490

tion’s median, suggesting that weakly informative events may491

affect the analysis. Further work is needed to better charac-492

terize this behavior, including investigating noise modeling493

and selection effects in the hierarchical inference. Neglecting494

precession and eccentricity can also introduce systematic bi-495

ases (Gupta et al. 2024), leading to apparent deviations from496

GR, although such effects are expected to impact higher-SNR497

events more strongly, contrary to what we observe.498

We quantify consistency with GR using the GR quantile499

defined in Section 2, obtaining500

Q4D
GR = 94.7+5.3

−17.9%; Q
4D,B22

Noise>108

GR = 58+36
−30%. (5)501

The uncertainty of Q4D
GR quantifies the variance due to a fi-502

nite catalog size and is estimated via bootstrapping, using503

1000 synthetic catalogs created by resampling the original504

event set with replacement (Pacilio et al. 2024). We see505

that changing the selection criterion for the consistency test506

increases the agreement with GR significantly, at the cost507

of a higher variance of the quantile, a direct consequence508

of the reduced set of events available for the test. In fact,509

while the four-dimensional GR quantile is larger than the510

one-dimensional GR quantiles for the individual hyperparam-511

eters for the full set of O4a events, this is no longer the case512

with the log10B22
Noise > 8 constraint, where the largest one-513

dimensional GR quantile is 80+18
−61% for µδτ̂220 , though this is514

still less than than the corresponding value of 92+8
−70% with515

the full set of O4a events. We conclude overall agreement516

with GR, although when combining all events, GR is only517

found at the very boundary of the 90% credible region of518

the posteriors when including the bootstrapping estimate of519

catalog variance.520

2.2. The pSEOBNR analysis521

The PSEOBNRV5PHM analysis (Brito et al. 2018; Ghosh522

et al. 2021; Maggio et al. 2023; Toubiana et al. 2024; Pompili523

et al. 2025) introduces fractional deviations (δf̂ℓm0, δτ̂ℓm0) to524

the frequency and decay time of the fundamental QNMs in the525

ringdown description of the underlying SEOBNRV5PHM526

waveform model (Khalil et al. 2023; Pompili et al. 2023;527

Ramos-Buades et al. 2023; van de Meent et al. 2023) as:528

fℓm0= fGR
ℓm0 (1 + δf̂ℓm0) , (6)529

τℓm0= τGR
ℓm0 (1 + δτ̂ℓm0) . (7)530



11

Table 3. Results from the pSEOBNR analysis

Event δf̂220 δτ̂220 f220 [Hz] τ220 [ms] (1 + z)Mf/M⊙ χf

GW150914 0.02+0.10
−0.07 0.10+0.35

−0.28 253.3+17.9
−12.9 (251.3+8.1

−7.4
) 4.51+1.41

−1.11 (4.10+0.31
−0.25

) 71.7+10.9
−12.6 (67.6+3.6

−3.2
) 0.76+0.11

−0.23 (0.68+0.05
−0.05

)

GW170104 −0.02+0.16
−0.14 0.43+0.94

−0.67 284.8+25.3
−36.8 (292.4+10.7

−22.2
) 4.91+3.58

−2.29 (3.47+0.31
−0.28

) 71.6+13.6
−22.0 (57.7+4.0

−3.6
) 0.86+0.11

−0.43 (0.67+0.06
−0.08

)

GW190519 153544 −0.15+0.19
−0.13 0.20+0.56

−0.39 121.7+11.8
−14.3 (127.9+9.3

−8.6
) 8.55+4.75

−2.90 (9.49+1.84
−1.54

) 142.4+36.5
−34.3 (146.5+16.3

−15.6
) 0.70+0.20

−0.45 (0.79+0.07
−0.12

)

GW190521 074359 0.06+0.19
−0.10 −0.04+0.37

−0.28 204.0+24.4
−12.7 (197.7+7.2

−7.3
) 5.49+1.90

−1.53 (5.38+0.59
−0.37

) 87.8+14.8
−17.8 (87.8+6.2

−4.5
) 0.75+0.13

−0.30 (0.71+0.06
−0.06

)

GW190630 185205 −0.06+0.14
−0.19 −0.04+0.62

−0.46 247.6+32.5
−49.4 (260.7+11.1

−19.1
) 3.81+2.49

−1.79 (4.05+0.39
−0.25

) 69.1+16.9
−18.1 (66.4+4.6

−3.4
) 0.69+0.20

−0.53 (0.70+0.06
−0.07

)

GW190828 063405 0.10+0.13
−0.12 0.17+0.56

−0.48 252.4+20.3
−18.2 (240.2+9.9

−10.8
) 6.41+2.84

−2.70 (4.65+0.56
−0.41

) 84.6+12.1
−19.7 (74.5+5.4

−4.7
) 0.90+0.06

−0.26 (0.74+0.07
−0.07

)

GW190910 112807 0.01+0.13
−0.10 0.61+0.63

−0.50 174.5+12.2
−8.4 (177.1+8.3

−8.2
) 9.49+3.46

−2.82 (5.83+0.75
−0.55

) 123.2+16.4
−19.6 (96.1+8.5

−7.1
) 0.90+0.05

−0.12 (0.69+0.07
−0.08

)

GW191109 010717* 1.06+1.36
−0.45 −0.11+0.41

−0.30 124.1+14.3
−8.8 (119.3+7.6

−6.3
) 14.98+3.71

−3.17 (7.96+1.92
−1.13

) 180.1+21.1
−21.0 (134.9+19.1

−15.0
) 0.93+0.03

−0.05 (0.61+0.18
−0.19

)

GW200129 065458 −0.01+0.06
−0.08 0.16+0.38

−0.28 247.6+12.5
−16.8 (250.4+6.9

−8.2
) 5.09+1.72

−1.32 (4.39+0.44
−0.30

) 77.3+10.4
−12.3 (70.9+4.2

−3.4
) 0.81+0.10

−0.25 (0.73+0.06
−0.05

)

GW200208 130117* 0.17+0.98
−0.30 −0.11+0.68

−0.43 213.0+187.9
−47.6 (190.4+14.1

−16.1
) 5.03+4.45

−2.37 (5.24+0.82
−0.67

) 78.3+33.5
−25.2 (87.5+10.3

−9.1
) 0.77+0.20

−0.55 (0.66+0.09
−0.13

)

GW200224 222234 0.01+0.15
−0.12 0.22+0.48

−0.34 195.8+11.0
−10.7 (195.5+9.6

−8.9
) 6.89+2.57

−1.99 (5.58+0.71
−0.53

) 100.9+14.4
−17.5 (90.2+7.5

−6.4
) 0.84+0.08

−0.23 (0.73+0.07
−0.07

)

GW200311 115853 0.02+0.17
−0.09 0.15+1.51

−0.45 239.8+23.1
−18.9 (235.5+9.3

−11.5
) 5.24+6.17

−2.07 (4.38+0.49
−0.40

) 80.0+26.5
−21.8 (72.4+5.6

−5.1
) 0.81+0.15

−0.43 (0.69+0.07
−0.08

)

GW230628 231200 0.08+0.17
−0.11 0.31+0.47

−0.38 224.2+12.8
−13.2 (216.8+10.0

−9.4
) 6.81+2.14

−1.95 (4.80+0.55
−0.40

) 93.1+10.6
−14.4 (79.0+6.0

−5.2
) 0.88+0.06

−0.15 (0.69+0.07
−0.06

)

GW230914 111401 −0.12+0.15
−0.11 0.26+0.47

−0.40 122.1+8.2
−7.9 (128.4+6.5

−6.4
) 9.14+3.78

−2.97 (8.26+1.35
−1.09

) 147.6+26.7
−33.0 (134.9+13.4

−12.8
) 0.75+0.15

−0.38 (0.71+0.09
−0.13

)

GW230927 153832 −0.01+0.09
−0.07 0.35+0.45

−0.43 375.6+26.5
−21.9 (384.1+9.7

−19.0
) 3.66+1.24

−1.16 (2.72+0.12
−0.08

) 53.1+7.2
−10.3 (44.7+1.8

−1.0
) 0.85+0.07

−0.24 (0.69+0.04
−0.03

)

GW231028 153006 −0.23+0.19
−0.11 0.17+0.32

−0.28 78.5+3.8
−4.5 (81.8+3.1

−3.1
) 13.90+5.25

−3.73 (16.46+2.80
−2.42

) 226.2+37.6
−42.6 (242.2+18.6

−19.6
) 0.73+0.15

−0.34 (0.84+0.05
−0.08

)

GW231102 071736 0.25+0.32
−0.27 0.02+0.44

−0.35 108.1+11.5
−6.4 (108.0+7.8

−6.7
) 13.18+5.67

−5.32 (9.76+1.46
−1.16

) 187.7+29.7
−49.5 (159.9+15.0

−14.8
) 0.86+0.08

−0.30 (0.70+0.09
−0.10

)

GW231206 233901 −0.03+0.12
−0.09 0.01+0.36

−0.28 203.5+17.9
−13.4 (209.8+7.4

−11.5
) 4.80+1.87

−1.34 (4.87+0.41
−0.32

) 81.5+17.3
−17.7 (80.7+4.6

−4.1
) 0.65+0.19

−0.40 (0.67+0.06
−0.07

)

GW231226 101520 0.02+0.14
−0.07 0.04+0.25

−0.20 192.3+8.2
−7.1 (191.5+4.3

−4.4
) 5.66+1.26

−1.06 (5.29+0.29
−0.25

) 92.0+10.7
−12.2 (87.8+3.4

−3.2
) 0.73+0.10

−0.18 (0.67+0.04
−0.04

)

NOTE—Median values and symmetric 90% credible intervals for the one-dimensional marginalised posteriors of the fractional deviations in
the frequency and damping time of the (2, 2, 0) QNM, (δf̂220, δτ̂220); the reconstructed frequency and damping time of the (2, 2, 0) QNM;
and the mass and spin of the remnant object, from different events that are analyzed using the PSEOBNRV5PHM method. For the last four
quantities, estimates from IMR analyses assuming GR (Abbott et al. 2023a, 2024; Abac et al. 2025e) are shown in a small font in parentheses for
comparison. Events marked with an asterisk are excluded from the combined results due to indications of noise-related systematics.

The final mass and spin of the remnant BH, computed from the531

masses and spins of the components using NR fits (Hofmann532

et al. 2016; Jiménez-Forteza et al. 2017), are used to predict533

the GR values of the frequency and damping time of the534

(ℓ,m, 0) QNM (Berti et al. 2009).535

The SEOBNRV5PHM waveform model describes BBHs536

with spin precession and includes the subdominant modes537

(ℓ, |m|) = (2, 1), (3, 3), (3, 2), (4, 4), and (4, 3), in addi-538

tion to the dominant (2, 2) mode, in the coprecessing frame.539

While the (5, 5) mode is also modeled, it is not included by540

default for computational reasons and is not used in the analy-541

ses presented here, as its contribution is typically negligible.542

We denote the spherical-harmonic modes in the coprecess-543

ing frame as h̃ℓm. Negative-m modes are derived from the544

positive-m ones using the reflection symmetry stated in Sec-545

tion 2. While this is exact for aligned-spin binaries, it is546

not so for precessing-spin binaries (Boyle et al. 2014), even547

in the coprecessing frame. However, mode asymmetries in548

the co-precessing frame are a subdominant effect and are549

not currently included in SEOBNRV5PHM. In the follow-550

ing, we restrict the discussion to (ℓ,m) modes with m > 0.551

The SEOBNRV5PHM waveform is constructed by attaching552

the merger–ringdown waveform, h̃merger-RD
ℓm (t), to the inspiral–553

plunge waveform, h̃insp–plunge
ℓm (t), in the coprecessing frame at554

a matching time, tmatch, corresponding to the peak amplitude555

of the (2, 2) harmonic. The merger–ringdown for each mode556

can be written as557

h̃merger–RD
ℓm =ηÃℓm(t) exp

[
iϕ̃ℓm(t)

]
exp [−iσ̃ℓm0 (t−tmatch)] ,

(8)558

where η is the symmetric mass ratio of the binary and σ̃ℓm0559

are the complex frequencies of the least-damped QNM of the560

remnant BH, in the coprecessing frame. The functions Ãℓm(t)561

and ϕ̃ℓm(t) are constrained by the requirement that the am-562

plitude and phase of h̃ℓm(t) are continuously differentiable563
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Figure 4. Left panel: The 90% credible regions of the posterior probability distribution of the fractional deviations in the frequency and damping
time of the (2, 2, 0) QNM, (δf̂220, δτ̂220), and their corresponding one-dimensional marginalized posterior distributions, for events passing a
SNR threshold of 8 in both the inspiral and post-inspiral signal. We highlight the posteriors for GW200129 065458 and GW231226 101520.
The joint constraints on (δf̂220, δτ̂220) obtained multiplying the posteriors (given a flat prior) from individual events are given by the filled
grey contours, while the hierarchical method of combination yields the teal contours. The apparent deviation from GR in the joint posterior
is not as significant as it appears, since including the uncertainty inferred by bootstrapping yields a GR quantile of 98.6+1.4

−9.4%. Right panel:
Width of the 90% credible interval for the one-dimensional marginalised posteriors of (δf̂220, δτ̂220), colored by the median redshifted total
mass (1 + z)M/M⊙, inferred assuming GR. Filled gray (unfilled teal) downward V-shaped markers indicate the constraints obtained when
all the events are combined by multiplying posteriors (hierarchically). For comparison, we mark bounds from GWTC-3.0 results, using the
PSEOBNRV5PHM model (Pompili et al. 2025), with filled/unfilled upward V-shaped markers. The bounds from GW200129 065458 (square)
and GW231226 101520 (diamond) are indicated with separate markers.

at the matching time and are calibrated to a large set of NR564

simulations of BBHs with aligned spins (Pompili et al. 2023).565

In BH perturbation theory, the mode decomposition used566

to define QNMs assumes a frame where the z-axis is aligned567

with the final angular momentum of the system (J f -frame).568

The QNM frequencies in this frame, σℓm0, can be mapped569

to effective QNM frequencies in the coprecessing frame,570

σ̃ℓm0 (Hamilton et al. 2023). The complex frequencies are571

related to the QNM oscillation frequency and damping time572

as:573

fℓm0 =
1

2π
Re (σℓm0) ; τℓm0 = − 1

Im (σℓm0)
. (9)574

Because the pSEOBNR analysis directly modifies parame-575

ters in an IMR waveform model, it takes full advantage of the576

signal length and its SNR, and avoids ambiguities associated577

with selecting the start time of ringdown. This analysis re-578

quires SNR ≥ 8 in both the inspiral and post-inspiral parts of579

the signal, since a reasonable inspiral SNR is needed to con-580

strain the remnant properties expected in the GR prediction of581

the QNMs, and break the degeneracy between the fundamen-582

tal ringdown frequency deviation parameter and the remnant583

mass (Ghosh et al. 2021). More specifically, for events from584

O4a that have been analyzed with the SEOBNRV5PHM585

model in Abac et al. (2025e), we use the median SNR from586

the GR analyses performed with this waveform. For events up587

to O3b, where results with SEOBNRV5PHM are not avail-588

able, we follow Abbott et al. (2025) and use the maximum589

a posteriori estimate from the IMR analyses performed with590

IMRPHENOMXPHM MSA (Pratten et al. 2021).591

The current version of the analysis focuses exclusively on592

constraining the fractional deviations of the dominant (least-593

damped) QNM by sampling over δf̂220 and δτ̂220 in addi-594

tion to the GR parameters of the waveform model. The595

prior range for the fractional deviations is uniform in the596

ranges δf̂220 ∈ [−0.8, 2] and δτ̂220 ∈ [−0.8, 2]. The events597

GW170104, GW191109 010717, and GW200208 130117598

exhibit railing (i.e., significant posterior probability density599
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right up to at least one prior boundary), so we extend the prior600

range to [−0.8, 4].601

Table 3 presents the median values and symmetric 90%602

credible intervals on the one-dimensional marginalised poste-603

riors of the fractional deviations in the frequency and damping604

time of the (2, 2, 0) QNM, (δf̂220, δτ̂220). Additionally, the605

table reports the reconstructed frequency and damping time606

of the (2, 2, 0) QNM, derived using Equations (6) and (7),607

and the mass and spin of the remnant BH, estimated from the608

complex QNM frequencies by inverting the fitting formula609

from Berti et al. (2006). For all events analyzed, the two-610

dimensional posteriors for the reconstructed frequency and611

damping time of the (2, 2, 0) QNM, as well as the inferred612

remnant mass and spin, are consistent at the 90% CL with613

the estimates from IMR analyses (Abbott et al. 2023a, 2024;614

Abac et al. 2025e). For GW190910 112807, however, the one-615

dimensional posterior for the (2, 2, 0) damping time is shifted616

toward larger values, with the respective 90% credible inter-617

vals from the PSEOBNRV5PHM and IMR analyses being618

marginally incompatible. For GW191109 010717, the pos-619

terior for the frequency deviation δf̂220 is also shifted away620

from zero, and the corresponding reconstructed remnant mass621

and spin show tension with the IMR estimates at the 90% CL.622

This behavior is attributed to possible noise-related systemat-623

ics, as indicated by follow-up investigations using synthetic624

signals in neighboring data segments carried out in Abbott625

et al. (2025). Consistent conclusions were obtained in subse-626

quent analyses using the PSEOBNRV5PHM model (Pompili627

et al. 2025). For this reason, GW191109 010717 (as well as628

GW200208 130117) is excluded from the combined results,629

consistent with the treatment adopted in GWTC-3.0 (Abbott630

et al. 2025).631

The results of the analysis are summarised in Figure 4. The632

left panel of the figure shows the two-dimensional posteriors633

(along with the corresponding marginalized one-dimensional634

posteriors) for the fractional deviations in the frequency and635

damping time of the (2, 2, 0) QNM, for all events listed in636

Table 3. The contours are colored according to the median637

detector-frame total mass (1 + z)M of the corresponding638

binary. We specifically highlight the posteriors from two639

events, GW200129 065458 and GW231226 101520 (Abbott640

et al. 2023a; Abac et al. 2025e), which are among the loud-641

est observed so far and provide the strongest single-event642

bounds on the frequency and damping time deviations, re-643

spectively. Combined constraints are shown both by the644

joint posterior, obtained by multiplying individual posteri-645

ors and depicted as the filled grey contours, and by hierar-646

chically combining events, represented by the teal contours.647

For the hierarchical analysis, we model the population-level648

fractional deviations δf̂220 and δτ̂220 as a two-dimensional649

Gaussian distribution, with means (µδf̂220
, µδτ̂220), stan-650

dard deviations (σδf̂220
, σδτ̂220), and a correlation coefficient651

ρδf̂220δτ̂220 (Zhong et al. 2024). The right panel of Figure 4652

summarizes the 90% credible intervals on the one-dimensional653

marginalized posteriors, color-coded by the median detector-654

frame mass of each binary.655

The events up to O3 were previously analyzed in the corre-656

sponding testing GR paper (Abbott et al. 2025), using an ear-657

lier version of the pSEOBNR model for aligned-spin binaries658

(PSEOBNRV4HM; Ghosh et al. 2021). These events have659

now been reanalyzed with the updated PSEOBNRV5PHM660

model (Pompili et al. 2025), which includes spin-precession661

effects, giving broadly consistent results. The most notice-662

able differences arise for the events GW200129 065458 and663

GW200311 115853, due to correlations between QNM devia-664

tions, distance, inclination, and spin precession (Pompili et al.665

2025). From the event GW190910 112807, we infer a value666

of δτ̂220 shifted toward positive values, with the GR predic-667

tion lying at the edge of the 90% credible region. The results668

for this event are consistent with those reported in GWTC-669

3.0 (Abbott et al. 2025). We have verified that the inclusion of670

this event does not significantly affect the combined results,671

and we keep it in the analysis as in previous works.672

Among the O4a events, GW231226 101520 is the loudest673

currently analyzed, with a median SNR of 33.7, and yields the674

tightest single-event constraints on the (2, 2, 0) damping in675

GWTC-4.0. The posterior shows a slight tail toward positive676

values of δf̂220, correlated with support for unequal mass677

ratios, which is not present in the corresponding GR run. The678

maximum-likelihood parameters lie in this region, despite the679

bulk of the posterior being centered around δf̂220 = 0 and680

equal masses. The posterior structure remains stable under681

different sampler settings, supporting the robustness of this682

feature.683

The event GW231028 153006 places the GR prediction684

at the edge of the 90% credible region. This is a loud event685

with median SNR of 21.0, occurring in a region of parameter686

space (with support for unequal masses, high total mass, and687

strong spin precession) where waveform systematics are ex-688

pected to be significant (Dhani et al. 2025). This was further689

investigated using synthetic signals simulated in zero noise.690

An analysis of a signal simulated using NRSUR7DQ4, with691

maximum-likelihood parameters from a corresponding GR692

run (Abac et al. 2025e), shows a deviation in δf̂220 similar693

to that observed for the real event, with the GR prediction694

at the edge of the 90% credible region. However, waveform695

systematics alone do not fully explain the observed behavior.696

A zero-noise synthetic signal using SEOBNRV5PHM and697

its maximum-likelihood parameters also shows a qualitatively698

similar shift, although with reduced magnitude, such that GR699

is now found within the 90% credible region. These deviations700

appear to correlate with the mass ratio and effective inspiral701

spin of the binary. Simulated signals with unequal masses and702

positive effective inspiral spin tend to be recovered with more703

comparable masses and lower spin magnitudes. The recovered704

maximum-likelihood parameters lie at the tail of the poste-705

rior, close to the simulated parameters and showing no GR706

deviations, suggesting a potential influence of non-uniform707

priors, particularly on the spins. This behavior mirrors that708

observed in the actual event, where the maximum-likelihood709

parameters, characterized by δf̂220 ≃ 0, unequal masses, and710

non-zero spins, lie at the tail of the posterior distribution. Sim-711
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ilar effects of priors for this signal are seen for other analyses712

in Appendices A and B of Paper II.713

The event GW231102 071736 shows a bimodal posterior in714

total mass and δf̂220, with one mode near the GR prediction715

and another at positive δf̂220 and higher total mass, strongly716

correlated with each other. The persistence of this degeneracy717

suggests an insufficient inspiral SNR (Ghosh et al. 2021),718

which is indeed the lowest (9.4) among O4a events.719

When considering the joint posterior results, a shift toward720

positive values in the damping time deviation, previously721

noted in the GWTC-3.0 analysis (Abbott et al. 2025; Pom-722

pili et al. 2025), is now recovered with increased probability,723

with the GR prediction (0, 0) lying slightly outside the 90%724

credible region. The distribution for the frequency deviation725

is more sharply peaked around zero compared to GWTC-3.0,726

while the damping time deviation shows a more pronounced727

shift towards positive values. A similar trend is observed728

in the hierarchical distribution for δτ̂220, which also peaks729

at positive values but features larger statistical uncertainties730

compared to the corresponding joint posterior.731

The joint bounds read732

δf̂ joint
220 = 0.00+0.03

−0.02; δτ̂ joint220 = 0.17+0.11
−0.11 (10)733

by multiplying the posteriors and734

δf̂hier
220 = 0.00+0.06

−0.06

[
µδf̂220

= 0.00+0.03
−0.03;σδf̂220

< 0.06
]
;

δτ̂hier220 = 0.16+0.18
−0.16

[
µδτ̂220 = 0.16+0.11

−0.10;σδτ̂220 < 0.15
]
;

ρδf̂220δτ̂220 = −0.02+0.74
−0.72

(11)735

by combining hierarchically. The values in square brackets736

correspond to the inferred hyperparameters.737

Figure 5 shows the posterior distribution for the hyperpa-738

rameters, with contours indicating 90% credible regions. The739

point µδf̂220
= µδτ̂220 = σδf̂220

= σδτ̂220 = 0 corresponds to740

the GR prediction, irrespective of ρδf̂220δτ̂220 . The inclusion741

of additional events leads to tighter constraints on the hyper-742

parameters. The distribution for the frequency deviation be-743

comes more sharply peaked around (µδf̂220
, σδf̂220

) = (0, 0),744

indicating increased consistency with the GR prediction. In745

contrast, the damping time deviation shows reduced consis-746

tency with GR: while σδτ̂220 remains consistent with zero, the747

mean shifts toward positive values, and the point µδτ̂220 = 0748

is excluded from the 90% credible region, consistent with749

Figure 4.750

We quantify consistency with GR using the GR quantile751

defined in Section 2, obtaining the results summarized in752

Table 4.753

The analysis of GWTC-3.0 events using the PSEOB-754

NRV5PHM model results in Q2D
GR = 93.8% when multiply-755

ing the posteriors, while the hierarchical combination yields756

Q
1D,µδτ̂220

GR = 94.9% when just considering the mean of the757

deviation in the damping time which exhibits the largest devia-758

tion and Q4D
GR = 66.1% when considering all four parameters759

(two means and two standard deviations). Adding the O4a760

events results in a shift toward higher GR quantiles, indicating761
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Figure 5. Posterior distribution for the hyperparameters of the
fractional deviations in the (2, 2, 0) QNM frequency, δf̂220, and
damping time, δτ̂220, obtained from the pSEOBNR analysis. Blue
lines show the GWTC-4.0 constraints, while red lines correspond
to GWTC-3.0 results (based on Pompili et al. 2025), both using the
PSEOBNRV5PHM model. Contours mark 90% credible regions.
The GR prediction corresponds to µδf̂220

= µδτ̂220 = σδf̂220
=

σδτ̂220 = 0, irrespective of ρδf̂220δτ̂220 . The apparent deviation
from GR in the GWTC-4.0 µδτ̂220 results is not as significant as it
appears, since including the uncertainty inferred by bootstrapping
yields a GR quantile of 99.3+0.7

−4.5%, and including the O4b event
GW250114 (Abac et al. 2025c, 2026) reduces the GR quantile to
96.2%.

reduced consistency with GR. We find Q2D
GR = 98.6% when762

multiplying the posteriors, while the hierarchical combination763

yields Q
1D,µδτ̂220

GR = 99.3% and Q4D
GR = 85.1%. Exclud-764

ing GW190910 112807, the event with δτ̂220 most shifted765

toward positive values, reduces the GWTC-4.0 GR quantiles766

to Q2D
GR = 96.0%, Q1D,µδτ̂220

GR = 98.3%, and Q4D
GR = 78.1%.767

To quantify the variance due to the finite number of events768

in the catalog, we estimate uncertainties by bootstrapping over769

the event set (Pacilio et al. 2024). Specifically, we build 1000770

synthetic catalogs by resampling events with replacement and771

recompute the combined quantiles for each realization. The772

central 90% interval of the resulting bootstrap distribution is773

reported as the uncertainty on Q2D
GR, Q1D,µδτ̂220

GR , and Q4D
GR in774

Table 4. In particular, the joint posterior quantile is 98.6+1.4
−9.4%,775

showing that the apparent deviation is sensitive to the limited776

number of events in the catalog, and that the degree of tension777

with GR may be less severe than the nominal value suggests.778

This discrepancy with GR could arise from a variety of fac-779

tors, including non-Gaussian or non-stationary noise (Abbott780
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Table 4. GR quantiles for combined pSEOBNR results

Catalog Joint Q2D
GR Hierarchical Q

1D,µδτ̂220
GR Hierarchical Q4D

GR

GWTC-3.0 93.8+6.1
−20.0% 94.9+4.4

−18.2% 66.1+31.9
−34.6%

GWTC-4.0 98.6+1.4
−9.4% 99.3+0.7

−4.5% 85.1+14.9
−19.7%

NOTE—Comparison of GR quantiles for joint (Q2D
GR) and hierarchical (Q

1D,µδτ̂220
GR and Q4D

GR) results of the PSEOBNRV5PHM analysis, where
the GWTC-3.0 results are based on Pompili et al. (2025). Smaller GR quantiles indicate better consistency with general relativity. The reported
values are computed from the actual catalog, with uncertainties estimated via bootstrapping over the event set to quantify variance from the finite
catalog size.

Figure 6. The 90% credible regions of the posterior probability distribution of the fractional deviations in the frequency and damping
time of the (2, 2, 0) QNM, (δf̂220, δτ̂220), and their corresponding one-dimensional marginalized posterior distributions, for 1000 mock
catalogs. Each catalog, shown as thin lines, contains 17 signals simulated in Gaussian noise with the NRSUR7DQ4 model and recovered
with PSEOBNRV5PHM. The left panel shows the joint constraints obtained by multiplying individual posteriors, while the right panel shows
hierarchically combined results. The thick lines highlight the catalog that yields the largest apparent deviation from GR in the joint analysis. This
illustrates that apparent deviations from GR, qualitatively similar to those seen in real data, can appear in a small subset of simulated catalogs
generated assuming GR.

et al. 2021a; Ghosh et al. 2021), parameter correlations (Ab-781

bott et al. 2025), systematic errors from waveform modeling,782

intrinsic variance due to the limited number of events in the783

catalog (Pacilio et al. 2024), or selection effects. Incorporating784

additional events from future observing runs could help clarify785

this behavior. To quantify these effects, we perform a large786

number of synthetic signal simulations assuming GR, using787

binaries drawn from a distribution consistent with the GWTC-788

3.0 population (Abbott et al. 2023b). Signals are simulated789

in both zero-noise and Gaussian noise using a three-detector790

configuration (LIGO Hanford, LIGO Livingston, and Virgo).791

We use the noise curves aLIGO O4 high for the LIGO de-792

tectors and AdV for Virgo (Abbott et al. 2020; O’Reilly et al.793

2022), as named in BILBY (Ashton et al. 2019; Romero-Shaw794

et al. 2020). Signals are generated with both the NRSUR7DQ4795

and SEOBNRV5PHM models, and recovered with PSEOB-796

NRV5PHM. To assess the impact on combined results, we797

bootstrap 1000 mock catalogs (Pacilio et al. 2024), each con-798

taining 17 simulated signals, corresponding to the number of799

events included in the combined analysis of the real catalog.800

Comparing SEOBNRV5PHM and NRSUR7DQ4 signals801

in zero noise, we find that waveform modeling uncertainties802

have a small impact at current detector sensitivities, both803

for individual events and for the combined results. This is804

expected, as most events lie in regions of parameter space805

where different waveform models agree well, and the typical806
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SNRs are moderate (Dhani et al. 2025). When simulating NR-807

SUR7DQ4 signals in zero noise, we are unable to reproduce808

GR quantiles as large as those observed in the actual data in809

simulated catalogs of comparable size.810

By comparing the previous results to NRSUR7DQ4 signals811

in Gaussian noise, we find that Gaussian noise can have a812

larger effect than waveform uncertainties. Given the limited813

number of events, it is possible for statistical fluctuations to814

shift multiple measurements in the same direction, creating a815

bias in the combined analysis. Furthermore, while our noise816

model generally accounts for shifts induced by Gaussian noise,817

selection effects and differences between the assumed priors818

and the true source population can interact non-trivially with819

noise fluctuations and potentially lead to biases. Nonetheless,820

we observe large GR quantiles less frequently than would be821

expected under a uniform distribution. Indeed, GR quantiles822

are expected to be uniformly distributed only when the sim-823

ulated source population matches the prior assumed in the824

analysis, while in our case, we simulate only GR-consistent825

signals (Ghosh et al. 2018; Chua & Vallisneri 2020; Pacilio826

et al. 2024).827

Still, we find that GR quantiles as large as those observed in828

the actual data occur in a small fraction of the simulated cata-829

logs, approximately 0.7% for the joint posterior analysis and830

0.2%, 3.5% for the one-dimensional µδτ̂220 , four-dimensional831

hierarchically combined results, respectively. These mock832

datasets can qualitatively reproduce features seen in the real833

analysis, such as frequency deviations consistent with GR834

and damping time shifted to positive values. This is illus-835

trated in Figure 6, which shows the 90% credible regions for836

(δf̂220, δτ̂220) from the joint and hierarchically combined anal-837

yses of the 1000 mock catalogs simulated with NRSUR7DQ4838

in Gaussian noise. Therefore, we cannot exclude the pos-839

sibility that the observed deviation is caused by statistical840

fluctuations due to Gaussian noise, potentially amplified by841

unaccounted selection effects and correlations among parame-842

ters.843

Real detector noise may produce even larger deviations than844

Gaussian noise, increasing the likelihood of observing spuri-845

ous GR violations. For example, GR-consistent signals simu-846

lated in both Gaussian and real detector noise performed for847

GW230814 23 (Abac et al. 2025f), the loud single-detector848

event not included in our main analysis, show that real noise849

leads to more frequent and larger-magnitude deviations than850

Gaussian noise, when recovered with PSEOBNRV5PHM.851

Among 10 signals simulated with SEOBNRV5PHM in Gaus-852

sian noise, only one yielded a GR quantile above 95%,853

whereas 6 out of 20 exceeded this threshold when simulated854

in real noise. The impact of real noise on combined results855

and in events observed by multiple detectors remains to be856

investigated.857

Although we currently observe large GR quantiles less fre-858

quently than would be expected under a uniform distribution,859

this may not be true as catalog size increases, and statistical er-860

rors shrink, unless analysis assumptions remain valid. As pre-861

viously noted, several events exhibit non-trivial correlations862

between the deviations δf̂220 and δτ̂220 and the binary’s mass863

and spin parameters, which are themselves influenced by prior864

choices that may not reflect the true source population (Payne865

et al. 2023). These correlations should be accounted for by866

jointly modeling the GR deviations along with the relevant867

astrophysical parameters. Additionally, selection effects are868

not accounted for in the current hierarchical inference. For869

example, the pSEOBNR selection criteria may favor events870

with positive damping time deviations, as these tend to have a871

larger ringdown SNR, potentially contributing to the observed872

deviation. We therefore expect that properly accounting for873

selection effects would shift δτ̂220 toward lower values and874

reduce the apparent level of inconsistency with GR. These875

limitations should be addressed in future analyses to avoid876

potential biases.877

At the same time, there remains significant statistical uncer-878

tainty due to the relatively small number of events currently879

available. The apparent deviation is sensitive to the size of880

the catalog, and adding more events will likely have a sub-881

stantial impact. For example, GW250114 (Abac et al. 2025c),882

the exceptionally loud SNR ∼ 80 event observed in O4b,883

provides a single-event constraint tighter than the combined884

GWTC-4.0 results, while remaining in excellent agreement885

with GR (Abac et al. 2026). When combined with the GWTC-886

4.0 events, GW250114 shifts the results toward improved887

consistency with GR, with the joint-posterior GR quantile888

reduced to Q2D
GR = 92.2%, and the GR quantiles for the hier-889

archically combined results reduced to Q
1D,µδτ̂220

GR = 96.2%,890

Q4D
GR = 73.0%. This highlights that conclusions drawn from891

the present catalog should be interpreted with caution, as the892

inclusion of a few additional high-SNR events can signifi-893

cantly alter the inferred level of agreement with GR.894

2.3. The QNM rational filter analysis895

The QNM rational filter (QNMRF; Ma et al. 2022, 2023a,b;896

Lu et al. 2025) analyzes post-merger signals from binary BH897

systems to identify the QNMs present and, if more than one898

mode is present, perform BH spectroscopy. In this section we899

denote the mass and spin pair as ϑf = {(1 + z)Mf , χf}. The900

QNMRF applies filters in the frequency domain to eliminate901

specific complex-valued QNMs from the ringdown signal, and902

then compares the residual with colored Gaussian noise. For903

a ringdown model with a chosen set of QNMs, a rational filter904

is constructed for a given pair ϑf of remnant BH mass and905

spin. By applying filters to the frequency-domain strain data906

and transforming the filtered data back to the time domain,907

the method removes the QNMs associated with each ϑf pair.908

Since the filters remove QNMs without requiring prior knowl-909

edge of their amplitudes or phases, the likelihood function910

L(ϑf) remains two-dimensional regardless of the number of911

modes considered.912

To determine the set QNMs present in a ringdown signal,913

we compare the Bayesian evidences for different hypotheses,914

each of which contains a different set of QNMs and has a dif-915

ferent analysis start time. We compute the Bayesian evidence916

Z(d|H) for the hypothesis H by integrating the likelihood917

over the remnant mass and spin of the BH for the given set918
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of QNMs and analysis start time. We then define a detection919

statistic D which quantifies how much the data supports a920

hypothesis H over an alternative hypothesis H′:921

D(H : H′) = log10
Z(d|H)

Z(d|H′)
. (12)922

Here D is analogous to a log Bayes factor but formally differs923

from the Bayes factors computed by other time-domain ring-924

down analyses. Specifically, the QNMRF likelihood is closely925

connected to the usual time-domain likelihood when using the926

maximum likelihood estimation for mode amplitudes under927

the assumption of white noise (Lu et al. 2025, Appendix A).928

For each hypothesis, we also compute the joint posterior929

quantile of the remnant mass and spin inferred from the full930

IMR analysis:931

pIMR =

∑
L(d|ϑf )>L(d|ϑIMR

f ) L(d|ϑf)∑
ϑf

L(d|ϑf)
, (13)932

where summation over the grid on which the likelihoods are933

computed is used instead of integration. A lower pIMR value934

indicates a better match between the IMR analysis and a spe-935

cific QNM hypothesis. We set ϑIMR
f and other IMR-inferred936

quantities to the values with the maximum likelihood in the937

IMR parameter estimation, using the combined samples from938

the different waveform approximants from Abac et al. (2025e).939

In this analysis, we focus on the detection of subdominant940

ringdown modes by comparing a {220}-only QNM model to941

models with a different secondary mode. Specifically, we test942

for the presence of the 221, 210, 200, 330, and 440 modes.943

To evaluate a detection statistic preferring a specific two-944

mode hypothesis to the single-mode hypothesis, we compute945

a threshold on D, which corresponds to a statistical signifi-946

cance with a 1% false-alarm probability (FAP). We do this947

by injecting a single QNM with randomized properties into948

the detector noise around the event (i.e., analyzing a simu-949

lated observation of a QNM added to the detector noise). We950

then compare the detection statistic between an overfiltered951

two-mode hypothesis (for a specific secondary mode) and952

the correct single-mode hypothesis. By performing 300 in-953

jections with the detector noise around each event we find a954

distribution of false-alarm detection statistics and then take955

the D value that corresponds to a 1% FAP as a threshold D1%.956

Observing a D − D1% > 0 indicates that the preference for957

a secondary mode is unlikely to be caused by the noise back-958

ground. However, it is common to find D − D1% > 0 for959

multiple two-mode hypotheses because the power of a specific960

subdominant QNM can be partially recovered when searching961

for other QNMs. In this case, the preferred secondary QNM962

is identified by selecting the hypothesis that reduces pIMR963

the most (Lu et al. 2025). A subdominant mode is, therefore,964

statistically significant if both D −D1% > 0 and it leads to965

the largest decrease in pIMR.966

Since the onset of the stationary QNM regime is uncertain,967

we evaluate multiple reference times ∆t0 > 0, where ∆t0 =968

0 marks the merger time as determined by the IMR analysis.969

The likelihood is computed with the data within [∆t0,∆t0 +970

Figure 7. QNM rational filter results for GW231028 153006. The
top panel shows D −D1% when comparing different candidates for
the secondary ringdown mode against the {220}-only hypothesis at
different starting times. Values above zero are unlikely to be caused
by the noise background and are denoted by filled markers, while
values below zero are denoted by unfilled markers. The bottom panel
shows pIMR for the different mode hypotheses. The {220, 221}
mode combination yields a D −D1% > 0 for a range of times and
improves pIMR the most compared to all other modes.

0.2 s], with the sky position inferred from the IMR analysis.971

To determine the events to which we apply this analysis, we972

considered the four events with the highest total SNRs and973

then selected the two with the largest redshifted final masses,974

excluding GW231123 due to waveform uncertainties (Abac975

et al. 2025g). The two selected events are GW231028 153006976

and GW231226 101520. We do not report results for any977

events from previous observing runs, though GW150914 was978

analyzed in Ma et al. (2023a,b); Lu et al. (2025).979

The results for the analysis of GW231028 153006 are980

shown in Figure 7. We observe that for the 221 QNM at981

∆t0 < 2tMf
, where tMf

is defined from M IMR
f , the detection982

statistic is above the threshold and the observation has a FAP983

< 1% compared to the noise background, suggesting that984

these statistics favor the presence of the 221 mode. While985

other subdominant modes also have D − D1% > 0, the 221986

QNM improves pIMR the most at times when D −D1% > 0.987

However, the caveats discussed in Section 2 still apply: (i)988

at such an early time, systematic uncertainties due to time-989

dependent effects, unaccounted for in QNM superpositions,990

may affect the results; (ii) there is a statistical uncertainty991

in the merger time itself (tgeo
+6.7tMf
−6.0tMf

). Therefore, while a992

221 mode is found with D above threshold, its interpreta-993

tion remains uncertain due to potential early-time system-994
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Figure 8. (Similar to Figure 7.) QNM rational filter results for
GW231226 101520. The {220,440} mode combination has a D −
D1% > 0 at ∆t0 = 1tMf but does not improve pIMR compared to
the {220}-only model and thus does not indicate the presence of a
440 QNM.

atic uncertainties and merger time uncertainty. These re-995

sults should not, by themselves, be interpreted as evidence996

for a constant-amplitude 221 QNM in the signal. A recent997

study (Wang 2025) reported evidence for the 221 mode for998

GW231028 153006 but finds that the overtone is present at999

∆t0 = 10tMf
, a time at which the QNMRF does not find1000

statistical preference for the presence of an overtone. How-1001

ever, Wang (2025) does not perform the background study that1002

QNMRF does, which may explain the difference in results.1003

The results for the analysis of GW231226 101520 are1004

shown in Figure 8. No compelling evidence for a subdomi-1005

nant QNM is found. While the {220,440} mode combination1006

yields a D > Dthr at ∆t0 = 1tMf
, it does not improve pIMR1007

compared to the {220}-only model so no indicative evidence1008

is found for the presence of a 440 mode.1009

2.4. Summary of ringdown tests1010

All the analyses conducted using PYRING show no sta-1011

tistically significant evidence for the presence of multiple1012

modes. The lack of detection of multiple modes means that1013

it is not possible to perform BH spectroscopy with these sig-1014

nals. Furthermore, for all events, there were 90% CL overlaps1015

with the results of the IMR analysis, indicating overall consis-1016

tency with the GR. However, when combining results from1017

all events, we obtain shifts away from GR. The PYRING1018

KerrPostmerger analysis finds a shifts towards larger fre-1019

quencies and damping times, with a (four-dimensional) hierar-1020

chical GR quantile for O4a events of 94.7+5.3
−17.9%, where the1021

uncertainty comes from a bootstrapping analysis. However,1022

restricting to the events with significant ringdowns reduces1023

the four-dimensional GR quantile to 58+36
−30%, and the one-1024

dimensional GR quantile of 80+18
−61% is then the largest. Thus,1025

there is no evidence for a significant GR deviation.1026

The pSEOBNR analysis finds a shift toward higher GR1027

quantiles for the damping time when O4a events are added1028

to the analysis; Q2D
GR = 98.6+1.4

−9.4% is obtained from the1029

joint posterior, while the hierarchical combination yields1030

Q4D
GR = 85.1+14.9

−19.7% for all four parameters and Q
1D,µδτ̂220

GR =1031

99.3+0.7
−4.5% for the mean of the damping time alone. However,1032

the bootstrapping uncertainties indicate that these results are1033

influenced by the small size of the event catalog, and this1034

conclusion is bolstered by the reduction in these GR quantiles1035

to 92.2% (joint) and 73.0%, 96.2% (hierarchical) with the in-1036

clusion of the loud O4b event GW250114 (Abac et al. 2025c,1037

2026).1038

Finally, the QNM filter analysis finds that for1039

GW231028 153006 at ∆t0 < 2tMf the detection statistic1040

favors the presence of the 221 mode. However, interpreting1041

this result remains delicate and uncertain, as possible system-1042

atic effects cannot be ruled out, and overtone analyses are1043

particularly sensitive to such systematic uncertainties.1044

Additionally, there are results from the ringdown analyses1045

of the loud event GW230814 23 that show support for ap-1046

parent deviations from GR, excluded from this paper since1047

that event was only observed by a single detector. We discuss1048

why these apparent deviations do not constitute evidence for1049

a violation of GR in Abac et al. (2025f). To summarize, the1050

results for GW230814 23 can likely be explained by a combi-1051

nation of effects of detector noise (amplified by only having1052

data from a single detector) and inaccuracies in waveform1053

modeling.1054

3. ECHO TESTS1055

There are a variety of compact objects proposed as alter-1056

natives to BHs, such as boson stars (Kaup 1968; Ruffini &1057

Bonazzola 1969; Liebling & Palenzuela 2023), gravastars1058

(Mazur & Mottola 2004), fuzzballs (Mathur 2005), and fire-1059

walls (Almheiri et al. 2013). Some of them are compact1060

enough to possess a light ring and have a surface instead of an1061

event horizon. In such case, the ingoing merger–ringdown sig-1062

nal may be reflected at the surface and at the potential barrier1063

iteratively. This iterative reflection of the signal can also hap-1064

pen between two potential barriers for a traversable wormhole1065

(Morris et al. 1988). As a result, we may observe additional1066

signals after the merger of compact binaries (Cardoso et al.1067

2016a,b; Cardoso & Pani 2019; Siemonsen 2024). These1068

signals are called GW echoes. Some specific quantum BHs1069

lead to echoes as well, since they only absorb signals with1070

specific discrete frequencies (Cardoso et al. 2019; Wang et al.1071

2020; Oshita et al. 2020; Agullo et al. 2021; Chakraborty et al.1072

2022). Therefore, the detection of echoes can be evidence of1073

a modification in the vicinity of the classical event horizon.1074

Here we employ both template-based and model agnostic1075

searches for echoes. A template-based search is the most1076

effective method to detect signals if we can model the signals1077
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accurately. So far, various studies have attempted to model1078

echoes (Ashton et al. 2016; Abedi et al. 2017; Mark et al.1079

2017; Maselli et al. 2017; Nakano et al. 2017; Testa & Pani1080

2018; Maggio et al. 2019; Wang et al. 2019; Sago & Tanaka1081

2020; Conklin & Afshordi 2021; Xin et al. 2021; Wu et al.1082

2023; Zimmerman et al. 2023). However, since we do not1083

know the exact physics of the echo mechanism, we in principle1084

need a large number of models to detect all possible signals,1085

which is infeasible in practice. Thus, we here select only two1086

representative models, one a phenomenological frequency-1087

independent model (ADA; Abedi et al. 2017), and the other1088

a model with a physically motivated frequency dependence1089

from BH perturbation theory (BHP; Nakano et al. 2017).1090

On the other hand, the model agnostic search can cover1091

a wider range of possible echo morphologies. We use two1092

methods for the model agnostic search: the BW analysis1093

(Cornish & Littenberg 2015; Cornish et al. 2021, 2024) and1094

the CWB analysis (Klimenko et al. 2016; Drago et al. 2021).1095

These analyses are able to detect GW signals without a de-1096

tailed model for the signal. The BW echo analysis models1097

the echoes as a sum of sine–Gaussians and computes the evi-1098

dence for echoes via a signal-to-noise Bayes factor. The CWB1099

echo analysis considers the coherent energy excess among1100

the detectors, which is completely model independent, and1101

computes a p-value for the presence of echoes. Both analy-1102

ses have less dependence on the IMR signal compared to the1103

template-based analysis.1104

Various studies have searched for echoes from O1 to O31105

events so far (Ashton et al. 2016; Abedi et al. 2017; West-1106

erweck et al. 2018; Abedi & Afshordi 2019; Lo et al. 2019;1107

Nielsen et al. 2019; Uchikata et al. 2019; Tsang et al. 2020;1108

Wang & Piao 2020; Abbott et al. 2021a; Ren & Wu 2021;1109

Abedi et al. 2023; Miani et al. 2023; Uchikata et al. 2023; Ab-1110

bott et al. 2025; Abedi 2025). No strong evidence of echoes1111

from BBH has been reported. Wu et al. (2025) also analyzes1112

two O4 events with a different method than those used in1113

this paper, similarly reporting no detection of echo signals.1114

Weak-to-moderate evidence of echoes from GW231123 has1115

been reported by Lai et al. (2026). However, the echoes they1116

consider overlap with the merger–ringdown, so their analysis1117

does not allow for the post-merger echoes we consider. Thus,1118

their results are not comparable to ours.1119

3.1. Waveform template based analysis1120

For the waveform template based echoes analysis, we use1121

waveform models that consist of a BBH IMR waveform plus1122

echoes. If we assume the echoes are a consequence of re-1123

peated reflection of the merger–ringdown signal between the1124

surface and the barrier, we can construct the echo waveform1125

based on the merger-ringdown part of the preceding IMR1126

waveform. The series of echoes is then characterized by a1127

decay rate γ and delay time ∆techo.1128

We consider two approaches to determine γ and ∆techo.1129

One approach, the ADA model, models the signal phenomeno-1130

logically, treating γ and ∆techo as free parameters (Abedi et al.1131

2017; Lo et al. 2019; Abbott et al. 2021a). The phase shift at1132

each echo is fixed to π assuming the phase is inverted at each1133

iteration. We searched for such modeled echoes in previous1134

catalogs (up to GWTC-2.0), as have other groups (Ashton1135

et al. 2016; Abedi et al. 2017; Westerweck et al. 2018; Lo1136

et al. 2019; Nielsen et al. 2019; Uchikata et al. 2019, 2023),1137

but the analysis here has been rewritten and upgraded to use1138

BILBY. In the other approach, the BHP model, these param-1139

eters are numerically computed using a physical model of1140

BH perturbation theory (Nakano et al. 2017). We compute1141

the reflection rate at the potential barrier, which is related to1142

the decay rate, and as a result, the reflection rate becomes1143

frequency dependent. While the phase shift ϕ is treated as a1144

free parameter, the time delay of each echo is obtained from1145

the remnant mass and spin (Uchikata et al. 2019, 2023), them-1146

selves calculated from the binary components masses and1147

spins using NRSUR7DQ4REMNANT (Varma et al. 2019).1148

In both models, we employ IMRPHENOMXPHM for the1149

IMR waveform. The same waveform model is used to cre-1150

ate the echo waveform by removing the inspiral part of the1151

model. The point at which we choose the inspiral to end is1152

parametrized by t0, which we treat as a free parameter. In1153

addition to the parameters described above, we also vary the1154

relative amplitude of the echoes A (compared to the truncated1155

IMR waveform) and the start time of the first echo techo.1156

We assess the evidence for echoes using the above two mod-1157

els by performing Bayesian parameter estimation as described1158

in Paper I, evaluating the statistical evidence for echoes using1159

the Bayes factor for IMR plus echoes models to IMR only,1160

BIMRE
IMR . We vary the extrinsic parameters and echo parame-1161

ters described above but fix the intrinsic parameters to their1162

maximum-likelihood values from parameter-estimation re-1163

sults obtained using IMRPHENOMXPHM (Abac et al. 2025e)1164

to reduce the computational cost. We have confirmed using1165

injection studies that fixing the intrinsic parameters will not1166

affect the detectability of echoes. We set a threshold for the1167

Bayes factor log10 BIMRE
IMR ∼ 2.1, above which we would fol-1168

low up with an analysis that varies all the IMR parameters.1169

The threshold corresponds to a 3.3 σ detection in O1 data (Lo1170

et al. 2019). The priors for the echo parameters are summa-1171

rized in Table 5. We sample the echo parameters uniformly1172

over the ranges shown in the table. For the ADA model, the1173

Table 5. Prior ranges for echo parameters for the modeled analyses.

Echo parameters ADA BHP

log10 A [−2, 0] [−3, 0]

log10 γ [−2, 0] · · ·
t0 [−100, 10] tM [−100, 10] tM

techo [10, 103] tM [10, 103] tMf

∆techo [10, 103] tM · · ·
ϕ (rad) · · · [0, 2π]

NOTE—We sample the parameters uniformly over these ranges.
Here, tM and tMf are defined respectively from MmaxL and MmaxL

f ,
where maxL denotes the maximum-likelihood value.
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Figure 9. Histogram of log10 Bayes factors for echoes (E) versus no
echoes (NE) for the ADA and BHP modeled analyses and minimally
modeled BW analysis. Here log10 BE

NE refers to log10 BIMRE
IMR for

the ADA and BHP analyses and log10 B
signal
noise for the BW analysis.

For the modeled analyses, the Bayes factors compare IMR + echoes
to IMR, so log10 BE

NE ≲ 0 in the absence of echoes. The minimally
modeled analysis using BW provides a signal-to-noise Bayes factor
for echoes, so log10 BE

NE < 0 in the absence of echoes. Thus, all the
results are consistent with a lack of echoes.

number of echoes is fixed to five, while for the BHP model,1174

it is determined by the duration of the post-merger data and1175

∆techo.1176

For the ADA model, we analyze events with both com-1177

ponent masses larger than 3M⊙, so they are likely BBHs,1178

and which have a mass ratio larger than 0.1. We restrict to1179

these mass ratios since they are the ones for which we have1180

confirmed that the analysis gives accurate results in injection1181

studies, though we expect that the model can be extended to1182

more unequal mass ratios, since the underlying IMR wave-1183

form model has a larger domain of validity. All 41 O4a BBH1184

events listed in Table 1 have mass ratio larger than 0.1 and1185

are thus analyzed with the ADA model. For the BHP model,1186

which focuses on echoes in a narrow frequency band, we1187

analyze events whose maximum-likelihood 220 mode QNM1188

frequency is less than 1000 Hz, since the detectors are less1189

sensitive to higher frequencies (Abac et al. 2025d). Since the1190

reflection rate is calibrated for final spins 0.6 < χf < 0.8, we1191

also exclude events whose final spin lies outside the range.1192

Furthermore, we exclude events whose mass ratio is smaller1193

than 1/6, since NRSUR7DQ4REMNANT is not reliable for1194

such mass ratios. We apply all these restrictions using the1195

maximum-likelihood results from Abac et al. (2025e). Based1196

on an earlier version of the results given in Abac et al. (2025e),1197

31 events in O4a pass the BHP model’s selection criteria.1198

We summarize the values of log10 BIMRE
IMR in Table 6. For1199

both models, all log10 BIMRE
IMR values are below the thresh-1200

old. In the absence of echoes, we expect log10 BIMRE
IMR val-1201
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Figure 10. Distribution of the amplitude A and the decay rate γ

for the ADA modeled echoes analysis. The contours are the 90%

credible regions, and the posteriors that deviate from the prior are
highlighted in color. The prior distribution is shown in the dash-
dotted curve.

ues around or below zero, which we indeed see in Figure 9.1202

Therefore, we conclude that we have not found any significant1203

echoes that can be modeled by the ADA and BHP models in1204

the O4a events.1205
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Figure 11. Distribution of the time of the first echo relative to
the merger techo and the time delay between echoes ∆techo, as
inferred by the ADA modeled echoes analysis for the events that are
highlighted in Figure 10.



21

Table 6. Values of log10 BIMRE
IMR for the template-based echoes

analyses.

Event log10 B
IMRE(ADA)
IMR log10 B

IMRE(BHP)
IMR

GW230601 224134 −0.2 · · ·
GW230605 065343 0.0 0.0

GW230606 004305 0.0 −0.1

GW230609 064958 −0.1 · · ·
GW230624 113103 −1.1 · · ·
GW230627 015337 −2.3 · · ·
GW230628 231200 −0.1 −0.4

GW230630 234532 0.0 0.0

GW230702 185453 −0.1 −0.1

GW230731 215307 −0.3 0.2

GW230811 032116 −2.2 −0.4

GW230814 061920 0.0 ✓–

GW230824 033047 −0.6 · · ·
GW230904 051013 1.1 ✓–

GW230914 111401 −0.1 0.0

GW230919 215712 −0.2 −0.2

GW230920 071124 −0.3 −0.1

GW230922 020344 −0.2 0.1

GW230922 040658 0.6 · · ·
GW230924 124453 −0.5 0.1

GW230927 043729 −0.2 0.1

GW230927 153832 −0.2 −0.1

GW230928 215827 −0.2 · · ·
GW231001 140220 −0.1 −0.2

GW231020 142947 −1.5 −1.2

GW231028 153006 −0.2 · · ·
GW231102 071736 −0.2 −0.5

GW231104 133418 −0.2 ✓–

GW231108 125142 −0.4 −0.5

GW231110 040320 −0.6 0.0

GW231113 200417 −0.9 ✓–

GW231114 043211 −0.2 ✓–

GW231118 005626 −2.4 · · ·
GW231118 090602 −0.7 · · ·
GW231123 135430 −2.5 −5.9

GW231206 233134 −0.4 −0.1

GW231206 233901 −0.4 −0.7

GW231213 111417 −0.1 0.1

GW231223 032836 −0.2 −0.2

GW231224 024321 −0.7 ✓–

GW231226 101520 −1.3 −1.9

NOTE—Ellipses indicate events that do not satisfy the event selection
criteria for a given model and ✓–’s indicate events that satisfy the
criteria but are not yet included, because their analysis would take
infeasibly long to complete.

We show the joint posteriors of the amplitude A and the1206

decay rate γ for the ADA model in Figure 10, with two events1207

that show some support for A > 0 highlighted. While A > 01208

is favored for these two events, γ is constrained to be less than1209

0.5, which is a stronger constraint compared to its prior. For1210

the other events, both parameters are uninformative or A = 01211

is supported more strongly than by the prior.1212

Furthermore, we show the joint posterior distributions of1213

techo and ∆techo for the above two events in Figure 11. For1214

GW230922 040658, we visually inspected the data quality1215

around the event and found that the echo inference results may1216

be associated with some excess power after the merger in both1217

detectors. For GW231123, the techo posterior distributions1218

are constrained to ∼ 17tM , which means that the analysis1219

is latching onto features in the early post-merger data. For1220

additional discussion of possible interpretations and effects1221

in GW231123, see Abac et al. (2025g,h). For both events,1222

the ∆techo posterior distributions are uninformative. To sum-1223

marize, for these two events, the post-ringdown data are fit1224

well with only one echo, which is inconsistent with the model1225

assuming multiple echoes used in this analysis.1226

3.2. Minimally modeled analysis with BAYESWAVE1227

We perform a minimally modeled search for the echoes us-1228

ing BW (Tsang et al. 2018). We use a train of sine–Gaussians1229

as basis functions to describe a potential echoes signal. The1230

individual sine–Gaussians are parameterized by an amplitude,1231

a damping time, a reference frequency, a reference phase, and1232

a central time. A train of sine–Gaussians includes four addi-1233

tional parameters, namely a time separation, a relative phase1234

shift, a damping factor, and a widening factor between suc-1235

cessive sine–Gaussians. While we cannot expect that a poten-1236

tial echoes signal exactly matches a train of sine–Gaussians,1237

it has been demonstrated that a wide range of echoes sig-1238

nals can be represented by the superposition of such basis1239

functions (Tsang et al. 2018). This aspect makes the search1240

minimally modeled.1241

In particular, we analyze 4 s of data starting at tevent+3τ2201242

for each signal, where tevent is the merger time of the observed1243

GW (Abac et al. 2025e) and τ220 is the decay time of the1244

220 QNM, estimated as a function of the final object’s mass1245

and spin through the fit presented in Berti et al. (2006). We1246

use a conservative estimate for τ220 obtained from the upper1247

limit of the 90% credible interval for the τ220 posterior, thus1248

ensuring that the analyzed data are not contaminated by the1249

ringdown signal, which decays exponentially. We use BW1250

to compute the power spectral density (PSD) of the echoes1251

analysis segment itself, rather than using the PSD used for the1252

analysis of the CBC signal in Abac et al. (2025e).1253

The end product of the analysis is an echoes signal-to-noise1254

Bayes factor Bsignal
noise which serves as the detection statistic.1255

We analyze all 42 O4a events listed in Table 1 and present the1256

distribution of log10 Bsignal
noise for those events in Figure 9. We1257

find that log10 Bsignal
noise ≤ 0, meaning that no evidence for the1258

presence of an echoes signal is found.1259
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3.3. Minimally modeled analysis with coherent WaveBurst1260

The CWB search for echo signals is a minimally modeled1261

search method (Miani et al. 2023), meaning it does not rely on1262

prior assumptions about the waveform morphology. Instead,1263

it identifies coherent energy excesses in the data collected by1264

the detector network and extracts these as candidate signals.1265

Specifically, the analysis focuses on the coherent energy con-1266

tent within a time window that follows the CBC signal under1267

study, in the frequency band [16, 1024] Hz.1268

The time window that is analyzed starts at t(1)echo − 0.05 s1269

after the coalescence time, where t
(1)
echo is the predicted arrival1270

time of the first echo pulse according to Equation (2) of Abedi1271

et al. (2017), using the maximum-likelihood values of the1272

source-frame remnant mass and remnant spin from Abac et al.1273

(2025e). The end time of the analyzed time window is set at1274

4t
(1)
echo +0.05 s. We empirically checked that this time window1275

ensures that contributions from the primary CBC signal are1276

excluded. Given the uncertainties in the echo model and1277

distance estimates, we fixed the time window for each event1278

without applying a cosmological redshift correction, hence1279

underestimating t
(1)
echo. The resulting earlier starting time of1280

the window is conservative, in that it allows for an earlier1281

arrival of the first echo pulse than predicted by the expression1282

from Abedi et al. (2017) used for t(1)echo. Assuming the model1283

in Abedi et al. (2017) and the mean redshift estimates, the1284

first three echo pulses would occur inside the analyzed time1285

window for more than half of the events reported in Table 7.1286

Of the O4a events considered in this paper, we excluded1287

those with a network SNR ≲ 7 as reconstructed by CWB.1288

This threshold ensures a negligible false dismissal probability1289

and avoids selection biases in the analysis of CBC posterior1290

waveform samples. While the median matched-filter network1291

SNRs of all O4a events considered in this paper are ≥ 8.8, the1292

SNR reconstructed by CWB can be lower than the matched1293

filter SNR, as in the case of events with low chirp masses,1294

≲ 6–7M⊙, or long duration, > 5 s above 16 Hz. Hence, this1295

analysis reports results for 31 O4a events out of 42.1296

The coherent signal energy (SNR) within the analyzed time1297

window after each CBC event (on-source result) is reported1298

in Table 7. To determine the statistical significance of the1299

on-source result, we compare it to the empirical distribution1300

due to noise, obtained by performing the same analysis over1301

∼ 104 injections of signals generated using random CBC1302

posterior samples, without echoes, in real LIGO noise. This1303

off-source dataset typically covers five weeks of data cen-1304

tered on the event, allowing us to marginalize noise effects1305

over a sufficiently long observing time. The p-value of the1306

null hypothesis is estimated by the fraction of reconstructed1307

off-source injections with an SNR greater than the on-source1308

SNR. Our analysis is agnostic with respect to the waveform1309

model of the CBC posterior samples used for the off-source1310

injections; for practical reasons related to the availability of1311

CBC parameter-estimation results at the time of our analy-1312

sis, we adopted IMRPHENOMXPHM for the events through1313

GW231123 and NRSUR7DQ4 for the remaining five events.1314

Table 7. Results from the minimally modeled CWB echo analysis

Event p-value
Post-merger

SNR

GW230601 224134 0.516+0.010
−0.010 < 0.1

GW230606 004305 0.063+0.006
−0.005 0.3

GW230609 064958 0.431+0.012
−0.012 < 0.1

GW230624 113103 0.646+0.014
−0.014 < 0.1

GW230627 015337 0.760+0.007
−0.007 1.2

GW230628 231200 0.530+0.009
−0.009 < 0.1

GW230702 185453 1.0000+0
−0.0003 < 0.1

GW230731 215307 0.463+0.015
−0.015 < 0.1

GW230811 032116 0.769+0.006
−0.006 < 0.1

GW230814 061920 0.223+0.006
−0.006 < 0.1

GW230824 033047 0.570+0.007
−0.007 < 0.1

GW230914 111401 0.075+0.004
−0.004 1.1

GW230919 215712 0.312+0.007
−0.007 0.2

GW230920 071124 0.114+0.006
−0.006 < 0.1

GW230922 020344 0.714+0.008
−0.008 < 0.1

GW230922 040658 0.258+0.007
−0.007 < 0.1

GW230924 124453 0.350+0.007
−0.007 0.1

GW230927 043729 0.574+0.008
−0.008 < 0.1

GW230927 153832 0.711+0.007
−0.007 0.25

GW230928 215827 1.0000+0
−0.0002 < 0.1

GW231001 140220 0.050+0.004
−0.004 2.9

GW231028 153006 0.485+0.009
−0.009 < 0.1

GW231102 071736 0.186+0.006
−0.006 < 0.1

GW231108 125142 0.736+0.008
−0.008 < 0.1

GW231113 200417 0.617+0.031
−0.030 < 0.1

GW231123 135430 0.861+0.006
−0.006 < 0.1

GW231206 233134 0.646+0.009
−0.009 < 0.1

GW231206 233901 0.684+0.009
−0.009 0.2

GW231213 111417 0.676+0.010
−0.010 < 0.1

GW231223 032836 0.510+0.012
−0.012 < 0.1

GW231226 101520 0.581+0.010
−0.010 0.3

NOTE—We give the p-value for the null hypothesis and related
90% confidence interval along with the network SNR statistic, as
reconstructed by CWB in post-merger.

The results of this analysis for all analyzed O4a events are1315

summarized in Table 7 and in Figure 12. The distribution of1316

p-values is in agreement with the null hypothesis, and in par-1317

ticular the lowest p-value found, 0.05 for GW231001 140220,1318

cannot be considered evidence for the presence of echoes,1319

given the 31 independent trials. GW231001 140220 also has1320

the largest post-merger SNR ≃ 3, which is the largest value1321

for O4a events, but still in the range of plausible noise outliers,1322
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Figure 12. Probability–probability plot for the 31 events in O4a
using the CWB minimally modeled echoes analysis.

and smaller than that for two pre-O4 events (Miani et al. 2023).1323

This analysis also does not find any evidence for echoes for1324

pre-O4 events (Miani et al. 2023).1325

3.4. Discussion1326

We have performed four analyses allowing for the pres-1327

ence of possible echo signals after the ringdown signal of1328

the CBCs considered in this paper: two analyses that use a1329

waveform model (one phenomenological and one physical)1330

and two using minimally modeled approaches. The results of1331

all of these analyses are consistent with the absence of echoes.1332

The waveform-template modeled analyses and the BW mini-1333

mally modeled echoes analysis produce Bayes factors, which1334

we summarize in Figure 9. The CWB minimally modeled1335

analysis produces p-values, which are shown in Figure 12.1336

If we assume that any echoes originate from the merger–1337

ringdown signal or are affected by the merger, we would ex-1338

pect that the echo amplitude is proportional to the amplitude1339

of the signal at merger. However, we do not see any signifi-1340

cant echoes result from our analyses for either the most mas-1341

sive BBH detected to date, GW231123 (Abac et al. 2025g),1342

with a redshifted final mass of 304+40
−42M⊙, where the merger–1343

ringdown is the dominant signal, or the highest SNR event1344

analyzed in this paper, GW231226 101520, with a median1345

matched-filter SNR of 33.7.1346

Our results are also consistent with those of Abac et al.1347

(2025f), which found no echo signals after GW230814 23,1348

the loudest event in O4a, with a median matched-filter SNR1349

of 42.1; GW230814 23 is not included in this paper as it was1350

only observed by a single detector.1351

4. CONCLUSIONS1352

We presented seven tests of GR, four of which are new,1353

focusing on the post-merger stages, i.e., the ringdown and1354

possible echoes. Overall, our tests find that the individ-1355

ual signals we analyze are in agreement with our expecta-1356

tions from GR. Moreover, in the pSEOBNR analysis, the1357

high-SNR event GW231226 101520 gives the tightest single-1358

event constraint on the damping time of the dominant (2, 2, 0)1359

QNM of all the GWTC-4.0 events, though the very loud1360

O4b event GW250114 gives even better constraints (Abac1361

et al. 2025c, 2026). The QNM rational filter analysis of1362

GW231028 153006 found marginal Bayesian support for a1363

secondary mode, albeit at times close to merger where the1364

validity of modeling the signal as a superposition of QNMs is1365

in doubt.1366

For the echo analyses, the minimally modeled CWB anal-1367

ysis finds that the p-values are ≥ 0.05, a result consistent1368

with noise when considering the number of events tested. The1369

three Bayesian analyses for post-merger echoes find that all1370

the log10 Bayes factors for echoes are either at most −1.81371

(for the minimally modeled BW analysis), or at most 1.11372

for waveform-modeled echoes. The larger values for the1373

waveform-modeled analyses are expected, since these models1374

compare waveforms composed of the full IMR signal plus1375

echoes versus IMR-only waveforms, like the minimally mod-1376

eled analysis, and the maximum value is still less than the1377

threshold of ∼ 2.1 to trigger follow-up analyses. Thus, the re-1378

sults of all the echo analyses are consistent with a lack of GW1379

echoes, and rather with finding statistical noise fluctuations.1380

Of the 42 O4a events covered in this paper, only one event,1381

GW231123, showed deviations from the GR expectations1382

(for ECH-WFM-ADA). These deviations could be due to1383

inaccuracies in waveform modeling, wave-optics lensing, or1384

other features, as described in our dedicated paper on that1385

event (Abac et al. 2025g). Additionally, in Abac et al. (2025f),1386

we applied ringdown tests to the loud event GW230814 231387

and found apparent deviations from GR. That event does not1388

appear in this paper since it was only observed by a single1389

detector. We investigated these apparent deviations carefully1390

and found that they can likely be attributed to a combination1391

of detector noise and waveform modeling inaccuracies.1392

Also, we do find the GR value in the tails of the distribu-1393

tion in some cases when combining together multiple events.1394

Specifically, the PYRING KerrPostmerger analysis finds1395

a GR quantile of 94.7+5.3
−17.9%, though this reduces to 80+18

−61%1396

when only considering events with a significant ringdown, so1397

there is no significant evidence for a GR deviation. Here the er-1398

ror bars come from a bootstrapping analysis and indicate that1399

some of the apparent significance could also be due to catalog1400

variance (cf. Pacilio et al. 2024). The pSEOBNR parame-1401

terized ringdown analysis finds the GR value at 98.6+1.4
−9.4%1402

credibility in the joint posterior analysis and 99.3+0.7
−4.5% in the1403

hierarchical analysis, while the analysis of GWTC-3.0 events1404

only finds the GR value at 93.8+6.1
−20.0% and 94.9+4.4

−18.2% cred-1405

ibility, respectively. The error bars from the bootstrapping1406

analysis again indicate that some of the apparent significance1407

could be due to catalog variance, which is supported by the sig-1408

nificance decreasing to 92.2% and 96.2% when including the1409

loud O4b event GW250114 (Abac et al. 2025c, 2026). Investi-1410

gations of simulated observations indicate that the pSEOBNR1411

result is not likely to be due to waveform-modeling uncertain-1412

ties. Analyses of future high-SNR signals as well as injections1413
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into real detector noise could help clarify these combined re-1414

sults.1415

We will perform further tests of GR using detections from1416

the remainder of the fourth observing run and future runs1417

(Abbott et al. 2020).1 Applying the pSEOBNR analysis to1418

additional detections will show if the combined results end up1419

disfavoring GR more strongly with more events, or if further1420

studies of the noise and other systematics determine that the1421

current tension is just a statistical fluctuation or systematic1422

effect.Regardless, improvements in detector sensitivity along1423

with advances in analysis and modeling techniques will let us1424

place ever more stringent constraints on potential deviations1425

from GR in the ringdown.1426

All strain data analyzed in this paper are available from the1427

Gravitational Wave Open Science Center (Abac et al. 2025i).1428

The data and scripts used to prepare the figures and tables are1429

available at LIGO Scientific, Virgo, and KAGRA Collabora-1430

tion (2026).1431
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Calibration of the Virgo strain data is performed with C-1525
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DMT (Zweizig, J. 2006), DQR (LIGO Scientific Collabo-1528
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Analyses in this catalog relied upon the LALSUITE software1534

library (LIGO Scientific, Virgo, and KAGRA Collaboration1535

2025; Wette 2020). The detection of the signals and subse-1536

quent significance evaluations in this catalog were performed1537

with the GSTLAL-based inspiral software pipeline (Messick1538

et al. 2017; Sachdev et al. 2019; Hanna et al. 2020; Can-1539

non et al. 2021), with the MBTA pipeline (Adams et al.1540

2016; Aubin et al. 2021), and with the PYCBC (Usman1541

et al. 2016; Nitz et al. 2017; Davies et al. 2020) and the1542

CWB (Klimenko et al. 2004, 2011, 2016) packages. Esti-1543

mates of the noise spectra and glitch models were obtained1544

using BAYESWAVE (Cornish & Littenberg 2015; Littenberg1545

et al. 2016; Cornish et al. 2021; Gupta & Cornish 2024).1546

Noise subtraction for one candidate was also performed with1547

GWSUBTRACT (Davis et al. 2022). Source-parameter es-1548

timation was performed with the BILBY and PARALLEL-1549

BILBY libraries (Ashton et al. 2019; Romero-Shaw et al. 2020;1550

Smith et al. 2020) using the DYNESTY nested sampling pack-1551

age (Speagle 2020). SEOBNRV5PHM waveforms used in1552

parameter estimation were generated using PYSEOBNR (Mi-1553

haylov et al. 2025). PSEOBNRV5PHM waveforms used for1554

testing GR were generated using BILBYTGR (Ashton et al.1555

2025b). Echoes M. waveforms used for constraining echoes1556

were generated using ECHOES WAVEFORM MODELS (Lo et al.1557

2025). CPNEST (Veitch et al. 2025) and PYRING (Carullo et al.1558

2025) were used to perform ringdown analyses. Quasinor-1559

mal mode frequencies were computed using QNM (Stein1560

2019). The QNMRF analysis used Ma et al. (2025). The1561

multi-dimensional hierarchical analysis results were produced1562

using HIERFIT (Zhong et al. 2026). PESUMMARY was used1563

to postprocess and collate parameter-estimation results (Hoy1564

& Raymond 2021). The various stages of the parameter-1565

estimation analysis were managed with the ASIMOV li-1566

brary (Williams et al. 2023) together with CBCFLOW (Ashton1567

et al. 2025a). Plots were prepared with MATPLOTLIB (Hunter1568

2007), SEABORN (Waskom 2021), and GWPY (Macleod et al.1569

2021). NUMPY (Harris et al. 2020) and SCIPY (Virtanen et al.1570

2020) were used for analyses in the manuscript.1571

APPENDIX1572

The selection of the analysis start time is a crucial step in1573

BH spectroscopy, since it determines the extent to which the1574

signal can be reliably modeled as a superposition of QNMs. If1575

the analysis begins too early, residual dynamical effects may1576

bias the results, while starting too late reduces the available1577

SNR. The discussion below explains the procedure adopted in1578

this work for the PYRING analysis, and explains how potential1579

systematics are controlled.1580

We initially vary the starting time over a broad interval1581

to ensure that the estimated quantities evolve toward their1582

GR values as expected, and to search for any unexpected1583

anomaly. Subsequently, we refine the analysis by running over1584

a restricted interval around tstart to verify that the linear model1585

aligns with GR within the expected time range, mitigating1586

systematics and checking for stability of the results. The1587

systematic variation of start times provides crucial validation1588

of our results.1589

For simplicity, results for each model are reported only at1590

the characteristic start time tnom when a QNM superposition1591

model becomes valid, defined relative to each model peak1592

time as described in Section 2.1. As shown in Table 2 for1593

the Kerr and KerrPostmerger models and in Table 8 for1594

the DS model, there is no significant evidence for additional1595

modes at tnom. Since the IMR peak time has a non-negligible1596

uncertainty (Carullo et al. 2019; Finch & Moore 2021; Cotesta1597

et al. 2022; Crisostomi et al. 2023), we have also verified that1598

this result remains robust across the full range of plausible1599

start times within the 90% credible interval of the IMR peak1600

time measurement, centered on tnom.1601

For the DS and Kerr models, tnom = 10tM IMR
f

, i.e., ten1602

times the time-scaled median IMR value of the (redshifted)1603

remnant mass from Abac et al. (2025e). This time is expected1604

to be sufficiently late for the QNM description to be valid1605

given current sensitivity (Bhagwat et al. 2018; Carullo et al.1606

2018), as the model mismatch is O(10−3) for parameters1607

compatible with equal-mass low-spin binary progenitors. The1608

analysis start time tnom for KerrPostmerger is 0.1609
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Table 8. Bayes factors between two-mode and one-mode DSmodels
from the PYRING analysis

Events log10 B2DS
1DS Events log10 B2DS

1DS

GW230601 224134 −0.166 GW230927 153832 −0.433

GW230609 064958 −0.870 GW230928 215827 −0.654

GW230628 231200 −0.891 GW231001 140220 −0.449

GW230811 032116 −0.705 GW231028 153006 −0.459

GW230814 061920 −0.839 GW231102 071736 −1.050

GW230824 033047 −1.132 GW231108 125142 −1.062

GW230914 111401 −1.114 GW231206 233134 −1.029

GW230919 215712 −0.746 GW231206 233901 −0.843

GW230922 020344 −0.404 GW231213 111417 −1.246

GW230922 040658 0.038 GW231223 032836 −0.266

GW230924 124453 −1.071 GW231226 101520 −0.443

GW230927 043729 −0.810

NOTE—The Bayes factors are computed starting at tnom. A value
of log10 B2DS

1DS > 1 indicates support for HMs in the data. The error
on each Bayes factor from the nested-sampling stopping criterion is
∼ 0.09.
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2105

T. EVSTAFYEVA,182 B. E. EWING,7 J. M. EZQUIAGA,139 F. FABRIZI,60, 61 V. FAFONE,21, 22 S. FAIRHURST,33 A. M. FARAH,129
2106

http://orcid.org/0000-0003-4786-2698
http://orcid.org/0000-0002-8648-0767
http://orcid.org/0000-0001-5525-6255
http://orcid.org/0009-0004-2101-5428
http://orcid.org/0000-0002-4559-8427
http://orcid.org/0000-0002-5731-5076
http://orcid.org/0009-0004-4459-2981
http://orcid.org/0000-0002-8735-5554
http://orcid.org/0000-0002-9072-1121
http://orcid.org/0000-0002-2139-4390
http://orcid.org/0000-0003-2771-8816
http://orcid.org/0000-0003-4534-4619
http://orcid.org/0000-0001-7519-2439
http://orcid.org/0000-0003-0733-7530
http://orcid.org/0000-0001-7345-4415
http://orcid.org/0000-0002-5288-1351
http://orcid.org/0000-0001-8193-5825
http://orcid.org/0009-0003-8040-4936
http://orcid.org/0000-0001-9557-651X
http://orcid.org/0009-0005-2139-4197
http://orcid.org/0000-0003-2219-9383
http://orcid.org/0000-0003-0482-5942
http://orcid.org/0000-0003-3675-9126
http://orcid.org/0000-0002-8738-1672
http://orcid.org/0000-0002-9277-9773
http://orcid.org/0000-0002-5613-7693
http://orcid.org/0000-0003-3377-0813
http://orcid.org/0000-0002-7686-3334
http://orcid.org/0009-0007-4490-5804
http://orcid.org/0000-0001-8916-8915
http://orcid.org/0000-0002-6884-2875
http://orcid.org/0000-0002-6018-6447
http://orcid.org/0000-0002-3987-0519
http://orcid.org/0000-0003-0266-7936
http://orcid.org/0000-0002-8856-8877
http://orcid.org/0009-0009-4285-2360
http://orcid.org/0000-0001-6589-8673
http://orcid.org/0000-0001-5124-3350
http://orcid.org/0000-0001-7080-8177
http://orcid.org/0000-0001-7288-2231
http://orcid.org/0000-0002-1902-6695
http://orcid.org/0000-0003-4981-4120
http://orcid.org/0009-0008-8916-1658
http://orcid.org/0000-0003-1613-3142
http://orcid.org/0000-0002-6645-4473
http://orcid.org/0000-0001-5482-0299
http://orcid.org/0009-0008-9329-4525
http://orcid.org/0000-0001-7469-4250
http://orcid.org/0000-0003-2429-3357
http://orcid.org/0000-0001-6062-6505
http://orcid.org/0000-0003-0458-4288
http://orcid.org/0000-0003-0495-5720
http://orcid.org/0000-0001-5470-7616
http://orcid.org/0000-0001-8963-3362
http://orcid.org/0009-0009-8888-291X
http://orcid.org/0000-0001-7852-7484
http://orcid.org/0000-0002-8008-2485
http://orcid.org/0000-0002-6068-2993
http://orcid.org/0000-0001-6308-211X
http://orcid.org/0009-0003-5744-8025
http://orcid.org/0000-0002-8883-7280
http://orcid.org/0000-0002-8069-8490
http://orcid.org/0000-0002-5232-2736
http://orcid.org/0000-0001-9819-2562
http://orcid.org/0000-0002-1180-4050
http://orcid.org/0000-0001-6841-550X
http://orcid.org/0000-0002-9948-306X
http://orcid.org/0000-0001-5623-2853
http://orcid.org/0000-0001-8171-6833
http://orcid.org/0000-0003-2895-9638
http://orcid.org/0000-0003-3611-3042
http://orcid.org/0000-0003-2306-4106
http://orcid.org/0000-0003-0918-0864
http://orcid.org/0000-0002-4003-7233
http://orcid.org/0000-0002-4991-8213
http://orcid.org/0000-0001-9332-5733
http://orcid.org/0000-0003-1523-0821
http://orcid.org/0000-0002-2071-0400
http://orcid.org/0000-0003-4750-9413
http://orcid.org/0009-0000-5074-839X
http://orcid.org/0000-0002-4736-7403
http://orcid.org/0000-0003-0907-6098
http://orcid.org/0000-0002-1113-9644
http://orcid.org/0000-0002-4845-8737
http://orcid.org/0000-0002-2334-0935
http://orcid.org/0000-0001-6486-9897
http://orcid.org/0000-0003-3870-7215
http://orcid.org/0000-0002-7377-415X
http://orcid.org/0000-0003-1533-9229
http://orcid.org/0000-0002-1481-1993
http://orcid.org/0000-0002-7298-6185
http://orcid.org/0000-0002-4312-4287
http://orcid.org/0000-0003-4700-5274
http://orcid.org/0000-0001-6623-9506
http://orcid.org/0000-0001-8492-2202
http://orcid.org/0000-0002-1642-5391
http://orcid.org/0000-0002-4141-2744
http://orcid.org/0000-0001-6449-5493
http://orcid.org/0000-0002-0267-3562
http://orcid.org/0000-0002-7562-9263
http://orcid.org/0000-0001-7616-7366
http://orcid.org/0000-0002-9862-4668
http://orcid.org/0000-0002-4618-1674
http://orcid.org/0000-0002-3838-2986
http://orcid.org/0000-0002-7101-9396
http://orcid.org/0000-0002-3576-6968
http://orcid.org/0000-0001-9861-821X
http://orcid.org/0000-0002-7350-5291
http://orcid.org/0000-0002-2630-6724
http://orcid.org/0000-0003-0330-2736
http://orcid.org/0000-0001-6487-5197
http://orcid.org/0000-0002-6284-9769
http://orcid.org/0000-0003-4502-528X
http://orcid.org/0000-0001-5013-5913
http://orcid.org/0000-0001-8665-2293
http://orcid.org/0000-0002-9380-6390
http://orcid.org/0000-0002-4611-9387
http://orcid.org/0000-0003-1643-0526
http://orcid.org/0000-0002-6013-1729
http://orcid.org/0000-0002-1489-942X
http://orcid.org/0000-0003-4295-792X
http://orcid.org/0000-0002-5260-4979
http://orcid.org/0000-0002-0840-8567
http://orcid.org/0000-0003-1726-3838
http://orcid.org/0000-0003-1720-4061
http://orcid.org/0000-0002-5433-1409
http://orcid.org/0000-0002-7387-6754
http://orcid.org/0000-0003-2872-8186
http://orcid.org/0000-0002-4289-3439
http://orcid.org/0000-0003-0133-1306
http://orcid.org/0000-0001-9834-4781
http://orcid.org/0000-0002-9846-166X
http://orcid.org/0000-0002-7086-6550
http://orcid.org/0000-0002-3888-314X
http://orcid.org/0000-0003-0639-9342
http://orcid.org/0000-0002-2935-1600
http://orcid.org/0000-0003-4068-6572
http://orcid.org/0000-0003-3762-6958
http://orcid.org/0009-0007-0246-713X
http://orcid.org/0000-0003-0889-1015
http://orcid.org/0000-0001-5694-0809
http://orcid.org/0000-0002-8205-930X
http://orcid.org/0000-0001-8845-0900
http://orcid.org/0000-0001-9090-1862
http://orcid.org/0000-0002-2948-5238
http://orcid.org/0000-0001-8100-0579
http://orcid.org/0000-0002-3835-6729
http://orcid.org/0000-0001-6064-0569
http://orcid.org/0000-0002-0752-0338
http://orcid.org/0000-0003-4293-340X
http://orcid.org/0000-0001-9127-3167
http://orcid.org/0009-0004-4937-4633
http://orcid.org/0000-0002-0994-7394
http://orcid.org/0000-0002-9207-4669
http://orcid.org/0000-0002-3377-4737
http://orcid.org/0000-0003-3853-3593
http://orcid.org/0000-0002-4263-2706
http://orcid.org/0000-0003-3768-9908
http://orcid.org/0000-0001-8700-3455
http://orcid.org/0000-0002-0995-2329
http://orcid.org/0000-0003-0038-5468
http://orcid.org/0000-0002-5769-8601
http://orcid.org/0000-0002-5833-413X
http://orcid.org/0000-0001-9174-7780
http://orcid.org/0000-0003-1433-0716
http://orcid.org/0000-0001-5403-3762
http://orcid.org/0000-0002-8664-9702
http://orcid.org/0000-0001-9092-3965
http://orcid.org/0000-0003-3905-0665
http://orcid.org/0000-0002-9339-8622
http://orcid.org/0000-0003-4094-9942
http://orcid.org/0000-0002-6992-5963
http://orcid.org/0000-0003-2165-2967
http://orcid.org/0000-0003-0949-7298
http://orcid.org/0000-0002-6870-4202
http://orcid.org/0000-0001-8026-7597
http://orcid.org/0000-0003-4258-9338
http://orcid.org/0000-0002-5871-4730
http://orcid.org/0000-0001-8912-5587
http://orcid.org/0009-0007-1566-7093
http://orcid.org/0000-0003-3243-1393
http://orcid.org/0000-0002-6714-5429
http://orcid.org/0000-0001-7170-8733
http://orcid.org/0000-0003-3452-9415
http://orcid.org/0009-0007-9429-1847
http://orcid.org/0000-0002-7214-9088
http://orcid.org/0009-0009-9828-3646
http://orcid.org/0000-0002-7439-4773
http://orcid.org/0000-0003-2731-2656
http://orcid.org/0000-0002-5520-8541
http://orcid.org/0000-0002-1985-1361
http://orcid.org/0000-0002-3437-5949
http://orcid.org/0000-0002-7435-0869
http://orcid.org/0000-0001-8104-3536
http://orcid.org/0000-0002-8262-2924
http://orcid.org/0000-0002-2823-3127
http://orcid.org/0000-0002-5243-5917
http://orcid.org/0000-0003-3600-2406
http://orcid.org/0000-0001-6472-8509
http://orcid.org/0000-0002-2003-4238
http://orcid.org/0000-0001-8075-4088
http://orcid.org/0000-0003-4096-7542
http://orcid.org/0000-0002-6528-3449
http://orcid.org/0000-0003-4075-4539
http://orcid.org/0000-0002-5042-443X
http://orcid.org/0000-0001-5078-9044
http://orcid.org/0000-0002-1057-2307
http://orcid.org/0000-0003-3258-5763
http://orcid.org/0009-0006-1963-5729
http://orcid.org/0000-0001-9143-8427
http://orcid.org/0000-0001-7758-7493
http://orcid.org/0000-0003-0898-6030
http://orcid.org/0000-0002-2216-0465
http://orcid.org/0000-0002-8816-8566
http://orcid.org/0000-0001-5620-6751
http://orcid.org/0000-0001-7663-0808
http://orcid.org/0009-0004-5008-5660
http://orcid.org/0000-0002-3780-5430
http://orcid.org/0000-0001-8798-0627
http://orcid.org/0000-0002-5179-1725
http://orcid.org/0000-0002-1019-6911
http://orcid.org/0000-0002-3815-4078
http://orcid.org/0000-0003-4977-0789
http://orcid.org/0000-0002-7669-0859
http://orcid.org/0000-0003-3978-2030
http://orcid.org/0000-0002-5411-9424
http://orcid.org/0000-0001-7860-9754
http://orcid.org/0000-0003-1354-7809
http://orcid.org/0000-0003-1014-8394
http://orcid.org/0000-0003-1556-8304
http://orcid.org/0000-0002-4004-947X
http://orcid.org/0000-0002-5825-472X
http://orcid.org/0009-0003-4448-3681
http://orcid.org/0000-0002-4818-0296
http://orcid.org/0000-0001-9930-9101
http://orcid.org/0000-0002-7555-8856
http://orcid.org/0009-0003-0411-6043
http://orcid.org/0000-0003-2374-307X
http://orcid.org/0000-0002-2693-6769
http://orcid.org/0000-0003-4049-8336
http://orcid.org/0000-0003-2339-4471
http://orcid.org/0000-0003-1693-3828
http://orcid.org/0000-0001-6759-5676
http://orcid.org/0000-0003-1544-8943
http://orcid.org/0000-0002-5447-3810
http://orcid.org/0000-0002-2787-1012
http://orcid.org/0000-0002-0314-956X
http://orcid.org/0000-0002-2077-4914
http://orcid.org/0009-0002-3776-5026
http://orcid.org/0000-0001-9546-5959
http://orcid.org/0000-0002-1636-0233
http://orcid.org/0000-0001-8750-8330
http://orcid.org/0000-0002-3738-2431
http://orcid.org/0000-0002-6134-7628
http://orcid.org/0000-0002-1769-6097
http://orcid.org/0000-0002-3906-0997
http://orcid.org/0000-0002-8215-4542
http://orcid.org/0000-0001-8874-4888
http://orcid.org/0000-0002-2475-1728
http://orcid.org/0000-0003-4631-1771
http://orcid.org/0000-0002-1224-4681
http://orcid.org/0000-0002-5895-4523
http://orcid.org/0000-0001-8242-3944
http://orcid.org/0000-0002-2643-163X
http://orcid.org/0000-0001-7943-0262
http://orcid.org/0000-0003-3908-1912
http://orcid.org/0000-0003-2112-0653
http://orcid.org/0009-0009-8482-9417
http://orcid.org/0000-0001-8196-9267
http://orcid.org/0000-0001-6143-5532
http://orcid.org/0000-0001-8459-4499
http://orcid.org/0000-0002-7213-3211
http://orcid.org/0000-0002-3809-065X
http://orcid.org/0000-0003-1314-1622
http://orcid.org/0000-0001-8480-1961
http://orcid.org/0000-0002-6121-0285


32

B. FARR,77 W. M. FARR,190, 191 G. FAVARO,91 M. FAVATA,192 M. FAYS,165 M. FAZIO,55 J. FEICHT,11 M. M. FEJER,89
2107

R. FELICETTI,184, 48 E. FENYVESI,87, 193 J. FERNANDES,194 T. FERNANDES,195, 137 D. FERNANDO,111 S. FERRAIUOLO,196, 39, 38
2108

T. A. FERREIRA,12 F. FIDECARO,81, 80 A. FIENGA,114 P. FIGURA,95 A. FIORI,80, 81 I. FIORI,62 E. FINCH,11 M. FISHBACH,189
2109

R. P. FISHER,122 R. FITTIPALDI,197, 131 V. FIUMARA,198, 131 R. FLAMINIO,31 S. M. FLEISCHER,199 L. S. FLEMING,200 E. FLODEN,18
2110

H. FONG,115 J. A. FONT,137, 138 F. FONTINELE-NUNES,18 C. FOO,1 B. FORNAL,201 K. FRANCESCHETTI,178 N. FRANCHINI,202
2111

F. FRAPPEZ,31 S. FRASCA,39, 38 F. FRASCONI,80 J. P. FREED,65 Z. FREI,203 A. FREISE,37, 108 O. FREITAS,195, 137 R. FREY,77
2112

W. FRISCHHERTZ,63 P. FRITSCHEL,35 V. V. FROLOV,63 G. G. FRONZÉ,28 M. FUENTES-GARCIA,11 S. FUJII,204 T. FUJIMORI,205
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N. V. KRISHNENDU,103 S. KROKER,253 A. KRÓLAK,254, 186 K. KRUSKA,8, 9 J. KUBISZ,255 G. KUEHN,8, 9 S. KULKARNI,216
2157

A. KULUR RAMAMOHAN,34 ACHAL KUMAR,46 ANIL KUMAR,233 PRAVEEN KUMAR,177 PRAYUSH KUMAR,24 RAHUL KUMAR,2
2158

RAKESH KUMAR,93 J. KUME,256, 257, 42 K. KUNS,35 N. KUNTIMADDI,33 S. KUROYANAGI,208, 258 S. KUWAHARA,42 K. KWAK,239
2159

K. KWAN,34 S. KWON,42 G. LACAILLE,86 D. LAGHI,188, 100 A. H. LAITY,163 E. LALANDE,259 M. LALLEMAN,23 P. C. LALREMRUATI,260
2160

M. LANDRY,2 B. B. LANE,35 R. N. LANG,35 J. LANGE,147 R. LANGGIN,213 B. LANTZ,89 I. LA ROSA,98 J. LARSEN,199
2161

A. LARTAUX-VOLLARD,41 P. D. LASKY,6 J. LAWRENCE,164 M. LAXEN,63 C. LAZARTE,137 A. LAZZARINI,11 C. LAZZARO,156, 155
2162

P. LEACI,39, 38 L. LEALI,18 Y. K. LECOEUCHE,115 H. M. LEE,261 H. W. LEE,262 J. LEE,78 K. LEE,238 R.-K. LEE,141 R. LEE,35
2163

SUNGHO LEE,246 SUNJAE LEE,238 Y. LEE,140 I. N. LEGRED,11 J. LEHMANN,8, 9 L. LEHNER,182 M. LE JEAN,175, 117 A. LEMAÎTRE,263
2164

M. LENTI,61, 176 M. LEONARDI,74, 75, 264 M. LEQUIME,40 N. LEROY,41 M. LESOVSKY,11 N. LETENDRE,31 M. LETHUILLIER,56
2165

Y. LEVIN,6 K. LEYDE,73 A. K. Y. LI,11 K. L. LI,265 T. G. F. LI,110 X. LI,148 Y. LI,96 Z. LI,86 A. LIHOS,122 E. T. LIN,141 F. LIN,140
2166

L. C.-C. LIN,265 Y.-C. LIN,141 C. LINDSAY,200 S. D. LINKER,180 A. LIU,219 G. C. LIU,228 JIAN LIU,72 F. LLAMAS VILLARREAL,164
2167

J. LLOBERA-QUEROL,98 R. K. L. LO,139 J.-P. LOCQUET,110 S. C. G. LOGGINS,266 M. R. LOIZOU,132 L. T. LONDON,67 A. LONGO,60, 61
2168

D. LOPEZ,165 M. LOPEZ PORTILLA,71 M. LORENZINI,21, 22 A. LORENZO-MEDINA,177 V. LORIETTE,41 M. LORMAND,63
2169

G. LOSURDO,267, 80 E. LOTTI,132 T. P. LOTT IV,57 J. D. LOUGH,8, 9 H. A. LOUGHLIN,35 C. O. LOUSTO,111 N. LOW,123 N. LU,34
2170

http://orcid.org/0000-0002-2916-9200
http://orcid.org/0000-0003-1540-8562
http://orcid.org/0000-0002-0351-6833
http://orcid.org/0000-0001-8270-9512
http://orcid.org/0000-0002-4390-9746
http://orcid.org/0000-0002-9057-9663
http://orcid.org/0009-0005-6263-5604
http://orcid.org/0000-0003-2777-3719
http://orcid.org/0009-0006-6820-2065
http://orcid.org/0009-0005-5582-2989
http://orcid.org/0000-0002-6189-3311
http://orcid.org/0000-0002-4755-7637
http://orcid.org/0000-0002-8925-0393
http://orcid.org/0000-0003-3174-0688
http://orcid.org/0000-0002-0210-516X
http://orcid.org/0000-0002-1993-4263
http://orcid.org/0000-0002-1980-5293
http://orcid.org/0000-0003-2096-7983
http://orcid.org/0000-0003-3644-217X
http://orcid.org/0000-0001-7884-9993
http://orcid.org/0000-0001-6650-2634
http://orcid.org/0000-0003-3271-2080
http://orcid.org/0000-0002-9939-733X
http://orcid.org/0000-0003-4204-6587
http://orcid.org/0000-0002-0181-8491
http://orcid.org/0000-0001-6586-9901
http://orcid.org/0000-0002-2898-1256
http://orcid.org/0000-0003-0341-2636
http://orcid.org/0000-0003-0966-4279
http://orcid.org/0000-0003-3390-8712
http://orcid.org/0000-0002-1534-9761
http://orcid.org/0000-0002-1671-3668
http://orcid.org/0000-0002-1819-0215
http://orcid.org/0000-0001-8391-5596
http://orcid.org/0000-0003-3028-4174
http://orcid.org/0000-0001-7394-0755
http://orcid.org/0000-0003-2490-404X
http://orcid.org/0000-0002-9370-8360
http://orcid.org/0000-0002-8059-2477
http://orcid.org/0000-0002-8592-1452
http://orcid.org/0000-0002-3507-6924
http://orcid.org/0000-0002-7088-5831
http://orcid.org/0000-0002-1601-797X
http://orcid.org/0000-0003-1391-6168
http://orcid.org/0000-0001-8335-9614
http://orcid.org/0000-0001-8006-9590
http://orcid.org/0000-0002-7167-9888
http://orcid.org/0000-0002-1127-7406
http://orcid.org/0000-0003-0149-2089
http://orcid.org/0000-0002-0190-9262
http://orcid.org/0000-0002-7797-7683
http://orcid.org/0000-0001-7740-2698
http://orcid.org/0000-0003-3146-6201
http://orcid.org/0000-0003-0423-3533
http://orcid.org/0000-0001-9901-6253
http://orcid.org/0000-0002-1656-9870
http://orcid.org/0000-0001-9848-9905
http://orcid.org/0000-0002-3531-817X
http://orcid.org/0000-0003-0897-7943
http://orcid.org/0000-0001-9420-7499
http://orcid.org/0009-0000-0808-0795
http://orcid.org/0000-0003-2637-1187
http://orcid.org/0000-0002-7489-4751
http://orcid.org/0000-0002-6215-4641
http://orcid.org/0000-0003-2666-721X
http://orcid.org/0000-0002-9557-4706
http://orcid.org/0000-0003-3189-5807
http://orcid.org/0000-0003-0199-3158
http://orcid.org/0009-0008-1093-6706
http://orcid.org/0000-0002-0395-0680
http://orcid.org/0000-0001-5372-7084
http://orcid.org/0000-0002-0501-8256
http://orcid.org/0000-0003-3633-0135
http://orcid.org/0000-0003-2099-9096
http://orcid.org/0000-0003-3275-1186
http://orcid.org/0000-0003-2246-6963
http://orcid.org/0000-0002-5556-9873
http://orcid.org/0000-0002-6287-8746
http://orcid.org/0000-0002-6987-6313
http://orcid.org/0000-0001-5018-7908
http://orcid.org/0000-0001-7736-7730
http://orcid.org/0000-0002-0797-3943
http://orcid.org/0000-0003-4641-2791
http://orcid.org/0000-0003-0029-5390
http://orcid.org/0000-0002-7349-1109
http://orcid.org/0000-0002-3061-9870
http://orcid.org/0000-0003-4354-2849
http://orcid.org/0000-0002-3777-3117
http://orcid.org/0000-0002-4320-4420
http://orcid.org/0000-0002-6959-9870
http://orcid.org/0000-0002-5441-9013
http://orcid.org/0000-0001-6932-8715
http://orcid.org/0000-0002-7672-0480
http://orcid.org/0000-0001-9136-929X
http://orcid.org/0000-0001-9816-5660
http://orcid.org/0000-0001-9018-666X
http://orcid.org/0000-0003-0098-9114
http://orcid.org/0000-0002-1414-3622
http://orcid.org/0000-0002-0965-7493
http://orcid.org/0000-0002-3887-7137
http://orcid.org/0000-0002-8304-0109
http://orcid.org/0000-0002-2653-7282
http://orcid.org/0000-0002-2795-7035
http://orcid.org/0000-0002-7332-9806
http://orcid.org/0000-0002-8905-7622
http://orcid.org/0000-0002-5304-9372
http://orcid.org/0000-0001-8040-9807
http://orcid.org/0000-0002-1223-7342
http://orcid.org/0000-0001-8692-2724
http://orcid.org/0000-0003-0625-5461
http://orcid.org/0000-0002-9135-6330
http://orcid.org/0000-0002-7709-8638
http://orcid.org/0000-0001-5268-4465
http://orcid.org/0000-0002-1613-9985
http://orcid.org/0000-0001-8322-5405
http://orcid.org/0000-0003-1531-8460
http://orcid.org/0000-0002-4206-3128
http://orcid.org/0000-0002-5577-2273
http://orcid.org/0000-0002-1255-3492
http://orcid.org/0000-0002-6856-3809
http://orcid.org/0000-0002-3404-6459
http://orcid.org/0000-0002-0175-5064
http://orcid.org/0000-0003-3242-3123
http://orcid.org/0000-0002-9152-0719
http://orcid.org/0000-0001-7891-2817
http://orcid.org/0000-0002-8843-6719
http://orcid.org/0000-0002-8947-723X
http://orcid.org/0000-0001-5234-3804
http://orcid.org/0000-0002-3033-6491
http://orcid.org/0000-0002-1665-2383
http://orcid.org/0000-0002-2952-8429
http://orcid.org/0000-0002-0233-2346
http://orcid.org/0000-0002-0445-1971
http://orcid.org/0009-0004-1161-2990
http://orcid.org/0000-0003-1155-4327
http://orcid.org/0000-0001-8347-7549
http://orcid.org/0000-0003-0293-503X
http://orcid.org/0000-0003-1621-7709
http://orcid.org/0000-0002-2364-2191
http://orcid.org/0000-0001-8830-8672
http://orcid.org/0000-0001-7032-9440
http://orcid.org/0000-0003-2694-8935
http://orcid.org/0000-0002-4141-5179
http://orcid.org/0000-0001-9552-0057
http://orcid.org/0000-0003-0554-0084
http://orcid.org/0000-0001-9165-0807
http://orcid.org/0000-0003-1007-8912
http://orcid.org/0000-0003-2888-7152
http://orcid.org/0000-0002-4759-143X
http://orcid.org/0000-0001-8085-3414
http://orcid.org/0000-0001-8691-3166
http://orcid.org/0000-0002-0154-3854
http://orcid.org/0000-0002-6217-2428
http://orcid.org/0000-0001-5357-9480
http://orcid.org/0000-0002-0663-9193
http://orcid.org/0000-0003-3987-068X
http://orcid.org/0000-0002-4148-4932
http://orcid.org/0000-0002-7951-4295
http://orcid.org/0000-0003-4789-8893
http://orcid.org/0000-0002-3051-4374
http://orcid.org/0000-0002-0900-8557
http://orcid.org/0000-0003-1207-6638
http://orcid.org/0000-0001-9236-5469
http://orcid.org/0000-0001-6677-949X
http://orcid.org/0000-0001-7216-1784
http://orcid.org/0000-0001-6291-0227
http://orcid.org/0000-0002-4825-6764
http://orcid.org/0000-0002-6072-8189
http://orcid.org/0000-0001-5318-1253
http://orcid.org/0000-0001-8189-4920
http://orcid.org/0000-0003-4618-5939
http://orcid.org/0000-0003-4888-5154
http://orcid.org/0000-0002-2824-626X
http://orcid.org/0009-0009-5254-8397
http://orcid.org/0000-0002-6899-3833
http://orcid.org/0009-0002-2528-5738
http://orcid.org/0000-0003-0123-7600
http://orcid.org/0000-0001-7068-2332
http://orcid.org/0000-0001-6176-853X
http://orcid.org/0000-0001-9304-7075
http://orcid.org/0000-0002-9108-5059
http://orcid.org/0000-0002-2874-1228
http://orcid.org/0000-0003-1653-3795
http://orcid.org/0009-0009-9894-3640
http://orcid.org/0000-0003-1437-4647
http://orcid.org/0000-0001-8720-6113
http://orcid.org/0000-0001-9879-6884
http://orcid.org/0000-0002-1702-9577
http://orcid.org/0000-0003-0703-947X
http://orcid.org/0000-0002-5984-5353
http://orcid.org/0000-0002-3842-9051
http://orcid.org/0000-0003-3764-8612
http://orcid.org/0000-0002-2896-1992
http://orcid.org/0000-0002-5793-6665
http://orcid.org/0000-0002-6719-8686
http://orcid.org/0000-0002-0546-5638
http://orcid.org/0000-0002-4092-9602
http://orcid.org/0000-0002-5105-344X
http://orcid.org/0000-0002-1347-0680
http://orcid.org/0000-0002-3839-3909
http://orcid.org/0000-0002-7638-4544
http://orcid.org/0000-0002-5497-3401
http://orcid.org/0000-0002-3483-7517
http://orcid.org/0000-0003-4514-7690
http://orcid.org/0000-0001-7258-8673
http://orcid.org/0000-0001-8057-0203
http://orcid.org/0000-0003-3681-1887
http://orcid.org/0000-0002-2288-4252
http://orcid.org/0000-0001-5523-4603
http://orcid.org/0000-0003-3126-5100
http://orcid.org/0000-0003-0630-3902
http://orcid.org/0000-0001-6538-1447
http://orcid.org/0009-0009-2249-8798
http://orcid.org/0000-0002-2304-7798
http://orcid.org/0009-0006-3770-7044
http://orcid.org/0000-0001-7462-3794
http://orcid.org/0000-0002-2254-010X
http://orcid.org/0000-0002-4804-5537
http://orcid.org/0000-0002-5116-6217
http://orcid.org/0000-0002-7404-4845
http://orcid.org/0000-0003-0107-1540
http://orcid.org/0000-0003-1714-365X
http://orcid.org/0000-0003-3763-1386
http://orcid.org/0000-0003-1222-0433
http://orcid.org/0000-0001-7515-9639
http://orcid.org/0000-0002-6964-9321
http://orcid.org/0000-0002-5993-8808
http://orcid.org/0000-0002-3997-5046
http://orcid.org/0000-0002-9186-7034
http://orcid.org/0000-0003-4412-7161
http://orcid.org/0000-0002-1998-3209
http://orcid.org/0000-0003-0470-3718
http://orcid.org/0000-0002-7171-7274
http://orcid.org/0000-0001-6034-2238
http://orcid.org/0009-0003-8047-3958
http://orcid.org/0000-0002-6865-9245
http://orcid.org/0000-0002-2765-3955
http://orcid.org/0000-0002-7641-0060
http://orcid.org/0000-0002-2321-1017
http://orcid.org/0000-0001-6185-2045
http://orcid.org/0000-0001-8229-2024
http://orcid.org/0000-0002-3780-7735
http://orcid.org/0000-0002-0030-8051
http://orcid.org/0000-0003-4083-9567
http://orcid.org/0000-0003-4939-1404
http://orcid.org/0000-0003-1081-8722
http://orcid.org/0000-0001-5663-3016
http://orcid.org/0000-0001-6726-3268
http://orcid.org/0000-0003-3322-6850
http://orcid.org/0000-0003-1561-6716
http://orcid.org/0000-0003-4254-8579
http://orcid.org/0000-0003-3342-9906
http://orcid.org/0000-0002-2765-7905
http://orcid.org/0009-0006-0860-5700
http://orcid.org/0000-0003-0452-746X
http://orcid.org/0009-0002-2864-162X
http://orcid.org/0000-0002-5160-0239
http://orcid.org/0000-0002-6400-9640
http://orcid.org/0000-0002-8861-9902


33
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R. NOWICKI,143 J. F. NUÑO SILES,208 L. K. NUTTALL,73 K. OBAYASHI,230 J. OBERLING,2 J. O’DELL,229 E. OELKER,35
2199

M. OERTEL,234, 117, 282, 281 G. OGANESYAN,44, 45 T. O’HANLON,63 M. OHASHI,50 F. OHME,8, 9 R. OLIVERI,117, 282, 281 R. OMER,18
2200

B. O’NEAL,122 M. ONISHI,151 K. OOHARA,283 B. O’REILLY,63 M. ORSELLI,51, 76 R. O’SHAUGHNESSY,111 S. O’SHEA,86 S. OSHINO,50
2201

C. OSTHELDER,11 I. OTA,12 D. J. OTTAWAY,116 A. OUZRIAT,56 H. OVERMIER,63 B. J. OWEN,284 R. OZAKI,230 A. E. PACE,7
2202

R. PAGANO,12 M. A. PAGE,25 A. PAI,194 L. PAIELLA,44 A. PAL,285 S. PAL,260 M. A. PALAIA,80, 81 M. PÁLFI,203 P. P. PALMA,39, 21, 22
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M. D. PENULIAR,54 A. PEREGO,74, 75 Z. PEREIRA,132 C. PÉRIGOIS,290, 92, 91 G. PERNA,91 A. PERRECA,74, 75, 44 J. PERRET,20
2210
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64Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France2350

65Embry-Riddle Aeronautical University, Prescott, AZ 86301, USA2351

66Dipartimento di Fisica “E.R. Caianiello”, Università di Salerno, I-84084 Fisciano, Salerno, Italy2352
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