2507.08219v3 [astro-ph.HE] 10 Nov 2025

arXiv

DRAFT VERSION 11 NOVEMBER 2025
Typeset using IATEX twocolumn style in AASTeX631

GW231123: a Binary Black Hole Merger with Total Mass 190-265 M,

A. G. ABac,' I. ABOUELFETTOUH,?> F. ACERNESE,>* K. AckLEY,” C. AbAMCEWICZ,® S. ApHICARY,” D. ADHIKARI,Y®
N. ApmikArLY R. X. Apnikarn'! V. K. Apkins,'? S. Arroz,'® A. AGapITO,' D. AGARWAL,'”” M. AcaTHoS,'®
N. AGGARWAL,'” S. AGGARWAL,'® O. D. Acuiar,' I.-L. AHREND,?® L. A1eLLo,2b % A. AN,?® P. Agrte,® T. Akutsu,?> 20
S. ALBANESI,?"2® W. ALL2%3% S. AL-KERsHL®? C. ALLENE,*! A. ALLocca,’** S. AL-SHAMMARL® P. A. Arin,*
S. ALVAREZ-LOPEZ,*® W. AMAR,*! O. AMARASINGHE,* A. AMAT0,’%%7 F. Amicuccr,®® % C. AMra,*® A. ANANYEVA,!!
S. B. ANDERSON,'! W. G. ANDERSON,'! M. Anpia,*! M. ANDO,*? M. ANDRES-CARCASONA,*® T. ANDRIC, 4589
J. ANGLIN,'® S. Ansorpr, ™48 J. M. AnTELIS,* S. ANTIER," M. AoumL* E. Z. APPAVURAVTHER,’"'5? S. AppPERT,!!
S. K. AppLE,” K. AraL'' C. ARAUJO ALVAREZ,* A. Arava,*? M. C. Arava,'! M. Arca SEpDA,* % J. S. AREEDA,”
N. Arrromr,? F. ARMATO,?%3% S, ARMSTRONG,?® N. ARNAUD,>” M. AROGETL>® S. M. AroNsON,'? K. G. AruN,*
G. AsnTon,®® Y. As0,%% L. Asprea,?® M. Assipuo,’>% S. Assis bE Souza MELO,%* S. M. Aston,% P. Astong,*
F. AtTapio,* 3 F. AuBiN,% K. AULTONEAL,*” G. AvaLLONE,%® E. A. AviLa,* S. BaBak,” C. BApGER,” S. Bag,™
S. BAGNASCcO,?® L. BatorTi,”t R. Bajpar,”? T. Baka,™37 A. M. BAkER,® K. A. BAKER,” T. BAKER,” G. BaLp1, %77
N. Barpiccur, "% M. BaLr,” G. BALLARDIN,® S. W. BALLMER,®® S. Banacir,® B. BANERJEE,* D. BANKAR,
T. M. BAPTISTE,'? P. BARAL,'® M. BAaraTT,®>% J. C. BARAYOGA,!!' B. C. BARIsH,!! D. BARKER,?> N. BARMAN,®!

P. BARNEO,*%80 I BARONE,’"* B. BARR,*® L. BARsOTTI,>® M. BARsuGLIA,2® D. BarTA,® A. M. BARTOLETTL"
M. A. BARTON,® I. BARTOS,*0 A. BasALAEV,®? R. Bassir,” A. Basti,® % M. Bawas,”®% P. Bax1,”? J. C. BAYLEY,®
A. C. BAYLOR,' P. A. BAYNARD II,°® M. BazzaN,*®% V. M. BEDAKIHALE,” F. BEIRNAERT,” M. BEJGER,”

D. BELARDINELLL,?? A. S. BELL,®® D. S. BeLLIE,”® L. BrLLizz,’>% W. Benorr,'® 1. BENTARA,>” J. D. BENTLEY,”

M. BEN YaALA,*® S. BEra,!%%1% B Bereamin,® B. K. BERGER,” S. BErnuzz1,?” M. Beroiz,'* C. P. L. BERRY,®
D. BERSANETTL? T. BERTHEAS,'"2 A. BERTOLINI,®" 3¢ J. BETZWIESER,® D. BEVERIDGE,* G. BEVILACQUA,'®
N. Bevins,'™ R. BHANDARE,'” R. BuATT,'! D. BHATTACHARJEE, % %7 S, BHATTACHARYYA,'® S. Bnaumik,!®
S. BHAGWAT,'" V. BiaNcALANA,'® A, Biancur,* "% I. A. BiLenko,'!! G. BiLLiNGsLey,'! A. BingrTrM? S, Bing, 17677
C. Binu,''? 8. Bror,''* O. BirnnoLTZ,!? S. Biscoveanu,”® A. Bisat,’ M. Brross,* 8 M.-A. Bizouarp,¢
S. BLABER,''” J. K. BLACKBURN," L. A. Brace,” C. D. BLaIrR,"*% D. G. BLAR,” N. Bopg,*? N. BOETTNER,”

G. BoiLEAU,'S M. BoLprINL*® G. N. BOLINGBROKE,® A. BoLLIAND,'!*%" .. D. BoNnavENa,*® R. BonDARESCU,*

F. Bonpu,'® E. BoniLra,® M. S. BonILLA,? A. BoNINO,'” R. BoNNaAND, 2119 A BorcHERS,®? S. BORHANIAN,’

V. Bosch1,*? S. Bosg,'?! V. BossiLkov,” Y. Borura,*" % A Boupon,”” L. Boura,”® M. BovLE,'?? A. Bozzr,*

C. BRADASCHIA,® P. R. BrapY,!* A. Branch,% M. Brancugs,** 1. BRAUN,'% T. Briant,'?® A. BriLLeT,'!6
M. BRINKMANN,*? P. BROCKILL,!” E. BROCKMUELLER,>? A. F. Brooks,'! B. C. BRown,* D. D. BRown,!!®
M. L. BrozzerT1,"®5" S. BRuneETT,"! G. BRUNO," R. BrUNTZ,'*! J. BRYANT,'” Y. Bu,'® F. Bucct,®® J. BucHaNaN,'?!
O. BuLasHENKO,*% T, BuLik,'?® H. J. BuLTEN,*” A. BuonanNo,'?"! K. BUurrNYK,? R. Busciccnio, 2129
D. BuskuLic,® C. Buy,'”? R. L. Byer,” G. S. CABOURN DAvIES,” R. CABRITA," V. CACERES-BARBOSA,"

L. CapoNaTL®® G. CacNOLL™Y C. CAHILLANE,®® A. CALAFAT,'” J. CALDERON BusTiLLO,*! T. A. CALLISTER,'3!

E. CaLLONL*** S. R. CaLLos,” M. CaNepA,*>?" G. CANEVA SANTORO,® K. C. CANNON,*? H. CA0,*

L. A. CAPISTRAN,®? E. Capocasa,® E. CapoTe,>!! G. CapURRI* %2 G. CARAPELLA,% 3% F. CarRBOGNANI,®
M. CARLASSARA,>? J. B. CArLIN,'®® T. K. CARLSON,'* M. F. CARNEY,'?® M. CarriNELLL?® % G. CARRILLO,™

J. J. CARTER,>? G. CARULLO,'% 1% A CasALLAS-LAGOS,'® J. CasaNUuEvA Diaz,% C. CasenTing, 3722
S. Y. CasTRO-Lucas,® S. CaupiLL,® M. CavacLiA,'®” R. CavaLIERL,™ A. CEJA,? G. CELLA,%? P. CERDA-DURAN,
E. CeSARINI, > N. CHABBRA,* W. Cnaisi,''® A. CHAKRABORTY,'® P. CHAKRABORTY,>? S. CHAKRABORTY,!%
S. CHALATHADKA SUBRAHMANYA,” J. C. L. Cuan," M. CHAN,"7 K. CHANDRA,” K. CHANG,'? S. CHAO,3 142
P. CHARLTON,'* E. CHASSANDE-MOTTIN,? C. CHATTERJEE,'*® DEBARATI CHATTERJEE,® DEEP CHATTERJEE,
M. CHATURVEDL'® S. Cnary,?® K. Cuarzioannou,'t A. Cuen,'® A. H.-Y. Cuen,' D. Cnuen,'*® H. Cuen,'3
H. Y. Cuen,'* S. CHEN,® YanBEI CHEN," YiTIAN CHEN,'?? H. P. CHENG,"" P. Chgssa,”®® H. T. CHEuNG,”
S. Y. CHEUNG,® F. CHIADINI 2133 G, CHIARINL® %% A. CHIBA,'™ A. CHINCARINI,?® M. L. CHIOFALO,% 82
A. Curummo,*% €. Cnou,'” S. CnoupHARY,™ N. CHRISTENSEN,''6 15 S S Y. Cnua,® G. Cian,’® "™ P. CieciELAg,””
M. CIESLAR,™® M. CrraLpi,?? B. CIrROK, F. CLarA,? J. A. CLARK,'™ T. A. CLARKE,’ P. CLEARWATER,'%0
S. CLESSE,'* F. CLEVA,!'6:1Y B Coccra,***43 E. Copazzo," " P_-F. Conapon,'?* S. Corack,* E. COLANGELI,"
M. CoLLEONL'® C. G. CoLLETTE,' J. CoLLins,®® S. CorLrLoms,®® A. CoLomBo,'%% 129 C. M. CompTON,?> G. CONNOLLY,"?
L. ConT,” T. R. CorBITT,'? I. CORDERO-CARRION,' S. CorEzz1, ™% N. J. Cornist,'®? I. CorRONADO,'®® A. Corsi,'®
R. CoTTINGHAM,” M. W. CouGHLIN,'® A. CoulNneAUX,*® P. Couvares,'"®® D. M. Cowarp,® R. COYNE,'%
A. Cozzumso,* J. D. E. CrercnTon,® T. D. CREIGHTON,'® P. CrEMONESE,'” S. CroOK,*® R. CroucH,?
J. CsizmaziA,?2 J. R. CupkLL,'S” T. J. CuLLeN,! A. CumMING,®® E. Cuoco,!% 169 M. CusinaTo,?
L. V. DA CONCEICAO,'® T. DAL CanTON,*! S. DAL Pra,'™ G. DALYa,'” B. D’ANGELO,?’ S. DANILISHIN,
S. D’AnTONIO,®® K. DANzZMANN,>®9 K. E. DARROCH,'?* L. P. DaRrTEZ,% R. Das,'® A. Dascupta,” V. DarTiLo,%
A. Daumas,?® N. Davary ™1™ I Davg,'% A. Davenport,'®® M. Davier,** T. F. Davies,”* D. Davis,!! L. Davis,™
M. C. Davis,'® P. Davis,!™ 1 E. J. Daw,'™ M. Dax,! J. DE BoLLE,”® M. DEENADAYALAN,® J. DEGALLAIX,!”’

139, 140

36,37


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/6512-3515-4685-5112
http://orcid.org/0000-0001-6589-8673
http://orcid.org/0000-0001-5124-3350
http://orcid.org/0000-0001-7080-8177
http://orcid.org/0000-0002-6960-8538
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/0000-0001-6623-9506
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/0000-0003-4750-5551
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/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
https://arxiv.org/abs/2507.08219v3

M. DE LAURENTIS,*** F. DE LiLL0,?® S. DELLA TORRE,'? W. DEL P02z20,%% A. DEMAGNY,*! F. DE Marco,?* 38
G. DEMAsL ™% F. DE MaTTEIS,?" 22 N. DEMOS,? T. DENT,* A. DEPASSE,'® N. DEPERGOLA,' R. DE PieTr1,!™ 180
R. DE Rosa,**? C. DE Rosst,® M. Desar,®® R. DeSALvo,'®! A. DESIMONE,'®? R. DE SIMONE, >33 A Duani,!
R. D1aB,* M. C. Diaz,'® M. D1 CrsArg,*** G. DipERON,'™® T. DigrricH,! L. D1 Fiorg,* C. D1 Fronzo,™
M. D1 Giovanng,**3® T D1 GiroLaMoO,*>* D. DiksHA,*"3¢ J. DING,2% 18 S. D1 Pack,*® 1. D1 PaLma, %
D. D1 Piero,'"™*® F. D1 RENzO,” Divyasvorr,® A. DMmiTriev,'% J. P. DocHERTY,®® Z. DocTOR,”® N. DOERKSEN,'™
E. DouMEN,? A. DOKE,'** A. DomiciaNo DE Souza,'®0 L. D’ONorrio,*® F. DoNnovaN,® K. L. DooLEY,* T. DOONEY,"”
S. DORAVARL® O. DorosH,®” W. J. D. DovLE,'* M. Draco,*” 3 J. C. DriGGERS,? L. DUNN,'® U. DUPLETSA,*
P.-A. DUVERNE,?’ D. D’Urso,'™ " P. Durta Rov,* H. DuvaL,'®® S. E. DWYER,? C. Eassa,? M. EBErsoLD, 83!
T. EckuarpT,” G. EppOLLS, A. EFFLER,® J. Ercnnorz,® H. EINSLE,'® M. EisENMANN,? M. Emma,® K. Enxpo,'?
R. EnFic1aUD,! L. ERRICO,*>* R. EsPINOSA,™® M. EsposiTo,*?? R. C. Essick,'® H. EsteLLis,! T. ETzeL,!!
M. Evans,®® T. EvsTAFYEVA,'® B. E. EwINg,” J. M. EzQuiaca,'™ F. FaBriz1,>% V. Farong,?b?? S. FAIRHURST,
A. M. FARAH,! B. FARR,”” W. M. FARR,'1192 G. Favaro,” M. Favata,'% M. Fays,'” M. Faz10,°% J. Fricar, !
M. M. FEJER,” R. FELICETTL ™% E. FENYvESL® 1% J. FERNANDES,'” T. FERNANDES,!% 13 D. FERNANDO,!!?
S. FERRAIUOLO,73%9:38 T A FERREIRA,'? F. FIDECARO,®® P. Ficura,” A. F1or1,**® 1. Fior1,* R. P. FisHER,'*
R. FrrripaLpr, %138 v Fromara, 99133 R, FLaminio,®' S. M. FLeiscHiEr,?” L. S. FLEMING,?”! E. FLopEN,'® H. Fona,'”
J. A. Font,®% 140 F FONTINELE-NUNES,'® C. Foo,! B. FORNAL,?"? K. FRANCESCHETTL '™ N. FRANCHINT,?"?
F. FraPPEZ,* S. FrRAsCA,??3® F. Frascon,®® J. P. FReeD,% Z. Fre,>™ A. Freise,>” % O. Freiras,”®1% R. Frey,™
W. FRISCHHERTZ,% P. FRITSCHEL,* V. V. FrRoLOV,® G. G. FrONZE,? M. FUENTES-GARCIA,'! S. Fua,?®
T. FUuIMORL*® P. FuLpa,*® M. FyFrE,% B. GADRE,” J. R. GAIR,! S. GALAUDAGE,"® V. GALDL,?" R. GAMBA,”
A. GaMBOA,' S. GaMou,' D. GanapaTHY,?®™ A. GaNGuLy,® B. GARAVENTA,?® J. GARCIA-BELLIDO,?
C. GARCIA-QUIROS,' J. W. GARDNER,* K. A. GARDNER,'” S. GARG,*? J. GarGIULO,% X. GarRRIDO,* A. GARRON,!
F. GARUFL,**? P. A. GARVER,” C. GAasBARRA,2?? B. GATELEY,? F. GAUTIER,2? V. GavaTHRrI, T. GAYER,®
G. GEMME,? A. GENNAL® V. GENNARL'? J. GEORGE,'”® R. GEORGE,'® O. GERBERDING,” L. GERGELY,'®
SAYANTAN GHOSH,'® SHAON GHOSH,'” SHROBANA GHOSH,®? SuprOVO GHOsH,?!! TaTHAGATA GHOSH,
J. A. GiavEg,'>% K. D. GIarDINA,® D. R. GiBson,?”! C. GIER,”® S. GkarraTzis,®®? J. GLanzer,'! F. GLoTin,!!
J. GopFrREY,” R. V. GopLEY,*? P. GopwiN,!' A. S. GorrTEL,* E. GoETz,'7 J. GoLomB,!' S. GoMmEz Loprz,?% 38
B. GOoNCHAROV,™ G. GONzZALEZ,'?> P. Gooparz1,?'? S. Goopg,® M. GosseLIN,™ R. Gouary,?! D. W. GouLp,*
K. GovoRKOVA,* A. GRADO,™®°! V. GraHAM,® A. E. GRANADOS,'® M. GRANATA,'" V. GRANATA, 2133 S GRas,®
P. Grassia, ' J. Graves,”® C. Gray,? R. GraY,®® G. Greco,” A. C. Green,’"!° L. GreEN,?* S. M. GREEN,”
S. R. GREEN,?" C. GREENBERG,'* A. M. GRETARSSON,% H. K. GrirFIN,'® D. GrirrrTh,'! H. L. GriGGs,”
G. GRIGNANL ™! C. GRiMAUD,* H. GROTE,*® S. GRUNEWALD,! D. GUERRA," D. GuETTA,2!® G. M. GuIDI,%% 6
A. R. GuiMARAES,'? H. K. Gurar,,” F. GuLMINELLL ™1™ H. Guo," W. Guo,™ Y. Guo,*"% ANuraDpHA GupTA,2!7
I. Gupta,” N. C. GupTa,” S. K. GupTa,*® V. GupTa,'® N. GuptTE,! J. GUrs,” N. GuTIERREZ,'"” N. GUTTMAN,®
F. GuzMaN,'® D. HaBa,>'® M. HABERLAND,! S. Hano,?!? E. D. HarL,® E. Z. Hamizron, ' G. Hammonn,®®
M. HanEY,* J. HanNks,? C. HANNA,” M. D. HanNAM,** A. G. HanseLMAN,'3! H. HaNseN,? J. HansoN,®
S. HANUMASAGAR,”™ R. HARADA,*? A. R. HARDISON,'® S. HARIKUMAR,'™" K. HARIS,*” ™ 1. HARLEY-TROCHIMCZYK, 2
T. HARMARK,'® J. Harms,** % G. M. HArrY,?" I. W. HARRY,” J. HART,'*® B. HaskeLL,”" 221222 O J. HASTER,?™
K. HavcHian,®® H. Havakawa,’® K. Hayama,??® M. C. HEiNnTzg,* J. Heinze,'% J. HEINzEL,*® H. HEITMANN,HE
F. HELLMAN,?® A. F. HELMLING-CORNELL,”® G. HEMMING,** O. HENDERSON-SAPIR,!*® M. HeNDRY,*® 1. S. HENG,®
M. H. HEnnig,®® C. Hensnaw,*® M. Heurs,®? A. L. HEwrrr, 2% J. HEYNEN," J. HEYNS,*® S. HIGGINBOTHAM,*?
S. HiLp,**" S. HiLL,® Y. HimEMOTO,?® N. HirATA,?® C. HIROSE,?>" D. HorFMaN,!” B. E. Hocan,""
N. A. HoLLanp,*» 10 1. J. HoLLows,'"™ D. E. HovLz,*' L. HoneT,''* D. J. HORTON-BAILEY,*® J. HoucH,®®
S. HOURIHANE,!! N. T. HowarDp,'*® E. J. HoweLL,™ C. G. Hoy,” C. A. HrisHIkEsH,?! P. Hs1,*® H.-F. Hsien,'*
H.-Y. Hsien,'*® C. Hsiung,?® S.-H. Hsu,'*” W.-F. Hsu,''?2 Q. Hu,®® H. Y. Huane,'? Y. Huang,” Y. T. Huang,®
A. D. Huppart,?® B. HUGHEY, V. Hur,® S. Husa,'”’ R. Huxrorp,” L. IamPIERL?*** G. A. 1ANDOLO,?® M. TaNN1,?*2!
G. IANNONE,*® J. Iascau,” K. Ipg,?*° R. IpeEN,*'® A. IERARDL'? S. IkEDA,'® H. ImaFUkU,”? Y. INOUE,'*? G. Ior10,”
P. Tosir, ¥4 M. H. 1gBAL,* J. IrwiN,®® R. Ismikawa,?®® M. Is1,'%0192 K. S. Iser, ! Y. ITon,?%% 232 M. Iwaya,?%®
B. R. IYER,?* C. JACQUET,'” P.-E. JacQuET,'?® T. JacQuor,*' S. J. JapHAV,?* S. P. JapHAV,'% M. JAIN, '3 T. Jan,?*
A. L. James," K. JANL,'™ N. N. JANTHALUR,?*® S. JArRABA,?* P. JARANOWSKL?® R. JAUME,'” W. JavED,
A. JeNNINGS,?2 M. JENSEN,? W. J1a,% J. Jiang,"” H.-B. Jin,?%27 G. R. Jonns,'* N. A. Jounson,*0
N. K. JOHNSON-MCDANIEL,2!” M. C. JounsToN,?* R. JounsTON,*® N. Jouny,*? D. H. Jongs,* D. I. Jongs,*!!
R. Jongs,®® H. E. Josg,” P. JosHi,” S. K. Josu,*! G. JouBgert,”” J. Ju,?® L. Ju,™ K. June,?® J. JUNKER,*
V. JustTg,'!* H. B. KaBacoz,% 3 T. Kanra,?® 1. Kaku,?® V. KALOGERA,”® M. KALOMENOPOULOS,?™ M. Kamizuwmi,
N. KaNDA, 2200 g KanpHASAMY,®! G. KaNG,?*! N. C. KANNACHEL,® J. B. KANNER,'! S. A. KANTIMAHANTY,!®
S. J. Kapapia,® D. P. Kapasi,®® M. KARTHIKEYAN,'® M. Kasprzack,'! H. Kato,'” T. KaT0,?” E. KATSAVOUNIDIS,>”
W. KarzMaN,% R. Kausuik,'” K. KawaBg,? R. KawaMoTo,?® D. KeiTer,'” L. J. KEMPERMAN,'® J. KENNINGTON,”
F. A. KErkow,'® R. KesHarwans,® J. S. Key,?*? R. KHADELA,>? S. KHADKA,”' S. S. KHADKIKAR,” F. Y. KnariL, 't
F. Kuan,®? T. Kuanam,'* M. KnursHEED,'® N. M. Knusip,'*' 192 W. KieNDREBEOGO,M% 2" N. Kiypuncnoo,'®
C. Kiv,2" J. €. Kiv, P K. Kiv, 2% M. H. Kiv, 8 S, K, Y.-M. Kim, 0 C. KimBarn,” K. KiMes, M. KINNEAR,?
J. S. KisseL,? S. KLIMENKO,* A. M. Kneg,!'7 E. J. KNox,”™ N. KnusT,®? K. KoBayasu1,>”® S. M. KOEHLENBECK,!
G. KoEkOEK,*” % K. Konri,?*® 21 K. Kokryama,? ?° S, KoLey," %7 P. Kouirsipou,'® A. E. KoLoniaRrr,?!


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
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/0000-0002-8925-0393
http://orcid.org/0000-0003-3174-0688
http://orcid.org/0000-0002-0210-516X
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/0000-0003-4204-6587
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/0000-0001-9901-6253
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/0000-0001-5372-7084
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/0000-0001-5571-325X
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/0000-0002-4759-143X
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/0000-0002-9108-5059
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

K. Komorr* A. K. H. Kong,**® A. KonTos,?? L. M. KopoNkN,!? M. Korosko,” X. Kou,'® A. KousHik,?
N. Kouvatsos,® M. KovaLam,™ T. Kovama,'® D. B. Kozak,'! S. L. KRaNzHOFF,**" V. KRINGEL,>”

N. V. KrRISHNENDU,'% S. KROKER,?? A. KrOLAK,? 187 K. Kruska,®? J. Kusisz,? G. Kuenn,*? S. KuLkarnt, 27
A. KULUR RAMAMOHAN,* AcHAL KUMAR,* ANIL KUMAR,?*® PrRAVEEN KUMAR,™ Pravusa KuMAR,* RAHUL KUMAR,?
RAKESH KUMAR,” J. Kumg,?% %742 K Kuns,* N. KUNTIMADDL* S. KUROYANAGL 2" 2% S, KuwanARA,*? K. Kwak,?

K. Kwan,* S. Kwon,* G. LacaLLe,® D. Lacni, 8192 A. H. Larry,'® E. LALANDE,?® M. LALLEMAN,?
P. C. LALREMRUATI,?®® M. LANDRY,?> B. B. LANE,* R. N. LaNnG,® J. LanGg,'* R. LancGiN,?* B. LanTtz,%
I. La Rosa,' J. LARSEN,? A. LARTAUX-VOLLARD,*! P. D. Lasky,® J. LAWRENCE,'%® M. Laxen,% C. LAzarTE,™’
A. Lazzaring'' C. Lazzaro,'™ 57 P, Leact,?®3® L. LeaLr,’ Y. K. LEcorucHi, " H. M. Leg,*! H. W. Lgg,??

J. Lee,® K. Leg,®® R.-K. Leg,'® R. Leg,* Suncno Leg,*® SUNJAE LEE,?® Y. Lgg,'*? I. N. LEGRED,' J. LEHMANN,®?
L. LEHNER,'® M. LE JEAN,'T" 1Y A LEMAITRE,?® M. LENTIS 1™ M. LEONARDL ™ 7264 M. LEQuIME,* N. LEROY,*!

M. Lesovsky,! N. LETENDRE,* M. LernuiLLIER,> Y. LEVIN,® K. LEYDE,”” A. K. Y. L, K. L. L1,?®® X. L1,’*° Y. L1,%

Z. L% A. Lmos,'? E. T. LiN,'® F. Lin,™? L. C.-C. LiN,2%® Y.-C. LN, C. Linpsay,?! S. D. LINKER,'™®! A, Liu,?%

G. C. L1v,?® JiaN Liu,™ F. LLAMAS VILLARREAL,'%® J. LLoBERA-QUEROL,' R. K. L. Lo,"! J.-P. LocqQuerT,?
S. C. G. Locains,?*” M. R. Loizou,’® L. T. LonpoN,* A. Lonco,*% D. Lopez,'*” M. LopEz PORTILLA,™
M. LoOreENZINL? 22 A LORENZO-MEDINA,* V. LORIETTE,* M. LorMAND,* G. Losurpo,?%3% E. Lo, '3
T. P. Lorr IV,’® J. D. Loucn,®? H. A. LoucHLIN,*® C. O. Lousto,'"® N. Low,'?® N. Lu,* L. Luccugst,®?

H. LUck,”%% D. Lumaca,?? A. P. LUNDGREN,?%270 A W. Lussier,?® R. Macas,” M. MacInnis,*® D. M. MacLeop,
I. A. O. MACMILLAN,™ A. MacQueT,*! K. MAEDA,'® S. MaENAUT,? S. S. MAGARE,?! R. M. Maceg,'! E. Macaro,!
R. MAGGIORE,*" 10 M. Macnozz1, >3 M. MangsH,” M. MAINL'® S. Masu,®! E. MajoraNa,®>* C. N. MAKAREM, !
D. MALAKAR,'"” J. A. MaLAQuIAS-REIS,!® U. MaL'® S. MALIAKAL," A. MALIK,'® L. MaLLick, 19 A K. Marz,%

N. MaN, 1% M. MANCARELLA,' V. ManDIC,'® V. MANGANO,! 15T B, MANNIX,” G. L. MANSELL,* M. MANSKE,!?
M. MANTOVANL % M. MapeLLL? %20 €. MARINELLL'® F. MARION,*" A. S. MARKOSYAN,”' A. MARKOWITZ,!!
E. MAROS,! S. MARSAT,' F. MARTELLL %5 I. W. MARTIN,®® R. M. MARTIN,'®® B. B. MARTINEZ,'*?> D. A. MARTINEZ,%
M. MARTINEZ,** 2™ V. MARTINEZ,'* A. MARTINI,"® 7" J. C. MarTINS, Y D. V. MarTYNOV,!? E. J. MARX,*
L. MaSSARO,*37 A, MasSEROT,* M. Masso-REID,*® S. MASTROGIOVANNL*® T. MaTcovicH,” M. MATIUSHECHKINA,®?
L. MAURIN,?*® N. MavaLvara,® N. MAXwWELL,? G. McCARRoOL,*® R. McCarTHY,? D. E. McCLELLAND,*
S. McCorMICK,% L. McCULLER," S. McEAcHIN,'* C. MCELHENNY,'* G. I. McGHEE,® J. McGINN,®
K. B. M. McGowaN,# J. McIVEr,'*” A. McLEoD,™ I. McMaHON,'® T. McRAE,* R. McTEAGUE,®® D. MEACHER,'”
B. N. MEaGHER,* R. MEcnum,'® Q. MEUER,” A. MELATOS,'® C. S. MENONI,'®® F. MERA,2 R. A. MERCER,!°
L. MERENI, '™ K. MERFELD, '™ E. L. MerLH,% J. R. MEroU,' J. D. MErrITT,” M. MERZOUGUL'® C. MESssick,!?
B. MESTICHELLL* M. MEYER-CONDE,?” F. MEYLAHN,®>? A. MHASKE,®! A. Mian1,"®" H. Mi1ao,?™ C. MichgL,'™"
Y. MicHIMURA,* H. MipbpLETON,'® D. P. MinavLov,'% S. J. MiLLEr,"! M. MiLLHOUSE,?® E. MiLoTTr,!3% 48
V. MiLorTs,” Y. MINENKOV,?? E. M. MINIHAN,®” LL. M. MIr,*® L. MirasorLa,® 1% M. MiraveT-TENES, '3
C.-A. MIRITESCU,*® A. MIsHRA,* C. MisHRA,'® T. Misura,*® A. L. MrrcHeLL,*” 10 J. G. MiTcHELL,%” S. MITRA,%!
V. P. Mitroranov, 't K. MiTsunasHL?® R. MITTLEMAN,*® O. Mivakawa,’® S. Mivokr,>® A. Mrvoko,’” G. Mo,*
L. MoBILIA,%2 % S R. P. MoHAPATRA,!' S. R. MoniTe,” M. MoLiNA-Ru1z,2% M. MonDIN,™® M. MoNTanNt,52:%3
C. J. MoORE,?** D. MoRARU,> A. MORE,*' S. MoORE,*! C. MORENO,"®® E. A. MORENO,* G. MORENO,?

A. MORESO SERRA,* S. MORIsAKI*?2% Y. Moriwak,'®® G. MoRrras,?® A. MoscaTELLO,” M. MouLp,* B. Mours,%®
C. M. Mow-Lowry,?" 1% 1,. MucciLLo,'™ % F. Muciaccia,?® 3 D. MUKHERJEE,'” SAMANWAYA MUKHERJEE,?*
SoMA MUKHERJEE,'® SUBROTO MUKHERJEE,” Suvopip MUKHERJEE,'® N. MUKUND,* A. MULLAVEY,% H. MuLLOCK,'!”
J. MunpL?° C. L. MuncioLr,” M. MurakosHI,?*® P. G. MURRAY,®® D. NaBar,”™® " S. L. Napi,®? A. Nacar,?®?™
N. NAGARAJAN,®® K. NAKAGAKL™ K. NAKAMURA,? H. NakaNO,%® M. Nakano,'' D. NANADOUMCGAR-LACROZE,*

D. NanDIL'2 V. NAPOLANO,* P. NarRAYAN,?Y I. NARDECCHIA,?? T. NARIKAWA,?®> H. NAROLA,” L. NATICCHIONT,
R. K. Navak,?® L. NEGr,” A. NELA,*® C. NELLE,” A. NELsoN,® T. J. N. NELSON,% M. NEry,*® A. NEUNZERT,?
S. NG, L. NcuvyEN QUyNH,*" S. A. NicHOLS,'? A. B. NIELSEN,?™ Y. NIsHINO,?>*? A. NisHizawa,’™ S. NIssaNKE, 25037
W. N1u,” F. NocerA,* J. NOLLER,?! M. NorMAN,* C. NorTH,*® J. Novak,'? 24282 R Nowickr,*
J. F. Nuno SiLes,?® L. K. NurTaLy,”™ K. OBayasur,?® J. OBeruINGg,? J. O’DELL,?? E. OELKER,*
M. OERTEL,?* 119283282 ¢ - OgANESYAN,* % T. O’HANLON,® M. Onasur,’® F. OuMe,>? R. OLiverr, 1923282 R OMER,®
B. O’NEAL,'?" M. Onisar,'®® K. Oonara,®®! B. O’RELLy,®® M. OrseLLy® ™ R. O’SnauvcuNessy,'® S. O’Suga,®®
S. OsniNo,’® C. OSTHELDER,'! 1. OTa,*2 D. J. OrTaway,''® A. OuzriaT,” H. OVERMIER,® B. J. OWEN,?® R. Ozak1,*?
A. E. PAcE,” R. PAGANO,'2 M. A. PAGE,” A. PAL' L. PAIELLA,* A. PAL, % S. PaL,2%° M. A. Parara,®% M. PALr1,2™
P. P. PaLma,* 222 €. PaLomBa,®® P. PaLup,? H. PaN,'®® J. Pan,™ K. C. Pan,'*® P. K. PaNDA,?*® SHIKSHA PANDEY,’
SwaDpHA PANDEY,*® P. T. H. Panc,’"™ F. PANNARALE,***® K. A. PaANNONE,” B. C. PanT,'®® F. H. PANTHER,™
M. Panzir1, %% F. PaoLETTL®? A. PAOLONE,*® 287 A. ParaporouLos,®® E. E. PApaLEXAKIS,?'? L. PapaLing,3% %3
G. PapickioTis, ! A. Paquis,*! A. Parisi,”®? B.-J. Park,?*® J. PARk,?® W. PArkER,*” G. Pascarg,®? D. Pascuccr,”
A. PasQUALETTL® R. PassaQuieTr,® 82 L. PAsSENGER,® D. PassueLLo,®? O. PaTane,? A. V. PATEL,'*? D. PaTHAK,®!
A. PaTrA,* B. PaTRICELLL® 2 B. G. PATTERSON,*® K. PauL,'® S. PauL,” E. Payne,!! T. PEARCE,* M. PEDRAZA,!!
A. PELE,'"! F. E. PENA ARELLANO,? X. PENG,'” Y. PENG,”® S. PENN,2*® M. D. PENULIAR,” A. PEREGO,"® 7"
Z. PEREIRA,'®* C. PERricOIs, 21949 G PErNA,? A. PERrRECA,"® "4 J. PERRET,? S. PERRIES,” J. W. PERRY,*"!1°
D. PEs10s,?! S. PETERS,!%” S. PETRACCA,?" C. PETRILLO,”® H. P. PrEIFFER,! H. Pnam,% K. A. Puam,'®
K. S. Puukon,'® H. PHURAILATPAM,?®® M. P1aruLLL'?? L. Piccarn?®3® O. J. Prcanng® M. Picnor,''S


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
http://orcid.org/0000-0002-5916-8014
http://orcid.org/0000-0002-3628-1591
http://orcid.org/0000-0002-0363-4469
http://orcid.org/0000-0002-4507-1123
http://orcid.org/0000-0002-6096-8297
http://orcid.org/0000-0002-1395-8694
http://orcid.org/0000-0002-6927-1031
http://orcid.org/0000-0001-5955-6415
http://orcid.org/0000-0003-1464-2605
http://orcid.org/0000-0001-9769-531X
http://orcid.org/0000-0002-1960-8185
http://orcid.org/0000-0003-4512-8430
http://orcid.org/0000-0003-4234-4023
http://orcid.org/0009-0003-1285-2788
http://orcid.org/0000-0001-8624-9162
http://orcid.org/0009-0004-7196-4170
http://orcid.org/0000-0002-0675-508X
http://orcid.org/0000-0001-6333-8621
http://orcid.org/0000-0001-7902-8505
http://orcid.org/0000-0003-4736-6678
http://orcid.org/0000-0002-7778-1189
http://orcid.org/0000-0002-4424-5726
http://orcid.org/0000-0001-8799-2548
http://orcid.org/0000-0002-3596-4307
http://orcid.org/0000-0002-8184-1017
http://orcid.org/0000-0001-9449-1071
http://orcid.org/0000-0003-3761-8616
http://orcid.org/0000-0001-7300-9151
http://orcid.org/0000-0001-9664-2216
http://orcid.org/0000-0001-5852-2301
http://orcid.org/0000-0002-6099-4831
http://orcid.org/0000-0001-6177-8105
http://orcid.org/0000-0003-1606-4183
http://orcid.org/0009-0004-1209-008X
http://orcid.org/0000-0002-9957-8720
http://orcid.org/0000-0003-0219-9706
http://orcid.org/0000-0001-6210-5842
http://orcid.org/0000-0003-0851-0593
http://orcid.org/0000-0001-5038-2658
http://orcid.org/0000-0003-0316-1355
http://orcid.org/0000-0001-5424-8368
http://orcid.org/0000-0002-4529-1505
http://orcid.org/0009-0004-3329-6079
http://orcid.org/0000-0001-5882-0368
http://orcid.org/0000-0001-9185-2572
http://orcid.org/0000-0001-8372-3914
http://orcid.org/0000-0002-5776-6643
http://orcid.org/0000-0002-8230-3309
http://orcid.org/0000-0003-2230-6310
http://orcid.org/0000-0002-9556-142X
http://orcid.org/0000-0001-7737-3129
http://orcid.org/0000-0003-0606-725X
http://orcid.org/0000-0002-2218-4002
http://orcid.org/0000-0001-5532-3622
http://orcid.org/0000-0002-8820-407X
http://orcid.org/0000-0001-5670-7046
http://orcid.org/0000-0002-8659-5898
http://orcid.org/0000-0001-7348-9765
http://orcid.org/0000-0003-4732-1226
http://orcid.org/0000-0002-4276-715X
http://orcid.org/0009-0004-0174-1377
http://orcid.org/0000-0002-8766-1156
http://orcid.org/0000-0002-7716-0569
http://orcid.org/0000-0002-8115-8728
http://orcid.org/0000-0002-7881-1677
http://orcid.org/0000-0002-0800-4626
http://orcid.org/0000-0002-6983-4981
http://orcid.org/0000-0002-9085-7600
http://orcid.org/0000-0002-1213-8416
http://orcid.org/0000-0001-6331-112X
http://orcid.org/0009-0000-3022-2358
http://orcid.org/0000-0003-1356-7156
http://orcid.org/0000-0003-4892-3042
http://orcid.org/0000-0001-7714-7076
http://orcid.org/0000-0002-2986-2371
http://orcid.org/0000-0002-0496-032X
http://orcid.org/0000-0001-5666-3637
http://orcid.org/0000-0002-8445-6747
http://orcid.org/0000-0002-4497-6908
http://orcid.org/0000-0002-9977-8546
http://orcid.org/0000-0001-5480-7406
http://orcid.org/0000-0001-5460-2910
http://orcid.org/0000-0002-6444-6402
http://orcid.org/0000-0002-0351-4555
http://orcid.org/0009-0000-6237-0590
http://orcid.org/0000-0003-0850-2649
http://orcid.org/0000-0001-7335-9418
http://orcid.org/0000-0002-3373-5236
http://orcid.org/0000-0002-8666-9156
http://orcid.org/0000-0002-8218-2404
http://orcid.org/0009-0006-8500-7624
http://orcid.org/0000-0003-3695-0078
http://orcid.org/0000-0001-6148-4289
http://orcid.org/0000-0001-7665-0796
http://orcid.org/0009-0009-7255-8111
http://orcid.org/0009-0009-0599-532X
http://orcid.org/0000-0001-5558-2595
http://orcid.org/0000-0003-2918-0730
http://orcid.org/0000-0002-6814-7792
http://orcid.org/0000-0002-5909-4692
http://orcid.org/0000-0003-0323-0111
http://orcid.org/0000-0002-1828-3702
http://orcid.org/0000-0001-8694-4026
http://orcid.org/0000-0003-3562-0990
http://orcid.org/0000-0003-1470-532X
http://orcid.org/0000-0002-6029-4712
http://orcid.org/0009-0008-6626-0725
http://orcid.org/0000-0001-8304-8066
http://orcid.org/0000-0002-8599-8791
http://orcid.org/0009-0001-4174-3973
http://orcid.org/0000-0002-3916-1595
http://orcid.org/0000-0002-1884-8654
http://orcid.org/0000-0001-8072-0304
http://orcid.org/0000-0003-0493-5607
http://orcid.org/0000-0002-7497-871X
http://orcid.org/0000-0002-7518-6677
http://orcid.org/0000-0002-3874-8335
http://orcid.org/0000-0003-3563-8576
http://orcid.org/0000-0001-5832-8517
http://orcid.org/0000-0002-2794-6029
http://orcid.org/0000-0001-5045-2484
http://orcid.org/0000-0001-6794-1591
http://orcid.org/0000-0003-3919-0780
http://orcid.org/0009-0003-4044-0334
http://orcid.org/0000-0001-8362-0130
http://orcid.org/0000-0002-5298-7914
http://orcid.org/0000-0003-3476-4589
http://orcid.org/0000-0003-2172-8589
http://orcid.org/0009-0007-3296-8648
http://orcid.org/0000-0002-4450-9883
http://orcid.org/0000-0002-5850-6325
http://orcid.org/0000-0002-1473-9880
http://orcid.org/0000-0002-7537-3210
http://orcid.org/0000-0001-8898-1963
http://orcid.org/0000-0002-4839-7815
http://orcid.org/0009-0006-1882-996X
http://orcid.org/0000-0002-5219-0454
http://orcid.org/0009-0008-2205-7426
http://orcid.org/0000-0003-0251-8914
http://orcid.org/0000-0002-7510-0079
http://orcid.org/0000-0002-7711-4423
http://orcid.org/0000-0003-1907-0175
http://orcid.org/0000-0003-0620-5990
http://orcid.org/0000-0003-4753-9428
http://orcid.org/0000-0002-4850-2355
http://orcid.org/0000-0001-6872-9197
http://orcid.org/0000-0001-6709-0969
http://orcid.org/0000-0002-8406-6503
http://orcid.org/0000-0002-4449-1732
http://orcid.org/0000-0003-4507-8373
http://orcid.org/0000-0002-1873-3769
http://orcid.org/0000-0002-8516-5159
http://orcid.org/0000-0003-4956-0853
http://orcid.org/0000-0002-0936-8237
http://orcid.org/0000-0002-9779-2838
http://orcid.org/0000-0002-7364-1904
http://orcid.org/0000-0002-6269-2490
http://orcid.org/0009-0006-4975-1536
http://orcid.org/0000-0003-2213-3579
http://orcid.org/0000-0001-9288-519X
http://orcid.org/0000-0002-7650-1034
http://orcid.org/0000-0003-1561-0760
http://orcid.org/0009-0000-0247-4339
http://orcid.org/0000-0001-5478-3950
http://orcid.org/0000-0002-4439-8968

M. PIENDIBENE,** %2 F. PIERGIOVANNL 53 % L. PIErINL*® G. PI1ERRA,*® V. PIERRO,?% 3% M. PiETRZAK,”” M. PILLAS,'%”

F. P1Lo,*® L. PINARD,'" 1. M. PINTO, 29213329332 \[  PINT0,% B. J. ProTrzkowsk1,'® M. PIRELLO,> M. D. PITKIN,?4 88
A. Pracipr,’ E. Pracipg,®® 3 M. L. PLanas,'® W. PLastino,?%?2 C. PLUNKETT,”® R. PoGGIANL® ® E. PoLing,?

J. PomPER,%*% L. PompiL,! J. PooN,?® E. PorceLLL?” E. K. PORTER,?’ C. PosNaNSKY,” R. Pourron,® J. PowgLL,!®
G. S. PraBHU,® M. PraccHia,'® B. K. PrRapHAN,® T. PRADIER,® A. K. PRAJAPATL,” K. Prasar,® R. PRASANNA,??
P. PrasiA,®! G. PRaTTEN,'® G. PriNCIPE,>% G. A. Prop1,"®"" P. PrROSPERI,* P. PrOSPOSITO,?! 2
A. C. PROVIDENCE,%” A. PUECHER,! J. PULLIN,'? P. Pupp0,® M. PURRER,'® H. Q1,'° J. QIN,** G. QUEMENER,!™ 119
V. QUETSCHKE,'% P. J. QuiNoNEZ,%" N. QuToB,”® R. RADING,?! I. RAINHO,'® S. RaJA,'® C. Rajan,!®
B. RaJBHANDARL'? K. E. RAMIREZ,% F. A. Ramis VDAL, M. Ramos ArREvALO,'® A. Ramos-Buabpes,!%%37
S. RaNJAN,%® K. Ransom,% P. RApAGNANI?*3® B, RaTT0,%" A. RAVICHANDRAN,* A. RaY,” V. RaymonD,*

M. Razzano,* %2 J. REaD,” T. REciMBAU,*! S. REID,”® C. REIsseL,” D. H. Rerrze,'! A. I. RENzINg,!H 128

B. REvENU,®?® 4 AL REviLLA PENA,® R. REYES,'®! L. Ricca,’ F. Ricer,? % M. Ricor,®® % A. Ricciarpong,3 82
J. Rice,® J. W. RicHARDSON,?'? M. L. RicHARDSON,® A. RuarL,®” K. RiLes,”? H. K. RiLEY,*® S. RiNaLp1,*™!
J. RITTMEYER,” C. ROBERTSON,?? F. ROBINET,*! M. RoBINSON,? A. Roccur,? L. RoLLanp,?! J. G. RoLLIns,!!

A. E. Romano,?® R. Romano,*? A. RoMERO,*! I. M. RoMERO-SHAW,??* J. H. RoMmig,*® S. Roncuing,” T. J. Roocke,®
L. Rosa,*3% T. J. RoSAUER,*? C. A. Rosg,”® D. RosiNska,'?® M. P. Ross,”® M. ROSSELLO-SASTRE,'™ S. Rowan,®®
S. K. Rov," 12 5. Rov,"” D. Rozza,'® ¥ P. Rucar,® N. Runama,? E. Ruiz MoraLgs,?" 2% K. Ruiz-RocHa,'*

S. SACHDEV,?® T. SADECKI,?> P. SAFFARIEH,?" 110 S, SAFI-HARB,'™® M. R. Sam,'® S. Sana,'3 T. Sainrar,®
S. SANTH MENON, 203938 K GAkAL?® V. SAKAL2™ M. SAKELLARIADOU,® S. SAKON,” O. S. SALAFIA, 60,129,128
F. SALCES-CARCOBA,' L. SALcONI,® M. SALEEM,' F. SALEML?® 3 M. SALLE,*” S. U. SALUNKHE,*' S. SALVADOR,!™ 17
A. SALVARESE," A. SAMAJDAR,"%" A. SaNcHEZ,? E. J. SaNcHEZ,'! L. E. SancHEZ,"' N. Sancuis-Guar,?
J. R. SANDERS,'®? E. M. SANGER,! F. SANTOLIQUIDO,* % F. SARANDREA,? T. R. SARAVANAN,*! N. SARIN,®
P. SARKAR,>? A. SasL,®! P. Sassi,®h™ B. Sassoras,'”” B. S. SATHYAPRAKASH,”®* R. SaT0,%7 S. SATO,!™
YUKINO SATO,'" YU SATO,' O. SAUTER,*® R. L. SavaGE,? T. Sawapa,’® H. L. SawanT,® S. Savan,'™ V. Scacco,???
D. ScHaETZL, 't M. SCHEEL,' A. ScHIEBELBEIN,'”" M. G. ScHiworskr,® P. Scamipt,'*” S. Scumipt,” R. SCHNABEL,”
M. ScHNEEWIND,®? R. M. S. SCHOFIELD,”” K. ScHOUTEDEN,''? B. W. ScuuLtg,*® B. F. Scuurz,**%° E. Scuwartrz,?”
M. SciaLpr,?® J. Scorr,®® S. M. Scorr,** R. M. SEDAS,® T. C. SEETHARAMU,*® M. SEGLAR-ARROYO,*3
Y. SExiGucHL? D. SELLERS,% N. SEMB0,?* A. S. SENcUPTA,*? E. G. SE0,%® J. W. SE0,''? V. SEQUINO,***
M. SERRA,*® A. SEVRIN,'™ T. SHAFFER,” U. S. Snan,”® M. A. Suaikn,®®! L. SHa0,>” A. K. SHarRMA,'®
PREETI SHARMA,'> PRIANKA SHARMA,'" RiTwik SHARMA,'® S. SHARMA CHAUDHARY,'’” P. SHawnaN,*?7

N. S. SHCHEBLANOV,***203 B SpprIDAN,'* Z.-H. Sur,'** M. Suikavchr*? R. SHIMOMURA,*® H. SHINKAL?® S. SHIRKE,!

D. H. SHOEMAKER,* D. M. SHOEMAKER,'"* R. W. SHORT,? S. SHYAMSUNDAR,'® A. SIDER,'™ H. SiecEL,'""'? D. Sica,?
L. SiLeNz1, %37 L. SivesTr?® 1™ M. StmmonDs,''® L. P. SINGER,*® AMITESH SiNGH,?!" ANika SiNnen, ™! D. Sinan,?0®
N. SiNGH, ' S. SiNGH, 21800 A M. SINTES,'® V. Stpara,!™ 7 v, SkLiris,* B. J. J. SLAGMOLEN,** D. A. SLATER,?"

T. J. SLAVEN-BLAIR,™ J. SMETANA,'" J. R. SmrTh,* L. Smire, 318548 R J. E. Smrrw,® W. J. SmrTn, '
S. SOARES DE ALBUQUERQUE FILHO,%? M. SOARES-SANTOs,'®® K. Somiva,?'® 1. Soneg,'? S. Son1,* V. Sorbint,’”

F. SORRENTINO,? H. SoTanI?**7 F. Spapa,* V. SpacNUOLO,*" A. P. SPENCER,® P. SPINICELLL % A. K. SRIvAsTAVA,”

F. STACHURSKI,®® C. J. STARK,'* D. A. STEER,**® N. STEINLE,'™ J. STEINLECHNER,*®%" S. STEINLECHNER,

N. STERGIOULAS,?! P. STEVENS,* S. P. STEVENSON,'® M. STPIERRE,'%®

156
A. L. STUVER,'™

36,37
M. D. STRONG,'? A. STRUNK,?
M. SUCHENEK,” S. SupHAGAR,”” Y. SUD0,%*" N. SUELTMANN,” L. SULEIMAN,” K. D. SULLIVAN,!?
J. Sun, ! L. Sun,* S. SuniL,” J. Suresh,''® B. J. SurToN,*” P. J. SurToNn,*® K. Suzukr,?'® M. Suzuki,?®® S. Swan,!*?
B. L. SWINKELS,*” A. Syx,"% M. J. SZC%EPANCZYK,309 P. Szewozyk,'? M. Tacca,’” H. Tacoshr,?®® K. TAKADA,

H. TAKAHASHIL,?™ R. TAKAHASHI,? A. TAKAMORL*? S. TAkANO,*10 H. TAkEDA,*''#1? K. TAKESHITA,

205
I. TAKIMOTO SCHMIEGELOW,***> M. Takou-AyaoH,* C. TALBOT,

218
131 M. TAMAKL?? N. TaMANING'*2 D. TANABE,'?
K. Tanaka,’® S. J. Tanaka,?% S. Tanioka,®® D. B. TANNER,!® W. Tanner,®>? L. Ta0,*2 R. D. TaPIA,”
E. N. Tapia SAN MARTIN,*” C. TARANTO,21 22 A, TarUYA,*? J. D. Tasson,™ J. G. Tau,'*® D. TELLEZ,
R. TENORIO,'™ H. THEMANN,'" A. THEODOROPOULOS,'® M. P. THIRUGNANASAMBANDAM,! L. M. TuoMmas,'!
M. Tuomas,®® P. TuoMas,? J. E. Tnompson,?'! S. R. THONDAPU,'% K. A. THORNE,® E. THRANE,® J. Tissino, 45
A. TtwarL®! PAWAN TiwARrL* PRAVEER TIwWARL'® S. Tiwarr,'™® V. Trwarr'® M. R. Topp,* M. Torrano,”?
) b b b 7 7 b
A. M. Torvonen,'® K. ToLanD,®® A. E. ToLLEY,” T. ToMARU,? V. TomMasing,'' T. Tomura,*® H. Tong,°
C. ToNG-YU,"*? A. TORRES-FORNE,®% 10 ¢, I. Torrig,!! I. Tosta E MELO,*'* E. TOURNEFIER,* M. TRAD NERY,!®
K. TRAN,' A. TRAPANANTIL’?? R. TRAVAGLINIL'® F. TrRAvASS0,°%%! G. TRAYLOR,* M. TREVOR,'?” M. C. TRINGALL
A. TripATHEE,” G. TRrROIAN,'® % A TrovaTo,'®>% L. TrROzZO,! R. J. TRUDEAU,'! T. Tsancg,* S. Tsucnipa 3
L. Tsukapa,* K. TURBANG,' 2 M. Turconi,'® C. Tursk1,?® H. Usacu,3% N. Ucnikata,?® T. UcHryama,*
R. P. UpaLL,!' T. Urnara,*® K. UEno,*? V. UnpHEIM,?™ L. E. URONEN,*® T. Usnisa,’® M. VACATELLO,3> 8
H. VanLrucH,®® N. Vaipya,'! G. VasentTe,"' A. VaspeY1,® J. VALENCIA, ' M. VALENTINL 37 S| A, VALLEJO-PENA,?
S. VALLERO,® V. VALSAN,!® M. vaN DAEL,*"37 E. VAN DEN BosscHE,'® J. F. J. vaAN DEN Branp,30:110.37
C. VAN DEN BRrROECK, 3" M. vAN DER SLUYS,*"™ A. VAN DE WALLE,*! J. vaN DoNGEN,*" 119 K. VANDRA,!™
) ) b 7 )
M. VANDYKE,'?! H. vAN HAEVERMAET,?® J. V. vAN HEUNINGEN,?" 0 P, VAN Hove,® J. VaNIER,?*® M. VANKEUREN, '
J. VANOSKY,? N. VAN REMORTEL,? M. VARDARO,*3" A F. VArGas,'?® V. Varma,'® A. N. VazqQuez,”! A. Vecchio,'”
G. VEpovaTo,” J. VErren,® P. J. Verren,'® S. VENkouDIs,'”® R. C. VENTEREA,™ P. VERDIER,” M. VEREECKEN, '
D. VErkINDT,?! B. VERMA,! Y. VERMA,'® S. M. VERMEULEN,!! F. VETRANO,*? A. VEUTRO,**3% A. VICERE,

62, 63


http://orcid.org/0000-0003-2434-488X
http://orcid.org/0000-0001-8063-828X
http://orcid.org/0000-0003-0945-2196
http://orcid.org/0000-0003-3970-7970
http://orcid.org/0000-0002-6020-5521
http://orcid.org/0000-0003-3224-2146
http://orcid.org/0000-0003-4967-7090
http://orcid.org/0000-0002-8842-1867
http://orcid.org/0000-0002-2679-4457
http://orcid.org/0009-0003-4339-9971
http://orcid.org/0000-0001-8919-0899
http://orcid.org/0000-0003-4548-526X
http://orcid.org/0000-0001-8032-4416
http://orcid.org/0000-0002-3820-8451
http://orcid.org/0000-0001-8278-7406
http://orcid.org/0000-0002-5737-6346
http://orcid.org/0000-0002-1144-6708
http://orcid.org/0000-0002-9968-2464
http://orcid.org/0000-0002-0710-6778
http://orcid.org/0009-0009-7137-9795
http://orcid.org/0000-0003-2049-520X
http://orcid.org/0000-0002-1357-4164
http://orcid.org/0009-0001-8343-719X
http://orcid.org/0000-0002-2526-1421
http://orcid.org/0000-0001-5501-0060
http://orcid.org/0000-0001-6552-097X
http://orcid.org/0000-0003-4984-0775
http://orcid.org/0000-0003-0406-7387
http://orcid.org/0000-0001-5256-915X
http://orcid.org/0000-0003-1357-4348
http://orcid.org/0000-0001-8248-603X
http://orcid.org/0000-0002-3329-9788
http://orcid.org/0000-0001-6339-1537
http://orcid.org/0000-0002-7120-9026
http://orcid.org/0000-0001-6703-6655
http://orcid.org/0000-0001-7568-1611
http://orcid.org/0000-0003-2194-7669
http://orcid.org/0000-0001-6143-2104
http://orcid.org/0009-0003-1528-8326
http://orcid.org/0000-0002-6874-7421
http://orcid.org/0000-0001-7480-9329
http://orcid.org/0000-0002-1865-6126
http://orcid.org/0000-0002-7322-4748
http://orcid.org/0000-0003-0066-0095
http://orcid.org/0000-0003-4825-1629
http://orcid.org/0000-0002-5756-1111
http://orcid.org/0000-0002-4589-3987
http://orcid.org/0000-0002-7629-4805
http://orcid.org/0009-0002-1638-0610
http://orcid.org/0000-0001-5475-4447
http://orcid.org/0009-0008-7421-4331
http://orcid.org/0000-0002-5688-455X
http://orcid.org/0000-0002-1472-4806
http://orcid.org/0000-0002-6418-5812
http://orcid.org/0000-0001-5799-4155
http://orcid.org/0000-0002-1382-9016
http://orcid.org/0000-0003-0589-9687
http://orcid.org/0000-0002-9388-2799
http://orcid.org/0000-0002-0314-8698
http://orcid.org/0000-0002-0485-6936
http://orcid.org/0000-0003-2275-4164
http://orcid.org/0000-0003-0020-687X
http://orcid.org/0000-0003-2640-9683
http://orcid.org/0000-0002-3681-9304
http://orcid.org/0000-0002-8955-5269
http://orcid.org/0000-0002-3341-3480
http://orcid.org/0000-0002-0666-9907
http://orcid.org/0000-0001-9295-5119
http://orcid.org/0000-0003-2147-5411
http://orcid.org/0000-0002-7378-6353
http://orcid.org/0000-0002-0995-595X
http://orcid.org/0000-0002-0525-2317
http://orcid.org/0009-0000-7504-3660
http://orcid.org/0000-0001-6189-7665
http://orcid.org/0009-0005-9881-1788
http://orcid.org/0000-0002-3333-8070
http://orcid.org/0009-0003-0169-266X
http://orcid.org/0009-0008-4985-1320
http://orcid.org/0000-0001-8810-4813
http://orcid.org/0000-0002-2715-1517
http://orcid.org/0000-0002-5861-3024
http://orcid.org/0000-0003-4924-7322
http://orcid.org/0000-0001-7049-4438
http://orcid.org/0000-0002-3836-7751
http://orcid.org/0000-0002-9511-3846
http://orcid.org/0000-0002-6620-6672
http://orcid.org/0000-0003-3444-7807
http://orcid.org/0000-0002-0857-6018
http://orcid.org/0000-0001-5375-7494
http://orcid.org/0009-0003-6642-8974
http://orcid.org/0000-0003-3752-1400
http://orcid.org/0000-0001-7357-0889
http://orcid.org/0000-0002-4920-2784
http://orcid.org/0000-0002-3077-8951
http://orcid.org/0000-0003-3845-7586
http://orcid.org/0000-0003-2293-1554
http://orcid.org/0000-0003-3317-1036
http://orcid.org/0000-0001-5726-7150
http://orcid.org/0000-0001-9298-004X
http://orcid.org/0000-0003-1542-1791
http://orcid.org/0000-0002-8206-8089
http://orcid.org/0000-0003-2896-4218
http://orcid.org/0000-0002-5975-585X
http://orcid.org/0000-0001-8922-7794
http://orcid.org/0009-0007-6434-1460
http://orcid.org/0000-0001-6701-6515
http://orcid.org/0000-0002-9875-7700
http://orcid.org/0000-0001-8961-3855
http://orcid.org/0000-0001-8654-409X
http://orcid.org/0000-0002-2648-3835
http://orcid.org/0000-0002-3212-0475
http://orcid.org/0000-0002-8588-4794
http://orcid.org/0000-0003-4937-0769
http://orcid.org/0000-0002-6093-8063
http://orcid.org/0000-0001-8249-7425
http://orcid.org/0000-0003-0826-6164
http://orcid.org/0000-0002-1334-8853
http://orcid.org/0000-0003-0067-346X
http://orcid.org/0000-0002-8249-8070
http://orcid.org/0000-0001-8696-2435
http://orcid.org/0000-0003-1082-2844
http://orcid.org/0000-0002-4147-2560
http://orcid.org/0000-0002-9899-6357
http://orcid.org/0000-0001-5161-4617
http://orcid.org/0000-0003-4606-6526
http://orcid.org/0000-0001-7316-3239
http://orcid.org/0009-0008-5207-661X
http://orcid.org/0000-0001-9898-5597
http://orcid.org/0000-0001-9675-4584
http://orcid.org/0000-0002-1135-3456
http://orcid.org/0000-0001-9050-7515
http://orcid.org/0000-0003-0902-9216
http://orcid.org/0000-0002-2471-3828
http://orcid.org/0000-0003-0638-9670
http://orcid.org/0000-0002-3035-0947
http://orcid.org/0000-0001-8516-3324
http://orcid.org/0009-0003-7949-4911
http://orcid.org/0000-0003-2601-2264
http://orcid.org/0000-0002-4301-8281
http://orcid.org/0000-0003-3856-8534
http://orcid.org/0000-0003-0885-824X
http://orcid.org/0000-0002-3239-2921
http://orcid.org/0000-0001-5664-1657
http://orcid.org/0000-0002-0098-4260
http://orcid.org/0000-0003-4418-3366
http://orcid.org/0000-0001-8078-6047
http://orcid.org/0000-0002-8658-5753
http://orcid.org/0000-0002-8781-1273
http://orcid.org/0000-0003-0658-402X
http://orcid.org/0000-0003-4710-8548
http://orcid.org/0000-0002-5490-5302
http://orcid.org/0000-0001-8578-4665
http://orcid.org/0000-0003-3783-7448
http://orcid.org/0009-0008-8278-0077
http://orcid.org/0000-0001-7959-892X
http://orcid.org/0000-0003-2389-6666
http://orcid.org/0000-0003-1614-3922
http://orcid.org/0000-0002-3066-3601
http://orcid.org/0009-0000-6424-6411
http://orcid.org/0000-0002-6167-6149
http://orcid.org/0000-0002-1339-9167
http://orcid.org/0000-0003-1353-0441
http://orcid.org/0000-0001-8530-9178
http://orcid.org/0000-0003-0596-4397
http://orcid.org/0000-0003-1367-5149
http://orcid.org/0000-0001-6032-1330
http://orcid.org/0000-0002-1266-4555
http://orcid.org/0000-0001-9937-2557
http://orcid.org/0000-0001-8760-5421
http://orcid.org/0000-0002-8796-1992
http://orcid.org/0000-0003-3321-1018
http://orcid.org/0000-0003-4382-5507
http://orcid.org/0000-0002-4817-5606
http://orcid.org/0000-0002-4016-1955
http://orcid.org/0000-0002-4777-5087
http://orcid.org/0009-0004-7428-762X
http://orcid.org/0000-0002-3582-2587
http://orcid.org/0000-0003-4486-7135
http://orcid.org/0000-0003-3271-6436
http://orcid.org/0000-0002-0419-5517
http://orcid.org/0000-0002-4418-3895
http://orcid.org/0000-0003-2483-6710
http://orcid.org/0000-0003-1611-6625
http://orcid.org/0000-0002-1602-4176
http://orcid.org/0009-0008-9546-2035
http://orcid.org/0000-0001-9537-9698
http://orcid.org/0000-0001-9841-943X
http://orcid.org/0000-0002-8927-9014
http://orcid.org/0000-0002-7504-8258
http://orcid.org/0000-0002-4534-0485
http://orcid.org/0000-0001-8709-5118
http://orcid.org/0000-0001-5833-4052
http://orcid.org/0000-0002-5465-9607
http://orcid.org/0000-0001-7763-5758
http://orcid.org/0000-0002-5288-1407
http://orcid.org/0000-0002-4653-6156
http://orcid.org/0000-0001-5087-189X
http://orcid.org/0000-0002-6976-5576
http://orcid.org/0000-0001-6837-607X
http://orcid.org/0000-0002-9714-1904
http://orcid.org/0000-0003-3666-686X
http://orcid.org/0000-0001-8217-0764
http://orcid.org/0000-0003-0596-5648
http://orcid.org/0000-0002-9296-8603
http://orcid.org/0000-0001-9999-2027
http://orcid.org/0000-0002-0679-9074
http://orcid.org/0000-0003-0030-3653
http://orcid.org/0000-0003-2148-1694
http://orcid.org/0000-0001-6877-3278
http://orcid.org/0000-0003-4375-098X
http://orcid.org/0000-0003-3227-6055
http://orcid.org/0000-0003-4028-0054
http://orcid.org/0000-0002-5059-4033
http://orcid.org/0009-0006-0934-1014
http://orcid.org/0000-0003-2357-2338
http://orcid.org/0000-0003-1843-7545
http://orcid.org/0000-0002-7656-6882
http://orcid.org/0000-0003-2648-9759
http://orcid.org/0000-0003-1215-4552
http://orcid.org/0000-0002-6827-9509
http://orcid.org/0000-0003-0315-4091
http://orcid.org/0000-0002-6061-8131
http://orcid.org/0009-0009-2070-0964
http://orcid.org/0000-0003-4434-5353
http://orcid.org/0000-0003-1231-0762
http://orcid.org/0000-0003-0964-2483
http://orcid.org/0000-0003-2386-957X
http://orcid.org/0000-0002-8391-7513
http://orcid.org/0000-0002-2431-3381
http://orcid.org/0000-0003-4180-8199
http://orcid.org/0000-0001-8396-5227
http://orcid.org/0000-0002-9994-1761
http://orcid.org/0000-0002-6254-1617
http://orcid.org/0000-0002-6508-0713
http://orcid.org/0000-0002-2597-435X
http://orcid.org/0000-0003-3299-3804
http://orcid.org/0000-0003-3090-2948
http://orcid.org/0000-0003-4344-7227
http://orcid.org/0000-0003-4147-3173
http://orcid.org/0000-0003-4227-8214
http://orcid.org/0009-0002-9160-5808
http://orcid.org/0000-0003-0624-6231

S. VIDYANT,®® A. D. Viers,” A. VIJAYKUMAR,'™ A. VILKHA,''® N. VILLANUEvA EspiNosA,'® V. ViLLA-ORTEGA,™
E. T. VINCENT,”® J-Y. VINET,''® S. VIRET,”” S. VITALE,* H. Vocca,®® D. Voiar,” E. R. G. VON REIs,>
J. S. A. voN WRANGEL,>? W. E. Vossius,?! L. Vuseva,'! S. P. Vyarcuanin,' J. Wack,!! L. E. WabDg,'%¢
M. WaDE,'% K. J. WAGNER,'® L. WaLLACE,'! E. J. WANG,” H. Wang,?!® J. Z. Wang,”? W. H. WaNG,'% Y. F. Wang,!
G. WARATKAR,' J. WARNER,? M. Was,*! T. Wasamvr,?® N. Y. WasHINGTON,!! D. WaTara1,*?> B. WEAVER,?
S. A. WEBSTER,*® N. L. WEICKHARDT,” M. WEINERT,®® A. J. WEINSTEIN,'! R. WEISs,*® L. WeN,™ K. WETTE,*
J. T. WhHELAN,'® B. F. WHITING,* C. WHITTLE,'! E. G. WICKENS,”? D. WILKEN,®%? A, T. WiLKIN,?!?
B. M. WiLLIAMS,'?! D. WiLLiams,®® M. J. WirLiams,” N. S. WirLiams,! J. L. WiLnis,'* B. WiLLke,” %% M. WiLs,!!?
L. WiLson,'% C. W. WINBORN,'%" J. WINTERFLOOD,™ C. C. Wipr,'! G. WoaN,*®® J. WoEHLER,**%" N. E. WoLFE,*
H. T. WonG," H. W. Y. WonG,2% 1. C. F. WonG,20%112 K. Wong,' T. Wouters,”™3" J. L. Wrigar,? B. Wu,®
C. Wu," D.s. Wu,*? H. Wu,'* K. Wu,' Q. Wu,” Y. Wu,” Z. Wu,'®2 E. WUcHNER,” D. M. Wysockr,!?
V. A. XUu,2® Y. Xu,'% N. Yapav,?® H. Yamamoro,'! K. YamMamoTo,'®® T. S. YamamoTo,*? T. Yamamoro,*
R. Yamazakn?0 T. Yan,'® K. Z. Yane,® Y. YanG, ™" Z. YARBROUGH,'? J. YEBANA,'™ S.-W. YEH,*3 A. B. YELIKAR,!*
X. YIN,®® J. Yokovama,?'%4 T. Yokozawa,” S. YuaN,™ H. YuzuRiHARA,” M. ZANOLIN,*” M. ZEESHAN,!!?
T. ZELENOVA,% J.-P. ZENDR1,? M. ZroL1,' M. ZERRAD,® M. ZEVIN,”® L. ZHANG,!! N. ZHANG,’® R. ZHANG,'!
T. ZuANG,'® C. Zuao,™ YUE ZHA0,'®® YunanG ZHA0,® Z.-C. Zuao,*® Y. Zuenc,'®” H. Zuong,'® H. Zuou,*
H. O. Zuu,™ 7Z.-H. Znu 3% A B. ZIMMERMAN,™® L. ZIMMERMANN,”” M. E. ZUCKER,*” ! AND J. ZwEzig!!

IMax Planck Institute for Gravitational Physics (Albert Einstein Institute), D-14476 Potsdam, Germany
2LIGO Hanford Observatory, Richland, WA 99352, USA
3Dipartimento di Farmacia, Universita di Salerno, 1-84084 Fisciano, Salerno, Italy
4INFN, Sezione di Napoli, 1-80126 Napoli, Italy
5University of Warwick, Coventry CV4 7AL, United Kingdom
60zGrav, School of Physics & Astronomy, Monash University, Clayton 3800, Victoria, Australia
"The Pennsylvania State University, University Park, PA 16802, USA
8Max Planck Institute for Gravitational Physics (Albert Einstein Institute), D-30167 Hannover, Germany
9Leibniz Universitat Hannover, D-30167 Hannover, Germany
0university of Wisconsin-Milwaukee, Milwaukee, W1 53201, USA
HLIGO Laboratory, California Institute of Technology, Pasadena, CA 91125, USA
12 ouisiana State University, Baton Rouge, LA 70803, USA
13Tata Institute of Fundamental Research, Mumbai 400005, India
14Centre de Physique Theorique, Aix-Marseille Universite, Campus de Luminy, 163 Av. de Luminy, 13009 Marseille, France
L5Universite catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
16Queen Mary University of London, London E1 4NS, United Kingdom
17University of California, Davis, Davis, CA 95616, USA
I8University of Minnesota, Minneapolis, MN 55455, USA
9nstituto Nacional de Pesquisas Espaciais, 12227-010 Sao Jose dos Campos, Sao Paulo, Brazil
20yniversite Paris Cite, CNRS, Astroparticule et Cosmologie, F-75013 Paris, France
2lUniversita di Roma Tor Vergata, 1-00133 Roma, Italy
22INFN, Sezione di Roma Tor Vergata, 1-00133 Roma, Italy
23Universiteit Antwerpen, 2000 Antwerpen, Belgium
24International Centre for Theoretical Sciences, Tata Institute of Fundamental Research, Bengaluru 560089, India
25Gravitational Wave Science Project, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka City, Tokyo 181-8588, Japan
26 Advanced Technology Center, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka City, Tokyo 181-8588, Japan
27Theoretisch-Physikalisches Institut, Friedrich-Schiller-Universitat Jena, D-07743 Jena, Germany
28INFN Sezione di Torino, 1-10125 Torino, Italy
29INFN, Sezione di Genova, 1-16146 Genova, ltaly
30Dipartimento di Fisica, Universita degli Studi di Genova, 1-16146 Genova, ltaly
31Univ. Savoie Mont Blanc, CNRS, Laboratoire d’Annecy de Physique des Particules - IN2P3, F-74000 Annecy, France
32Universita di Napoli \Federico 11'*, 1-80126 Napoli, Italy
33Cardi University, Cardi CF24 3AA, United Kingdom
340zGrav, Australian National University, Canberra, Australian Capital Territory 0200, Australia
35L1GO Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
36 Maastricht University, 6200 MD Maastricht, Netherlands
37Nikhef, 1098 XG Amsterdam, Netherlands
38INFN, Sezione di Roma, 1-00185 Roma, Italy
39Universita di Roma \La Sapienza", 1-00185 Roma, Italy
40 Aix Marseille Univ, CNRS, Centrale Med, Institut Fresnel, F-13013 Marseille, France
4lyUniversite Paris-Saclay, CNRS/IN2P3, 1JCLab, 91405 Orsay, France


http://orcid.org/0000-0002-4241-1428
http://orcid.org/0000-0002-4103-0666
http://orcid.org/0000-0001-7983-1963
http://orcid.org/0000-0002-0442-1916
http://orcid.org/0000-0003-2700-0767
http://orcid.org/0000-0002-1200-3917
http://orcid.org/0000-0001-9075-6503
http://orcid.org/0000-0001-7697-8361
http://orcid.org/0000-0002-6823-911X
http://orcid.org/0000-0002-5703-4469
http://orcid.org/0000-0002-7255-4251
http://orcid.org/0000-0002-6589-2738
http://orcid.org/0000-0002-2928-2916
http://orcid.org/0000-0003-3630-9440
http://orcid.org/0000-0002-1890-1128
http://orcid.org/0000-0001-5792-4907
http://orcid.org/0000-0002-3923-5806
http://orcid.org/0000-0002-0928-6784
http://orcid.org/0000-0001-7987-295X
http://orcid.org/0000-0002-4394-7179
http://orcid.org/0000-0001-5710-6576
http://orcid.org/0000-0002-8501-8669
http://orcid.org/0000-0002-8833-7438
http://orcid.org/0000-0002-7290-9411
http://orcid.org/0000-0003-3772-198X
http://orcid.org/0000-0003-2198-2974
http://orcid.org/0000-0002-5656-8119
http://orcid.org/0000-0002-9929-0225
http://orcid.org/0000-0003-0524-2925
http://orcid.org/0000-0002-1544-7193
http://orcid.org/0000-0003-0381-0394
http://orcid.org/0000-0003-4145-4394
http://orcid.org/0000-0002-4027-9160
http://orcid.org/0000-0003-2166-0027
http://orcid.org/0000-0003-3191-8845
http://orcid.org/0000-0003-2849-3751
http://orcid.org/0000-0003-4813-3833
http://orcid.org/0000-0002-0032-5257
http://orcid.org/0000-0001-9138-4078
http://orcid.org/0000-0002-3020-3293
http://orcid.org/0000-0001-8697-3505
http://orcid.org/0009-0009-5010-1065
http://orcid.org/0000-0001-6919-9570
http://orcid.org/0000-0002-3033-2845
http://orcid.org/0000-0002-8181-924X
http://orcid.org/0000-0002-0808-4822
http://orcid.org/0000-0002-1251-7889
http://orcid.org/0000-0001-8083-4037
http://orcid.org/0000-0002-3780-1413
http://orcid.org/0000-0002-9825-1136
http://orcid.org/0000-0002-8065-1174
http://orcid.org/0000-0001-7127-4808
http://orcid.org/0000-0002-3710-6613
http://orcid.org/0000-0002-6494-7303
http://orcid.org/0009-0007-1898-4844
http://orcid.org/0000-0002-0147-0835
http://orcid.org/0000-0001-8095-483X
http://orcid.org/0000-0001-5825-2401
http://orcid.org/0000-0001-5180-4496
http://orcid.org/0000-0002-5432-1331
http://orcid.org/0000-0001-8324-5158
http://orcid.org/0000-0002-3567-6743
http://orcid.org/0000-0002-7453-6372
http://orcid.org/0000-0002-2544-1596
http://orcid.org/0000-0002-1521-3397

42University of Tokyo, Tokyo, 113-0033, Japan
43Institut de F sica d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Campus UAB, E-08193 Bellaterra
(Barcelona), Spain

44Gran Sasso Science Institute (GSSI), 1-67100 L’Aquila, Italy
45INFN, Laboratori Nazionali del Gran Sasso, 1-67100 Assergi, Italy
46yUniversity of Florida, Gainesville, FL 32611, USA
47Dipartimento di Scienze Matematiche, Informatiche e Fisiche, Universita di Udine, 1-33100 Udine, ltaly
48INFN, Sezione di Trieste, 1-34127 Trieste, ltaly
49Tecnologico de Monterrey, Escuela de Ingenier a y Ciencias, 64849 Monterrey, Nuevo Leon, Mexico

50|nstitute for Cosmic Ray Research, KAGRA Observatory, The University of Tokyo, 238 Higashi-Mozumi, Kamioka-cho, Hida City,
Gifu 506-1205, Japan

51INFN, Sezione di Perugia, 1-06123 Perugia, Italy
52Universita di Camerino, 1-62032 Camerino, Italy
53University of Washington, Seattle, WA 98195, USA
54]GFAE, Universidade de Santiago de Compostela, E-15782 Santiago de Compostela, Spain
55California State University Fullerton, Fullerton, CA 92831, USA
56SUPA, University of Strathclyde, Glasgow G1 1XQ, United Kingdom
57Universite Claude Bernard Lyon 1, CNRS, IP2l Lyon / IN2P3, UMR 5822, F-69622 Villeurbanne, France
58Georgia Institute of Technology, Atlanta, GA 30332, USA
59Chennai Mathematical Institute, Chennai 603103, India
60Royal Holloway, University of London, London TW20 OEX, United Kingdom
61 Astronomical course, The Graduate University for Advanced Studies (SOKENDALI), 2-21-1 Osawa, Mitaka City, Tokyo 181-8588, Japan
62Universita degli Studi di Urbino \Carlo Bo", 1-61029 Urbino, Italy
63INFN, Sezione di Firenze, 1-50019 Sesto Fiorentino, Firenze, Italy
64European Gravitational Observatory (EGO), 1-56021 Cascina, Pisa, Italy
65 1GO Livingston Observatory, Livingston, LA 70754, USA
66Universite de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
67Embry-Riddle Aeronautical University, Prescott, AZ 86301, USA
68Dipartimento di Fisica \E.R. Caianiello™, Universita di Salerno, 1-84084 Fisciano, Salerno, Italy
69King’s College London, University of London, London WC2R 2LS, United Kingdom
7OKorea Institute of Science and Technology Information, Daejeon 34141, Republic of Korea
"1International College, Osaka University, 1-1 Machikaneyama-cho, Toyonaka City, Osaka 560-0043, Japan
72 Accelerator Laboratory, High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba City, Ibaraki 305-0801, Japan
73 Institute for Gravitational and Subatomic Physics (GRASP), Utrecht University, 3584 CC Utrecht, Netherlands
740zGrav, University of Western Australia, Crawley, Western Australia 6009, Australia
75University of Portsmouth, Portsmouth, PO1 3FX, United Kingdom
"6Universita di Trento, Dipartimento di Fisica, 1-38123 Povo, Trento, Italy
TTINFN, Trento Institute for Fundamental Physics and Applications, 1-38123 Povo, Trento, Italy
78Universita di Perugia, 1-06123 Perugia, Italy
79University of Oregon, Eugene, OR 97403, USA
80Syracuse University, Syracuse, NY 13244, USA
81 Inter-University Centre for Astronomy and Astrophysics, Pune 411007, India
82INFN, Sezione di Pisa, 1-56127 Pisa, Italy
83Universita di Pisa, 1-56127 Pisa, Italy
84|nstitut de Ciencies del Cosmos (ICCUB), Universitat de Barcelona (UB), ¢. Mart i Franques, 1, 08028 Barcelona, Spain
85Departament de F sica Quantica i Astrof sica (FQA), Universitat de Barcelona (UB), c. Mart i Franques, 1, 08028 Barcelona, Spain
86 Institut d’Estudis Espacials de Catalunya, c. Gran Capita, 2-4, 08034 Barcelona, Spain

87Dipartimento di Medicina, Chirurgia e Odontoiatria \Scuola Medica Salernitana®, Universita di Salerno, 1-84081 Baronissi, Salerno,
Italy

881GR, University of Glasgow, Glasgow G12 8QQ, United Kingdom
89HUN-REN Wigner Research Centre for Physics, H-1121 Budapest, Hungary
90Concordia University Wisconsin, Meguon, W1 53097, USA
91stanford University, Stanford, CA 94305, USA
92University of Michigan, Ann Arbor, MI 48109, USA
93Universita di Padova, Dipartimento di Fisica e Astronomia, 1-35131 Padova, Italy

94INFN, Sezione di Padova, 1-35131 Padova, Italy

93 Institute for Plasma Research, Bhat, Gandhinagar 382428, India



98 Universiteit Gent, B-9000 Gent, Belgium
97Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, 00-716, Warsaw, Poland
98Northwestern University, Evanston, IL 60208, USA
99Universitat Hamburg, D-22761 Hamburg, Germany
1001 AC3{IEEC, Universitat de les llles Balears, E-07122 Palma de Mallorca, Spain
101 Ajx-Marseille Universite, Universite de Toulon, CNRS, CPT, Marseille, France
102 ahoratoire des 2 In nis - Toulouse (L2IT-IN2P3), F-31062 Toulouse Cedex 9, France
103Universita di Siena, Dipartimento di Scienze Fisiche, della Terra e dell’Ambiente, 1-53100 Siena, Italy
104vjllanova University, Villanova, PA 19085, USA
105RRCAT, Indore, Madhya Pradesh 452013, India
106 Kenyon College, Gambier, OH 43022, USA
107Missouri University of Science and Technology, Rolla, MO 65409, USA
108|ndian Institute of Technology Madras, Chennai 600036, India
109University of Birmingham, Birmingham B15 2TT, United Kingdom
110pepartment of Physics and Astronomy, Vrije Universiteit Amsterdam, 1081 HV Amsterdam, Netherlands
1111 omonosov Moscow State University, Moscow 119991, Russia
12Katholieke Universiteit Leuven, Oude Markt 13, 3000 Leuven, Belgium
113Rochester Institute of Technology, Rochester, NY 14623, USA
4yUniversite libre de Bruxelles, 1050 Bruxelles, Belgium
115Bar-1lan University, Ramat Gan, 5290002, Israel
16yUniversite Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, Artemis, F-06304 Nice, France
H7University of British Columbia, Vancouver, BC V6T 1Z4, Canada
1180zGrav, University of Adelaide, Adelaide, South Australia 5005, Australia
119Centre national de la recherche scienti que, 75016 Paris, France
120Univ Rennes, CNRS, Institut FOTON - UMR 6082, F-35000 Rennes, France
121\washington State University, Pullman, WA 99164, USA
122Cornell University, Ithaca, NY 14850, USA
123 ) aboratoire Kastler Brossel, Sorbonne Universite, CNRS, ENS-Universite PSL, College de France, F-75005 Paris, France
124Christopher Newport University, Newport News, VA 23606, USA
1250zGrav, University of Melbourne, Parkville, Victoria 3010, Australia
126 Astronomical Observatory Warsaw University, 00-478 Warsaw, Poland
127University of Maryland, College Park, MD 20742, USA
128 Universita degli Studi di Milano-Bicocca, 1-20126 Milano, Italy
129INFN, Sezione di Milano-Bicocca, 1-20126 Milano, Italy
130Universite de Lyon, Universite Claude Bernard Lyon 1, CNRS, Institut Lumiere Matiere, F-69622 Villeurbanne, France
131yniversity of Chicago, Chicago, IL 60637, USA
132University of Arizona, Tucson, AZ 85721, USA
I33INFN, Sezione di Napoli, Gruppo Collegato di Salerno, 1-80126 Napoli, Italy
134University of Massachusetts Dartmouth, North Dartmouth, MA 02747, USA
135Niels Bohr Institute, Copenhagen University, 2100 K benhavn, Denmark
136Universidad de Guadalajara, 44430 Guadalajara, Jalisco, Mexico
137]stituto di Astro sica e Planetologia Spaziali di Roma, 00133 Roma, ltaly
138Colorado State University, Fort Collins, CO 80523, USA
139Departamento de Astronom a y Astrof sica, Universitat de Valencia, E-46100 Burjassot, Valencia, Spain
1400pservatori Astronomic, Universitat de Valencia, E-46980 Paterna, Valencia, Spain
141Niels Bohr Institute, University of Copenhagen, 2100 Kobenhavn, Denmark
142National Central University, Taoyuan City 320317, Taiwan
143National Tsing Hua University, Hsinchu City 30013, Taiwan
1440zGrav, Charles Sturt University, Wagga Wagga, New South Wales 2678, Australia
145\vanderbilt University, Nashville, TN 37235, USA
146yniversity of the Chinese Academy of Sciences / International Centre for Theoretical Physics Asia-Paci ¢, Bejing 100049, China
147Department of Electrophysics, National Yang Ming Chiao Tung University, 101 Univ. Street, Hsinchu, Taiwan
148 Kamioka Branch, National Astronomical Observatory of Japan, 238 Higashi-Mozumi, Kamioka-cho, Hida City, Gifu 506-1205, Japan
49University of Texas, Austin, TX 78712, USA
150CaRT, California Institute of Technology, Pasadena, CA 91125, USA
151Northeastern University, Boston, MA 02115, USA
152Djpartimento di Ingegneria Industriale (DIIN), Universita di Salerno, 1-84084 Fisciano, Salerno, Italy



153 Faculty of Science, University of Toyama, 3190 Gofuku, Toyama City, Toyama 930-8555, Japan
154Carleton College, North eld, MN 55057, USA
155University of Szeged, Dom ter 9, Szeged 6720, Hungary
1560zGrav, Swinburne University of Technology, Hawthorn VIC 3122, Australia
I57INFN Cagliari, Physics Department, Universita degli Studi di Cagliari, Cagliari 09042, Italy
158Universita degli Studi di Cagliari, Via Universita 40, 09124 Cagliari, Italy
159Universite Libre de Bruxelles, Brussels 1050, Belgium
160INAF, Osservatorio Astronomico di Brera sede di Merate, 1-23807 Merate, Lecco, Italy
161Departamento de Matematicas, Universitat de Valencia, E-46100 Burjassot, Valencia, Spain
162Montana State University, Bozeman, MT 59717, USA
163The University of Utah, Salt Lake City, UT 84112, USA
164 3ohns Hopkins University, Baltimore, MD 21218, USA
165yUniversity of Rhode Island, Kingston, R1 02881, USA
166 The University of Texas Rio Grande Valley, Brownsville, TX 78520, USA
167Universite de Liege, B-4000 Liege, Belgium
168DIFA- Alma Mater Studiorum Universita di Bologha, Via Zamboni, 33 - 40126 Bologna, ltaly
169|stituto Nazionale Di Fisica Nucleare - Sezione di Bologna, viale Carlo Berti Pichat 6/2 - 40127 Bologna, Italy
170University of Manitoba, Winnipeg, MB R3T 2N2, Canada
I71INFN-CNAF - Bologna, Viale Carlo Berti Pichat, 6/2, 40127 Bologna BO, Italy
172Universita degli Studi di Sassari, 1-07100 Sassari, Italy
173INFN, Laboratori Nazionali del Sud, 1-95125 Catania, Italy
L74Universite de Normandie, ENSICAEN, UNICAEN, CNRS/IN2P3, LPC Caen, F-14000 Caen, France
175 _aboratoire de Physique Corpusculaire Caen, 6 boulevard du marechal Juin, F-14050 Caen, France
176The University of She eld, She eld S10 2TN, United Kingdom

177TUniversite Claude Bernard Lyon 1, CNRS, Laboratoire des Materiaux Avances (LMA), IP2l Lyon / IN2P3, UMR 5822, F-69622
Villeurbanne, France

178Universita di Firenze, Sesto Fiorentino 1-50019, Italy
179Dipartimento di Scienze Matematiche, Fisiche e Informatiche, Universita di Parma, 1-43124 Parma, Italy
180INFN, Sezione di Milano Bicocca, Gruppo Collegato di Parma, 1-43124 Parma, Italy
181california State University, Los Angeles, Los Angeles, CA 90032, USA
182Marquette University, Milwaukee, W1 53233, USA
183perimeter Institute, Waterloo, ON N2L 2Y5, Canada
184Corps des Mines, Mines Paris, Universite PSL, 60 Bd Saint-Michel, 75272 Paris, France
185Dijpartimento di Fisica, Universita di Trieste, 1-34127 Trieste, Italy
186Universite Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, Lagrange, F-06304 Nice, France
187National Center for Nuclear Research, 05-400 Swierk-Otwock, Poland
188\/rije Universiteit Brussel, 1050 Brussel, Belgium
189University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
190Canadian Institute for Theoretical Astrophysics, University of Toronto, Toronto, ON M5S 3H8, Canada
191stony Brook University, Stony Brook, NY 11794, USA
192Center for Computational Astrophysics, Flatiron Institute, New York, NY 10010, USA
193Montclair State University, Montclair, NJ 07043, USA
194HUN-REN Institute for Nuclear Research, H-4026 Debrecen, Hungary
195|ndian Institute of Technology Bombay, Powai, Mumbai 400 076, India
196Centro de F sica das Universidades do Minho e do Porto, Universidade do Minho, PT-4710-057 Braga, Portugal
197 Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France
198CNR-SPIN, 1-84084 Fisciano, Salerno, Italy
1995cuola di Ingegneria, Universita della Basilicata, 1-85100 Potenza, Italy
200\estern Washington University, Bellingham, WA 98225, USA
201S5UPA, University of the West of Scotland, Paisley PA1 2BE, United Kingdom
202Barry University, Miami Shores, FL 33168, USA

203CENTRA, Departamento de F sica, Instituto Superior Tecnico { IST, Universidade de Lisboa { UL, Avenida Rovisco Pais 1,
1049-001 Lisboa, Portugal

204Eotvos University, Budapest 1117, Hungary

205 Institute for Cosmic Ray Research, KAGRA Observatory, The University of Tokyo, 5-1-5 Kashiwa-no-Ha, Kashiwa City, Chiba
277-8582, Japan



9

206 pepartment of Physics, Graduate School of Science, Osaka Metropolitan University, 3-3-138 Sugimoto-cho, Sumiyoshi-ku, Osaka City,
Osaka 558-8585, Japan

207yniversity of Sannio at Benevento, 1-82100 Benevento, Italy and INFN, Sezione di Napoli, 1-80100 Napoli, Italy
208yniversity of California, Berkeley, CA 94720, USA
209|nstituto de Fisica Teorica UAM-CSIC, Universidad Autonoma de Madrid, 28049 Madrid, Spain
210 aporatoire d’Acoustique de I’Universite du Mans, UMR CNRS 6613, F-72085 Le Mans, France
211yniversity of Southampton, Southampton SO17 1BJ, United Kingdom
212yniversity of California, Riverside, Riverside, CA 92521, USA
213Dipartimento di Ingegneria Industriale, Elettronica e Meccanica, Universita degli Studi Roma Tre, 1-00146 Roma, ltaly
214yniversity of Nevada, Las Vegas, Las Vegas, NV 89154, USA
215University of Nottingham NG7 2RD, UK
216 Ariel University, Ramat HaGolan St 65, Ari’el, Israel
217The University of Mississippi, University, MS 38677, USA
218Graduate School of Science, Institute of Science Tokyo, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8551, Japan
219 nstitute of Physics, Academia Sinica, 128 Sec. 2, Academia Rd., Nankang, Taipei 11529, Taiwan
220 American University, Washington, DC 20016, USA
221pipartimento di Fisica, Universita degli studi di Milano, Via Celoria 16, 1-20133, Milano, Italy
222INFN, sezione di Milano, Via Celoria 16, 1-20133, Milano, Italy
223Department of Applied Physics, Fukuoka University, 8-19-1 Nanakuma, Jonan, Fukuoka City, Fukuoka 814-0180, Japan
224yniversity of Cambridge, Cambridge CB2 1TN, United Kingdom
225University of Lancaster, Lancaster LA1 4YW, United Kingdom
226College of Industrial Technology, Nihon University, 1-2-1 Izumi, Narashino City, Chiba 275-8575, Japan
227Faculty of Engineering, Niigata University, 8050 Ikarashi-2-no-cho, Nishi-ku, Niigata City, Niigata 950-2181, Japan
228 Department of Physics, Tamkang University, No. 151, Yingzhuan Rd., Danshui Dist., New Taipei City 25137, Taiwan
229Rutherford Appleton Laboratory, Didcot OX11 ODE, United Kingdom
230pDepartment of Physical Sciences, Aoyama Gakuin University, 5-10-1 Fuchinobe, Sagamihara City, Kanagawa 252-5258, Japan
231Helmut Schmidt University, D-22043 Hamburg, Germany

232Nambu Yoichiro Institute of Theoretical and Experimental Physics (NITEP), Osaka Metropolitan University, 3-3-138 Sugimoto-cho,
Sumiyoshi-ku, Osaka City, Osaka 558-8585, Japan

233Directorate of Construction, Services & Estate Management, Mumbai 400094, India
2340Opservatoire Astronomique de Strasbourg, 11 Rue de I’'Universite, 67000 Strashourg, France
235Faculty of Physics, University of Bialystok, 15-245 Bialystok, Poland
236National Astronomical Observatories, Chinese Academic of Sciences, 20A Datun Road, Chaoyang District, Beijing, China

237School of Astronomy and Space Science, University of Chinese Academy of Sciences, 20A Datun Road, Chaoyang District, Beijing,
China

238sungkyunkwan University, Seoul 03063, Republic of Korea

239Department of Physics, Ulsan National Institute of Science and Technology (UNIST), 50 UNIST-gil, Ulju-gun, Ulsan 44919, Republic
of Korea

240 nstitute for Cosmic Ray Research, The University of Tokyo, 5-1-5 Kashiwa-no-Ha, Kashiwa City, Chiba 277-8582, Japan
241Chung-Ang University, Seoul 06974, Republic of Korea
242University of Washington Bothell, Bothell, WA 98011, USA
243 aboratoire de Physique et de Chimie de I’Environnement, Universite Joseph KI-ZERBO, 9GH2+3V5, Ouagadougou, Burkina Faso
244Ewha Womans University, Seoul 03760, Republic of Korea
245National Institute for Mathematical Sciences, Daejeon 34047, Republic of Korea
246K orea Astronomy and Space Science Institute, Daejeon 34055, Republic of Korea

247Department of Astronomy and Space Science, Chungnam National University, 9 Daehak-ro, Yuseong-gu, Daejeon 34134, Republic of
Korea

248 nstitute of Particle and Nuclear Studies (IPNS), High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba City,
Ibaraki 305-0801, Japan

249Division of Science, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka City, Tokyo 181-8588, Japan
250Nagoya University, Nagoya, 464-8601, Japan
251 Department of Physics, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
252Bard College, Annandale-On-Hudson, NY 12504, USA
253 Technical University of Braunschweig, D-38106 Braunschweig, Germany
254 |nstitute of Mathematics, Polish Academy of Sciences, 00656 Warsaw, Poland
255 Astronomical Observatory, Jagiellonian University, 31-007 Cracow, Poland
256 Department of Physics and Astronomy, University of Padova, Via Marzolo, 8-35151 Padova, Italy
257sezione di Padova, Istituto Nazionale di Fisica Nucleare (INFN), Via Marzolo, 8-35131 Padova, Italy



10

258 Department of Physics, Nagoya University, ES building, Furocho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan
259Universite de Montreal/Polytechnique, Montreal, Quebec H3T 1J4, Canada
2601ndian Institute of Science Education and Research, Kolkata, Mohanpur, West Bengal 741252, India
261seoul National University, Seoul 08826, Republic of Korea
262pDepartment of Computer Simulation, Inje University, 197 Inje-ro, Gimhae, Gyeongsangnam-do 50834, Republic of Korea
263NAVIER, Ecole des Ponts, Univ Gustave Ei el, CNRS, Marne-la-Vallee, France
264 Gravitational Wave Science Project, National Astronomical Observatory of Japan (NAOJ), Mitaka City, Tokyo 181-8588, Japan
265pepartment of Physics, National Cheng Kung University, No.1, University Road, Tainan City 701, Taiwan
266The Chinese University of Hong Kong, Shatin, NT, Hong Kong
267st. Thomas University, Miami Gardens, FL 33054, USA
2685cuola Normale Superiore, 1-56126 Pisa, Italy
269 |nstitucio Catalana de Recerca i Estudis Avancats, E-08010 Barcelona, Spain
270|nstitut de F sica d’Altes Energies, E-08193 Barcelona, Spain

271 |nstitut fuer Theoretische Astrophysik, Zentrum fuer Astronomie Heidelberg, Universitaet Heidelberg, Albert Ueberle Str. 2, 69120
Heidelberg, Germany

272|nstitucio Catalana de Recerca i Estudis Avancats (ICREA), Passeig de LIu s Companys, 23, 08010 Barcelona, Spain

273Research Center for Space Science, Advanced Research Laboratories, Tokyo City University, 3-3-1 Ushikubo-Nishi, Tsuzuki-Ku,
Yokohama, Kanagawa 224-8551, Japan

274Tsinghua University, Beijing 100084, China
275 nstitut des Hautes Etudes Scienti ques, F-91440 Bures-sur-Yvette, France
276 Faculty of Law, Ryukoku University, 67 Fukakusa Tsukamoto-cho, Fushimi-ku, Kyoto City, Kyoto 612-8577, Japan
277phenikaa Institute for Advanced Study (P1AS), Phenikaa University, Yen Nghia, Ha Dong, Hanoi, Vietnam
278University of Stavanger, 4021 Stavanger, Norway

279pPnhysics Program, Graduate School of Advanced Science and Engineering, Hiroshima University, 1-3-1 Kagamiyama, Higashihiroshima
City, Hiroshima 739-8526, Japan

280GRAPPA, Anton Pannekoek Institute for Astronomy and Institute for High-Energy Physics, University of Amsterdam, 1098 XH
Amsterdam, Netherlands

281University College London, London WCI1E 6BT, United Kingdom
2820pservatoire de Paris, 75014 Paris, France
283 _aboratoire Univers et Theories, Observatoire de Paris, 92190 Meudon, France

284Graduate School of Science and Technology, Niigata University, 8050 Ikarashi-2-no-cho, Nishi-ku, Niigata City, Niigata 950-2181,
Japan

285University of Maryland, Baltimore County, Baltimore, MD 21250, USA
286 CSIR-Central Glass and Ceramic Research Institute, Kolkata, West Bengal 700032, India
287Consiglio Nazionale delle Ricerche - Istituto dei Sistemi Complessi, 1-00185 Roma, ltaly
288 Department of Astronomy, Yonsei University, 50 Yonsei-Ro, Seodaemun-Gu, Seoul 03722, Republic of Korea
289 Department of Physics, University of Guadalajara, Av. Revolucion 1500, Colonia Olimpica C.P. 44430, Guadalajara, Jalisco, Mexico
290Hobart and William Smith Colleges, Geneva, NY 14456, USA
291INAF, Osservatorio Astronomico di Padova, 1-35122 Padova, Italy
292Djpartimento di Ingegneria, Universita del Sannio, 1-82100 Benevento, Italy
293Museo Storico della Fisica e Centro Studi e Ricerche \Enrico Fermi', 1-00184 Roma, ltaly
294Kennesaw State University, Kennesaw, GA 30144, USA
295subatech, CNRS/IN2P3 - IMT Atlantique - Nantes Universite, 4 rue Alfred Kastler BP 20722 44307 Nantes CEDEX 03, France
296yniversidad de Antioquia, Medell n, Colombia

297Departamento de F sica - ETSIDI, Universidad Politecnica de Madrid, 28012 Madrid, Spain

298 Department of Electronic Control Engineering, National Institute of Technology, Nagaoka College, 888 Nishikatakai, Nagaoka City,
Niigata 940-8532, Japan

299Trinity College, Hartford, CT 06106, USA
300Dipartimento di Fisica e Scienze della Terra, Universita Degli Studi di Ferrara, Via Saragat, 1, 44121 Ferrara FE, Italy
301 Faculty of Science, Toho University, 2-2-1 Miyama, Funabashi City, Chiba 274-8510, Japan
302Indian Institute of Technology, Palaj, Gandhinagar, Gujarat 382355, India

303Kavli Institute for Astronomy and Astrophysics, Peking University, Yiheyuan Road 5, Haidian District, Beijing 100871, China

304 _aporatoire MSME, Cite Descartes, 5 Boulevard Descartes, Champs-sur-Marne, 77454 Marne-la-Vallee Cedex 2, France
305Faculty of Information Science and Technology, Osaka Institute of Technology, 1-79-1 Kitayama, Hirakata City, Osaka 573-0196,

Japan
306NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
307TFaculty of Science and Technology, Kochi University, 2-5-1 Akebono-cho, Kochi-shi, Kochi 780-8520, Japan



11

308 aboratoire de Physique de I’Ecole Normale Superieure, ENS, (CNRS, Universite PSL, Sorbonne Universite, Universite Paris Cite),
F-75005 Paris, France

309Faculty of Physics, University of Warsaw, Ludwika Pasteura 5, 02-093 Warszawa, Poland

310 aser Interferometry and Gravitational Wave Astronomy, Max Planck Institute for Gravitational Physics, Callinstrasse 38, 30167
Hannover, Germany

311The Hakubi Center for Advanced Research, Kyoto University, Yoshida-honmachi, Sakyou-ku, Kyoto City, Kyoto 606-8501, Japan
312pepartment of Physics, Kyoto University, Kita-Shirakawa Oiwake-cho, Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan

313vyykawa Institute for Theoretical Physics (YITP), Kyoto University, Kita-Shirakawa Oiwake-cho, Sakyou-ku, Kyoto City, Kyoto
606-8502, Japan

3l4yniversity of Catania, Department of Physics and Astronomy, Via S. So a, 64, 95123 Catania CT, Italy
315National Institute of Technology, Fukui College, Geshi-cho, Sabae-shi, Fukui 916-8507, Japan

316 pepartment of Communications Engineering, National Defense Academy of Japan, 1-10-20 Hashirimizu, Yokosuka City, Kanagawa
239-8686, Japan

317Eindhoven University of Technology, 5600 MB Eindhoven, Netherlands

318Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU), WPI, The University of Tokyo, 5-1-5 Kashiwa-no-Ha,
Kashiwa City, Chiba 277-8583, Japan

319Department of Astronomy, Beijing Normal University, Xinjiekouwai Street 19, Haidian District, Beijing 100875, China
3205chool of Physics and Technology, Wuhan University, Bayi Road 299, Wuchang District, Wuhan, Hubei, 430072, China

(Compiled: 11 November 2025)

ABSTRACT

On 2023 November 23 the two LIGO observatories both detected GW231123, a gravitational-wave
signal consistent with the merger of two black holes with masses 137+23 M, and 101%22 M, (90%
credible intervals), at luminosity distance 0.7{4.1 Gpc and redshift of 0.40“_“8%, and a network signal-
to-noise ratio of 20.7. Both black holes exhibit high spins, 0.90*3:13 and 0.80%320 respectively.
A massive black hole remnant is supported by an independent ringdown analysis. Some properties
of GW231123 are subject to large systematic uncertainties, as indicated by di erences in inferred
parameters between signal models. The primary black hole lies within or above the theorized mass
gap where black holes between 60{130 M should be rare due to pair instability mechanisms, while
the secondary spans the gap. The observation of GW231123 therefore suggests the formation of black
holes from channels beyond standard stellar collapse, and that intermediate-mass black holes of mass

200 M form through gravitational-wave driven mergers.

1. INTRODUCTION lenging signal: GW231123.135430 (hereafter referred to

From 2015 to 2020 the LIGO-Virgo-KAGRA Collab- as GW231123), con dently observed through a coin-
oration identi ed 69 gravitational-wave signals from bi- cident detection in both the LIGO Hanford and Liv-

nary black hole mergers with false alarm rates below ingston detectors during the rst part of their fourth
one per year (Aasi et al. 2015; Acernese et al. 2015; observing run, O4a (2023 May 24 to 2024 January 16).
Abbott et al. 2020c: Akutsu et al. 2020: Abbott et al. The combination of data from the two observatories was

2023a). Of these, the most massive was the source of essential in making a con dent detection.
GW190521, with a merger remnant of 140 M, (Ab- GW231123 consists of 5 cycles over a frequency
bott et al. 2020d,e). The small number of observable range of 30{80Hz, similar to GW190521. We inter-

cycles of GW190521 limits our ability to accurately in- pret GW231123 as a binary-black-hole merger and in-
fer the source’s properties, and subsequent studies have fer a total mass between 190 Mo and 265 Mg and high

proposed a wide range of alternative interpretations, in- component black-hole spins ( 0.9 and  0.8). While a
cluding highly eccentric orbits, dynamical capture sce- few gravitational-wave candidates have been observed

narios, exotic object mergers, and cosmic string col- with similarly high total masses (Abbott et al. 2023a;

lapse (Gayathri et al. 2022; Romero-Shaw et al. 2020a; Wadekar et al. 2023), none have false alarm rates less
Gamba et al. 2023; Calderon Bustillo et al. 2021b; Aur- than 1 per year; in addition, GW231123 has both a

rekoetxea et al. 2024). Here we present a yet more chal- large signal-to-noise ratio and high statistical signi -
cance. Such high masses and spins pose a challenge to

our most accurate waveform models, leading to larger
Deceased, September 2024. uncertainties in the black-hole masses, and the binary
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orientation and distance, than any previous signal of
comparable strength.

Pair-instability supernova (PISN) and pulsational
PISNe are expected to preclude stellar collapse to black
holes with masses 60{130M (Farmer et al. 2019;
Farmer et al. 2020; Woosley & Heger 2021; Hendriks
et al. 2023), and the majority of the astrophysical
population of black holes inferred from gravitational-
wave catalogs lies below this gap (Abbott et al. 2023b).
The large measurement uncertainties in the source of
GW?231123 mean that the primary black hole may be
within or beyond the mass gap, while the secondary mass
spans the entire gap within the 90% credible intervals
of our analysis. It is also possible that the two black-
hole masses lie on either side of the gap. The scenarios
with the highest probability require a formation chan-
nel that populates the mass gap, such as prior stellar
mergers (e.g., Di Carlo et al. 2020; Renzo et al. 2020a;
Kremer et al. 2020), black-hole mergers (for a review, see
Gerosa & Fishbach 2021 and references therein), or ac-
cretion in a gaseous environment (e.g., McKernan et al.
2012). Though these channels can produce highly spin-
ning black holes (e.g., a characteristic value of 0.7 for
black-hole mergers), the inferred spins may be higher
than typical of remnant black holes and those of rem-
nants from mergers previously observed with gravita-
tional waves.

In this paper we present the LIGO-Virgo-KAGRA
analysis of GW231123. In Section 2, we establish
GW?231123 as a con dent gravitational wave (GW) de-
tection. In Section 3, we discuss the data quality at the
time of the observation. In Section 4, we rst discuss our
treatment of waveform uncertainties, then present the
source properties and additional waveform consistency
checks. In Section 5, we analyse the ringdown portion
to test the consistency of a black hole (BH) remnant
interpretation. In Section 6 we present a range of po-
tential astrophysical implications. Although the binary
black hole (BBH) merger scenario presented throughout
this paper is the most plausible astrophysical explana-
tion for the source of GW231123, alternative scenarios
cannot be ruled out and we discuss a selection of these
in Section 7. We conclude in Section 8, and provide ad-
ditional material in support of our results in a series of
appendices.

2. DETECTION SIGNIFICANCE

On 2023 November 23, at 13:54:30 UTC, the Ad-
vanced LIGO Hanford and Livingston detectors ob-
served the GW transient GW231123. The Advanced
Virgo and KAGRA detectors were not online at this
time. Despite its short duration ( 0.1s) and limited

bandwidth (Figure 1), coherent detection in both de-
tectors allowed the signal to be identi ed in our analy-
ses with high statistical signi cance, reported in terms
of inverse false-alarm rate (IFAR); see Table 1. With-
out coincidence in two or more detectors, a high-mass
BBH signal like GW231123 would likely have been dis-
missed as a noise artefact (glitch). It was rst detected
by PyCBC Live, a matched- Iter search for compact
binaries (Allen 2005; Usman et al. 2016; Nitz et al.
2017; Dal Canton et al. 2021). It was also reported by
coherent WaveBurst (c(WB)-BBH, a minimally modelled
coherent excess power search (Mishra et al. 2025). The
cWB-BBH search uses the WaveScan time{frequency
(TF) transformation (Klimenko 2022) and ranks identi-
ed triggers using a machine-learning classi er trained
speci cally on BBH signals (Mishra et al. 2021, 2022,
2025). In addition, the event was also detected by
two model-independent low-latency cWB searches, or
burst searches, designed to identify generic GW tran-
sients: ¢cWB-2G and cWB-XP. The former is based on
the Wilson{Debauchies{Meyer TF transformation (Kli-
menko et al. 2008, 2016a; Drago et al. 2020), while
the latter uses the WaveScan TF transformation. Both
apply a machine-learning classi er (XGBoost), trained
on generic white-noise-bursts to rank identi ed trig-
gers (Szczepanczyk et al. 2023). For further details on
model-independent searches, see Abac et al. (2025a).
Subsequent o ine or archival reanalyses using im-
proved background estimation and data quality informa-
tion further increased the event’s statistical signi cance
in both the PyCBC and cWB pipelines (Table 1). Fur-
thermore, two additional matched- Iter searches, Gst-
LAL (Messick et al. 2017; Sachdev et al. 2019; Hanna
et al. 2020; Cannon et al. 2021; Sakon et al. 2024; Ewing
et al. 2024; Tsukada et al. 2023; Joshi et al. 2025) and
MBTA (Adams et al. 2016; Aubin et al. 2021; Allene
et al. 2025), which did not detect this event with sig-
ni cant con dence in low-latency (IFAR higher than
1 year), recovered it in their o ine analyses. These
searches di er from PyCBC (Davies et al. 2020; Chan-
dra et al. 2021b; Davis et al. 2022; Kumar & Dent
2024) in their implementation and use of signal{noise
discriminators. GstLAL’s enhanced signi cance (the
higher IFAR in Table. 1) is primarily driven by a higher
mass extension of the search with speci c¢ settings to
compute the background for such higher mass mergers
accurately. More details of the settings are provided
in (?Joshi et al. 2025). These changes improved the
signal and noise models in this part of the parameter
space in general, leading to a better recovery of this high
mass signal. Additionally, cWB-GMM, an entirely of-
ine model-independent search, uses Gaussian Mixture
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Figure 1. The GW event GW231123 as observed by the LIGO Hanford (left panels) and LIGO Livingston (right panels)
detectors. Time is measured relative to 2023 November 23 at 13:54:30.619 UTC. The top panels show the time-domain strain
data (black), sampled at 1024 Hz, whitened and then bandpass- Itered with a passband from 20Hz to 256 Hz (Abbott et al.
2020a). Also shown are the point-estimate whitened waveform from the cWB-BBH search (red), the 90% credible interval of
whitened waveforms inferred from a coherent Bayesian analysis using the combined samples from ve BBH waveform models
(blue bands), and the 90% credible interval inferred from BayesWave using a generic wavelet-based model (shaded purple).
The vertical axis is in units of the noise standard deviation, n.ise. The bottom panels display the corresponding whitened
time-frequency representations of the strain data, obtained using a continuous wavelet transform (CWT) with a Morlet{Gabor
wavelet. The color scale is in units of the amplitude of the CWT coe cients.

Table 1. Properties of the detection of GW231123 by vari- range. Similar discrepancies have been observed
ous search pipelines. previously, particularly between matched- Iter and
minimally-modelled searches, when searching for non-
eccentric intermediate-mass black hole (IMBH) bina-
ries (Calderon Bustillo et al. 2018; Chandra et al. 2020;
Abbott et al. 2020d; Chandra et al. 2021a; Szczepanczyk

CBC pipelines O ine Online O ine
SNR IFAR (yr) IFAR (yr)

PyCBC 199 = 1004 160 et al. 2021). These di erences arise not only from how
GstLAL 2012 10 > 10000 e ectively each search separates signals from glitches,
MBTA 19.0 { 60 but also from the di ering approaches used to estimate
cWB-BBH 21.8 > 490 9700 the noise background.
Burst pipelines To assess whether the observed variation in statistical
cWB-2G 21.4 > 250 > 490 signi cance across pipelines is consistent with expecta-
cWB-XP 21.1 > 240 > 480 tions, we conducted a dedicated injection campaign. Us-
cWB-GMM 21.4 { 100 ing the NRSUurR7DQ4 (NRSUR) waveform model (Varma
et al. 2019), we simulated 8000 non-eccentric BBH
NoTE | The signi cance is reported in terms of the inverse signals with intrinsic parameters consistent with those
false-alarm rate (FAR) (IFAR) = 1=FAR as measured by inferred for GW231123 (Section 4). We sampled the
each search. sky positions and binary orientations isotropically and
drew redshifts uniformly in comoving volume up to
Models (Gayathri et al. 2020; Lopez et al. 2022; Smith zmax = 1.5, assuming a at CDM cosmology (Ade
et al. 2024) to rerank the triggers identi ed by cWB-2G. et al. 2016). We added these simulated signals uniformly
The di erences in the IFARs reported by the of- over sevgral .days a_round the event and re-ran our o !ne
ine search pipelines ] despite broadly consistent signal- search pipelines using the same con guration as applied
to-noise ratios (SNRs) | primarily re ect di erences to the real data. ) ) )
in their ability to separate GW231123-like signals We found that for simulated signals observed in both

from background noise in a comparable parameter Advanced LIGO detectors, the CBC searches recovered
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the following fractions with a IFAR above 100 years,
cWB-BBH 32%, PyCBC 27%, GstLAL 41%, and MBTA
16%. For the Burst searches, cWB-2G and cWB-XP
each recovered 22%, while cWB-GMM recovered 10%.
Since Burst searches identify coherent power across the
detector network without relying on BBH waveform
models, their e ciencies are not directly comparable
to CBC searches. However, within each search cate-
gory, detection pipelines reporting a higher IFAR for
GW231123 consistently demonstrated higher recovery
fractions for simulated signals with masses and spins
representative of those inferred for GW231123.

Given that all pipelines detected GW231123 with an
IFAR above the typical threshold of 1 year used for pop-
ulation analyses, and a detailed background study for
one pipeline (c(WB-BBH) identi ed GW231123 with an
IFAR of 9700 years, we consider GW231123 to be a con-

dent detection.

3. DATA QUALITY

The event GW231123 was detected during the rst
part of the fourth observing run (O4a), a time when the
LIGO Hanford and LIGO Livingston detectors were ob-
serving with a typical binary neutron star inspiral range
of 152 Mpc and 160 Mpc (Capote et al. 2025). The
detectors’ data were calibrated in near real-time to pro-
duce the online dataset used for low-latency searches
(Abbott et al. 2020b; Klimenko et al. 2016b; Tsukada
et al. 2023; Ewing et al. 2024; Dal Canton et al. 2021;
Chu et al. 2022; Aubin et al. 2021) and parameter esti-
mation (Singer & Price 2016; Ashton et al. 2019; Pankow
et al. 2015). The calibration process subtracts linear
spectral features from known instrumental sources, iden-
ti ed through auxiliary witness sensors, and intention-
ally injected calibration lines used to measure the in-
struments’ response at various frequencies (Viets et al.
2018a; Sun et al. 2020, 2021).

Following the data-quality procedures established for
Oda (Soni et al. 2025), including broadband noise sub-
traction (Vajente et al. 2020) and data-quality report
analysis routines (Davis et al. 2021), detector data sur-
rounding the event were evaluated for signs of non-
Gaussian excess power (glitches) within the target time-
frequency analysis window using a spectrogram-based
glitch-identi cation tool (Vazsonyi & Davis 2023). It
was determined that glitches were present in each de-
tector around, but not coincident with the event.

From spectrograms, we determined that a glitch was
present in the LIGO Hanford data 1.7{1.1 s before the
event, in a frequency range between 15{30 Hz. The
glitch is possibly related to the LIGO Hanford di er-
ential arm control loop (Aasi et al. 2015). This control

loop leads to nonstationary noise from the high root-
mean-square drive applied to the electrostatic drive ac-
tuator. This issue has been xed in the second part of
the fourth observing run (Vajente 2024). This glitch was
close to the event and within the time{frequency window
used to infer the source properties, so BayesWave (Cor-
nish & Littenberg 2015; Cornish et al. 2021; Chatziioan-
nou et al. 2021) was used to model simultaneously the
compact binary signal and the glitch (Soni et al. 2025).
We removed this non-Gaussianity from the data by sub-
tracting a phenomenological, wavelet-based model of
the excess power noise (Hourihane et al. 2022; Ghonge
et al. 2024). The glitch-subtracted data successfully
passed the validation process, which compares the resid-
ual noise to Gaussian noise (Soni et al. 2025; Vazsonyi
& Davis 2023). Additional broadband non-stationary
noise was present in the Hanford detector in the hours
of data surrounding GW231123, but we found no evi-
dence that this impacted the analysis of GW231123.

In LIGO Livingston data, a glitch was identi ed 3.0{
2.0 s before the event, in a frequency range between
10{20 Hz. Given that LIGO Livingston had recurring
low-frequency scattered light glitches (Soni et al. 2025),
this glitch was likely caused by scattered light. We de-
termined the time{frequency pro le of the glitch to have
no measurable e ect on the GW231123 analysis, so the
analyses from here on use the LIGO Livingston original
data and the LIGO Hanford glitch-subtracted data.

4. SOURCE PROPERTIES

In the following, we describe the methods used to es-
timate the source properties (Section 4.1), and how we
deal with the systematic di erences in results from mul-
tiple signal models (Section 4.2). Having discussed our
methods and sources of error, we present and discuss our
estimates of the source properties in Section 4.3, and -
nally our waveform consistency checks (Section 4.4).

4.1. Methods

We report the properties of GW231123 using signal
models for non-eccentric BBH mergers in a coherent
Bayesian analysis (Abbott et al. 2016a) of the LIGO
Hanford and LIGO Livingston data around the time of
GW231123. (We discuss potential eccentricity further
in Section 6.) We calculate the likelihood using 8s of
data (6s before and 2 s after the reported merger time of
GW?231123), and consider frequencies within the range
20{448 Hz. This range was chosen to contain the signal
based on preliminary analyses at the time of the event,
and to avoid loss of power at high frequencies due to
low-pass Itering of the data (Abac et al. 2025b). All
analyses employ standard priors used in previous anal-
yses (Abbott et al. 2021a, 2024a, 2023a), and we use a



Planck 2015 CDM cosmology (Ade et al. 2016). The
NRSuUR analysis employs a reduced prior mass range
due to model constraints, mass ratios below 6:1. The
other models employ a wider mass prior, mass ratios
below 10:1, and no posterior support is found beyond
the NRSuUR analysis. We characterise the detector noise
via the median estimate of di erent power spectral den-
sity (PSD) realizations calculated with BayesWave (Cor-
nish & Littenberg 2015; Littenberg & Cornish 2015).
As done previously (Chatziioannou et al. 2019; Abbott
et al. 2023a), we calculate the median PSD for data
containing the trigger. To sample the posterior distri-
bution, we interface with the DyNESTY nested sampling
package (Speagle 2020) via the BILBY library (Ashton
et al. 2019; Romero-Shaw et al. 2020b). We present re-
sults with 1000 live points, and verify that the results
remain consistent when the number of live points is in-
creased to 3000, as well as when we lower the frequency
range to include data between 16{20 Hz.

4.2. Waveform Systematics

The source properties of GW231123 lie in a challeng-
ing region of parameter space for current waveform mod-
els, to such an extent that measurements using di er-
ent models show signi cant disagreement, with multiple
parameters failing to agree within 90% credible inter-
vals. (See Appendix A for examples.) For typical sig-
nals, our models are well within our observations’ ac-
curacy requirements, and the level of model disagree-
ment for GW231123 has not been seen in any previous
LVK GW observation with moderate SNRs (>12). All
models show strong support for spins >0.8, and since
no theoretical signal model is calibrated to numerical-
relativity (NR) waveforms from precessing binaries with
spins above 0.8, waveform uncertainties are one possible
cause of the measurement di erences. Hence, before pre-
senting the source properties, we describe how we quan-
tify waveform-model uncertainties. We do not study in
detail the impact of Gaussian noise uctuations or low-
SNR glitches that are di cult to identify and mitigate
using the methods presented in Section 3.

We consider ve state-of-the-art inspiral{merger{
ringdown (IMR) signal models, NRSurR7DQ4 (NRSUR;
Varma et al. 2019), SEOBNRv5PHM (v5PHM;
Ramos-Buades et al. 2023a), IMRPHENOMT-
PHM (TPHM; Estelles et al. 2022a), IMRPHENOMX-
PHM (XPHM; Colleoni et al. 2025) and IMRPHE-
NOMXO4A (XO44a; Thompson et al. 2024). The rst
three model the signal in the time domain while the
latter two natively employ the frequency domain. All
models use information from numerical relativity to in-
form the merger-ringdown in the aligned-spin sector.
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However only NRSuUR; fully interpolates two-spin pre-
cessing systems in the precessing sector, while XO4A
is calibrated to single-spin precessing systems; all other
models employ results from post-Newtonian and per-
turbation theory through merger and ringdown. (More
details are given in Appendix A.) The model papers
referenced here include studies to assess the accuracy of
these models across the BBH parameter space, but here
we focus on the likely region of parameter space for this
observation; high total mass, ¢ = my/my 1/3, and
moderate to high spins.

We quantify the models’ accuracy against NR results,
including a set of simulations that extend up to spins
of 0.95 (Boyle et al. 2019; Hamilton et al. 2024; Scheel
et al. 2025). A standard waveform accuracy measure is
the mismatch between two waveforms (Cutler & Flana-
gan 1994), where waveform uncertainties will not bias
a parameter measurement if the model’s mismatch un-
certainty is less than x2(1  p)/(2p?) (McWilliams et al.
2010; Baird et al. 2013), where p is the SNR and x2(1 p)
is the chi-square value for k degrees of freedom at proba-
bility p. For single-parameter measurements & = 1 pro-
vides a lower bound (Thompson et al. 2025), so the mis-
match criterion for the 90% credible interval at p = 22
is 1.35/p% = 0.0028. Figure 2 reports the distribution of
mismatches of each model against 1123 NR waveforms
with ¢ 1/3, all scaled to the redshifted (detector-
frame) total mass (1 + z)M = 300 M, at six equally
spaced inclinations in cos: from . = 0 to «/2 inclu-
sive. The mismatches are calculated for precessing sys-
tems (Schmidt et al. 2015; Harry et al. 2016) follow-
ing the procedure described in Hamilton et al. (2021),
maximising over time shifts, a global phase and tem-
plate polarisation and optimising over in-plane spin ro-
tations. A subset of the simulations come from the third
release of the SXS catalog (Scheel et al. 2025) and con-
tain GW memory, which introduces a constant late-time
o0 set that we handle for the mismatch calculations with
a highpass Itering technique (Xu et al. 2024; Valencia
et al. 2024; Chen et al. 2024) to mitigate possible arte-
facts in the Fourier domain. We employ the same PSD
for the LIGO Livingston detector as utilised in the co-
herent Bayesian analysis. NRSUR performs better than
the other models (by roughly an order of magnitude for
low-spin cases), and all other models have comparable
accuracy. However, NRSUR does not meet the conserva-
tive accuracy criterion for all cases, and for spins greater
than 0.8 the mismatches are higher in 10% of 98 cases.
Even if we apply a less conservative mismatch criterion
from the literature (e.g., with £ = 7 for non-eccentric
binaries and p = 0.67 (Chatziioannou et al. 2017; Scheel
et al. 2025) we have 0.0072) there are con gurations
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Figure 2. Mismatch accuracy of the waveform models con-
sidered in this paper against 1123 NR simulations at a total
mass of 300M and a range of inclinations between =0
and =2. The vertical dashed line at a mismatch of 0.0028
shows the conservative criterion discussed in the text.

where NRSUR exceeds the criterion (2%). The relative
accuracy of models is also not uniform across all cases,
e.g., we nd cases in which other models show compa-
rable or improved performance relative to NRSUR.

To test whether these waveform uncertainties will re-
sult in biases, we performed our standard Bayesian pa-
rameter estimation analysis on a series of NR injections,
as detailed in Appendix A. We observe that, while the

ve models considered here perform well for most sig-
nals, there are con gurations where all models may incur
biases for massive high-spin signals. We also nd that
the relative performance of each model can change in
the presence of Gaussian noise, although this requires
more detailed study in future work. To properly cor-
rect for this, we would ideally marginalise over wave-
form uncertainties or incorporate model accuracy into
Bayesian analyses (Read 2023; Khan 2024; Hoy et al.
2024; Pompili et al. 2024; Kumar et al. 2025; Mezzasoma
et al. 2025). Without access to a model of the waveform-
model uncertainties, we follow what has been done pre-
viously (Abbott et al. 2016a) and combine the results
from multiple models to marginalise over the model un-
certainties. In choosing models in addition to NRSUR,
we note that all other models exhibit a comparable range
of mismatches, and no model is clearly preferred in our
injection studies, and so we include all ve state-of-the-
art models. We combine posterior results inferred from
NRSur, v6PHM, TPHM, XPHM, XO4A with equal
weight and report the combined samples throughout this
paper. To illustrate the variation between the combined

Table 2. Source properties of GW231123.

Primary mass m;=M 13733
Secondary mass my=M 1017322
Mass ratio g = mo=m; 0:74%0:2%
Total mass M=M 236739
Final mass M¢=M 22228
0:90"5:15
0:8079:55
0:32*5:1
0:77*5:15

0847503

Primary spin magnitude ;
Secondary spin magnitude -
E ective inspiral spin g

E ective precessing spin

Final spin ¢

Luminosity distance Dr.=Gpc 2:2+12
Inclination angle jn=rad 1:3%9%9
Source redshift z 0:4070:37

Network matched Iter SNR 20:715%

NoTE | We report combined results from ve models that
have been mixed with equal weight. In most cases we present
the median value of the 1D marginalized posterior distribu-
tion and the 90% symmetric credible intervals. For proper-
ties that have physical bounds, including the primary spin
magnitude, secondary spin magnitude, mass ratio, e ective
precessing-spin, inclination angle and the nal spin of the
remnant, we report the median value as well as the 90%
highest posterior density (HPD) credible interval. The incli-
nation of the binary is de ned as the angle between the total
angular momentum and the line of sight, ;x. All mass mea-
surements are reported in the source frame. Our results are
reported at a reference frequency of 10 Hz. Results obtained
with individual models can be found in Appendix B.

results and single models, in some gures we also show
the NRSUR results. In some analyses we expect the
choice of model to have little impact, e.g., the detection
signi cance study in Section 2, and in these cases, we
use only the NRSuURr samples.

4.3. Inference

Our Bayesian analysis indicates that GW231123 was
produced from a high-mass compact binary merger
with highly spinning components. We infer individual
source component masses my = 137%33 M. and m, =
10125 M, with spin magnitudes y; = 0.90*5:39 and
x2 = 0.8075:25. We present a summary of the key source
properties of GW231123 in Table 2. Unless otherwise
stated, we report all mass measurements in the source
frame, and all measurements correspond to the median
and 90% symmetric credible level.
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Figure 3. The posterior distribution of the primary and
secondary source masses. We show the posterior distribution
resulting from equally combining samples from ve waveform
models that include precession and higher-order multipoles
(purple). We separately show the posterior distribution ob-
tained with NRSuUR (green dash dot). We compare against
estimates for the source frame masses of GW190521 (red
solid, Abbott et al. 2020d,e, 2023a). Each contour, as well
as the colored horizontal and vertical lines, shows the 90%
credible intervals. In blue dashed we show the posterior pre-

dictive distribution for the largest BH mass mS2%, in mock

catalogs similar to GWTC-3 (Abbott et al. 2023a,b); see Sec-
tion 6. The solid orange bands show the putative mass gap
from (pulsational) pair instability from 60{130M .

Although we observe di erences depending on the
model, the primary and secondary component masses
nevertheless have a signi cant probability of lying within
the mass gap from (pulsational) PISN processes, as
shown in Figure 3, where we assume a nominal gap
ranging from 60{130 M, (see Section 6 for a de-
tailed discussion). The binary’s total mass is con-
strained to be within 189{266 M. This measurement
exceeds the 95th percentile of the inferred total mass
from GW190521 (Abbott et al. 2023a). Assuming a
FAR threshold of one per year, similar to Abbott et al.
(2023b), the source of GW231123 is the highest mass
BBH observed by the LVK to date; other lower sig-
ni cance high-mass observations have been discussed
in Abbott et al. (2024a); Wadekar et al. (2023); Williams
(2025); Ruiz-Rocha et al. (2025).

We consistently infer that both BHs are highly spin-
ning independent of the model we use. As shown in Fig-
ure 4, we infer that the primary spin magnitude x; 0.7
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Figure 4. The posterior distribution of the primary and
secondary spin magnitudes. We show the posterior distribu-
tion based on the combined samples (purple) and from the
NRSur7dg4 waveform model (NRSur, green dash dot). Each
contour, as well as the colored horizontal and vertical lines,
shows the 90% credible intervals.

at 91% probability and the secondary spin magnitude
X2 0.7 at 63% probability, see Sec. 6.5 for details.
The primary component of GW231123 has one of the
highest con dently measured BH spins observed through
GWs (evidence for highly spinning BHs has also been
presented in Hannam et al. 2022; Nitz et al. 2020; Ab-
bott et al. 2024a, 2023a; Wadekar et al. 2023; Williams
2025).

We are unable to reliably infer the spin orientation
of the binary; we infer polar angles between each spin
vector and the orbital angular momentum that vary
not only between models, but also when independently
analysing data obtained by LIGO Livingston compared
to LIGO Hanford, see Appendix B. In an attempt to
understand these di erences we carried out a series of
analyses with di erent frequency ranges. We found that
all models consistently infer greater support for spin
components aligned with the orbital angular momen-
tum, and no sign of systematics, when independently
analysing LIGO Hanford data, and when excluding data
from LIGO Livingston below 50 Hz. However, as with
the systematics issues discussed in Section 4.2 and Ap-
pendix A, we were not able to conclusively reproduce
this behaviour with injections of mock signals, and did
not nd any signi cant noise features below 50 Hz that
could be the cause, although we did not perform a de-
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tailed study of Gaussian noise uctuations or low-SNR
glitches. When spin misalignment is inferred, we are un-
able to conclusively constrain the spin orientation away
from aligned.

The uncertainty in the spin misalignment a ects the
inferred e ective inspiral spin xe. , which parameter-
izes the spin aligned with the orbital angular momen-
tum (Santamaria et al. 2010; Ajith et al. 2011). Neg-
ative ye would imply that at least one spin is mis-
aligned with the orbital angular momentum by more
than ninety degrees. We cannot rule out y. < 0, but
there is an 89% probability that y. is positive. The
inferred e ective precessing spin (Schmidt et al. 2015)
is consistently measured between models and deviates
from the prior, xp = 0.77035. Although we infer
variation between models, we consistently obtain large
Bayes factors (10% : 1 108 : 1) in favor of the precess-
ing hypothesis compared to the spin-aligned hypothe-
sis (spins aligned with the orbital angular momentum).
Since the distribution of Bayes factors from noise alone
is unknown, we additionally quantify the evidence for
precession in GW231123 by computing the precession
SNR, pp (Fairhurst et al. 2020a,b). In the absence of
any precession in the signal, we expect pp, < 2.1 in 90%
of cases. We infer an SNR of p, = 2.0%32. Although
the high SNR tail is consistent with the large Bayes fac-
tors (Green et al. 2021; Pratten et al. 2020b), we infer
non-negligible support below pp, = 2.1. We are therefore
unable to con dently claim precession in GW231123.
GW190521 was also found to exhibit mild evidence for
spin-precession (Abbott et al. 2020d,¢e).

We observe signi cant di erences in the inferred lu-
minosity distance and inclination angle of GW231123’s
source, depending on the model, although we repeat-
edly infer nearly symmetric distributions for the inclina-
tion angle around 7/2rad for all models except XO4A.
We also infer substantial variation in the detector-frame
quantities, despite seeing agreement between several
models in the source-frame parameters. See Appendix A
for a detailed discussion. Owing to disagreements in the
inferred inclination angle of the binary, we similarly ob-
serve di erences in the inferred SNRs in each higher-
order multipole obtained by each model. Following the
methodology in Abbott et al. (2020f,g), where for each
multipole the IMRPHENOMXHM signal model (Garc a-
Quiros et al. 2020) is used to remove any contribution
parallel to the dominant multipole and to calculate the
orthogonal optimal SNR (Mills & Fairhurst 2021), we
nevertheless nd that all models provide support for the
(¢,m) = (3,3) multipole in GW231123. We infer an av-
erage orthogonal optimal SNR of 3.3 when combining
the results from all models with equal weight.

The properties of the remnant BH are estimated in
di erent ways depending on the model. We apply the
NRSURTDQ4REMNANT model (Varma et al. 2019) to
the samples obtained by NRSUR, and we average several

ts calibrated to numerical relativity simulations (Hof-
mann et al. 2016; Healy & Lousto 2017; Jimenez-Forteza
et al. 2017) for samples obtained by v5PHM, TPHM,
XPHM, XO4A. When combining the results with equal
weight, we infer the nal mass and spin of the remnant
BH to be M; = 22235 M, and yr = 0.84*5:% respec-
tively. For certain binary con gurations, the remnant
BH may receive a recoil velocity that is enough to eject
the remnant from its host galaxy (Merritt et al. 2004).
We infer a measurement of the remnant BH’s recoil ve-
locity that di ers from the e ective prior distribution:
ve = 8847313 kms—1. This measurement is based on the
NRSuUR analysis and the NRSUR7DQ4REMNANT rem-
nant model, the only t providing recoil velocities esti-
mates (Varma et al. 2019, 2020).

4.4. Waveform Consistency Checks

To further assess whether a CBC signal with the in-
ferred parameters in Section 4.3 adequately represents
the data, we perform several consistency checks using
a signal-agnostic approach that reconstructs coherent
transient power, and through a model incorporating a
modi ed wave dispersion relationship. First, we com-
pare the waveform of the maximum-likelihood sample
from parameter estimation in Section 4.1 to one ob-
tained through minimally modelled analyses that make
no assumptions about the source or morphology of the
signal (Szczepanczyk et al. 2021; Salemi et al. 2019;
Ghonge et al. 2020). Second, we conduct a resid-
uals analysis, subtracting the best- t waveform from
the detector data and searching for coherent residual
power (Abbott et al. 2021b). Discrepancies between
the modelled and minimally modelled waveforms, or the
presence of signi cant excess residual power, could indi-
cate physical e ects in addition to or alternative to those
in our BBH signal models or unaccounted-for noise fea-
tures (Johnson-McDaniel et al. 2022).

For the waveform reconstruction comparisons, we use
BayesWave (Cornish & Littenberg 2015; Cornish et al.
2021; Chatziioannou et al. 2021), cWB-2G (Klimenko
et al. 2008, 2016a; Drago et al. 2020), and cWB-
BBH (Mishra et al. 2025) for the minimally modelled
analysis. To evaluate the agreement between the sig-
nal as found by the modelled analysis and minimally
modelled approach, we calculate the overlap between the
maximum-likelihood sample from parameter estimation
using the NRSUR model and the median BayesWave
or cWB maximume-likelihood waveform. An overlap of



1 indicates perfect agreement, while an overlap of 0
indicates no similarity between waveforms. To assess
whether the overlaps are consistent with signals of com-
parable parameters and noise realizations, we perform
a dedicated set of injections wherein we inject wave-
forms generated by draws from the posterior distribu-
tion of the source parameters into detector data sur-
rounding the event. The BayesWave analysis performed
400 injections into approximately 8 hours of data sur-
rounding the event, and the cWB analysis injected about
2800 draws from the posterior distribution in an inter-
val of two weeks around the event. We nd good agree-
ment between the minimally modelled and CBC wave-
form reconstructions. The overlaps between the CBC
maximum-likelihood waveform and BayesWave, cWB-
2G, and cWB-BBH are 0.97, 0.96, and 0.98, respec-
tively. Compared to the distributions of overlaps from
the injections, the p-values (de ned as the fraction of
injections with overlaps below that of the real event)
are 0.74, 0.57, and 0.92 for BayesWave, c(WB-2G, and
cWB-BBH, respectively. Under the hypothesis that the
overlaps between the BayesWave and cWB reconstruc-
tions with the maximume-likelihood waveform are drawn
from the same distribution as the injection overlaps, the
p-values should be distributed uniformly from 0 to 1,
so these results indicate that the overlaps are consistent
with expectations from systems similar to GW231123.

For the residuals test, we produce residual data
by subtracting from the original data the maximum-
likelihood waveform from the NRSUR parameter estima-
tion samples. If the signal has been modelled su ciently,
the residual data should be consistent with Gaussian
noise. We analyze the residual data with BayesWave,
and calculate the 90% credible upper limit on the recov-
ered network SNR (SNRgg). To compare to expected
values of SNRgg, We also analyze segments of data (with
no injected signal) selected randomly from 16384 s of
data surrounding the event, and calculate the probabil-
ity of obtaining an SNRgg higher than that of residual
data. Details of this procedure can be found in (Abbott
et al. 2021b). We nd no signi cant excess SNR in the
residual data beyond what is expected from only Gaus-
sian noise. Compared to the distribution of SNRgg from
the noise-only runs, the p-value is 0.35. This further
con rms that minimally modelled tests do not ag any
features in the data missed by the analyses described in
Section 4.1.

We additionally search for post-ringdown echo sig-
nals (Tsang et al. 2018, 2020) with a BayesWave-based
search, nding negative evidence for their presence (as
quanti ed by the Bayes factor log,, B9 < 0), con-

noise
sistent with the above ndings. As a nal consistency
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check, an analysis incorporating a modi ed wave dis-
persion relation due to non-zero graviton mass (Abbott
et al. 2021b) yields agreement with massless wave prop-
agation when based on the NRSuUr or TPHM mod-
els. Instead, when assuming the XPHM or XO4A tem-
plates, a statistically signi cant violation is found, sug-
gesting missing signal components not captured by these
models, which is consistent with the discussion of sys-
tematics in Section 4.2.

5. BLACK-HOLE RINGDOWN

Massive systems dominated by merger-ringdown, such
as GW231123, are ideal to test the BH signal inter-
pretation by applying BH spectroscopy techniques (De-
tweiler 1980; Dreyer et al. 2004; Berti et al. 2006, 2009,
2025), yielding remnant properties under minimal as-
sumptions on the remnant formation process. We t
superpositions of damped sinusoids, aiming to associate
them with characteristic quasi-normal modes (QNMs) of
a BH, which drive its relaxation to equilibrium. In prin-
ciple, the resulting parameter estimates make it possible
to robustly validate IMR measurements, since a QNM
description is generic to any BH remnant (e.g., a BH
formed from an eccentric binary).

We truncate portions of data in the time
domain at di erent analysis start times tstart,
and t two sets of models. The rst (DS-N)
i§ a superposition of N  damped-sinusoids

oy Ajell? B taan )+ jle=(ttan )= with constants
Aj, i, fj, 7j as free parameters, assuming f; > 0 (cir-
cularly polarized wave). In the second (Kerr), complex
frequencies are identi ed with QNMs of a Kerr BH,
fi = f‘mn(Mfdet7Xf) and Ti = T‘mn(Mdet7Xf)v with de-
tector frame (redshifted) mass M€, spin x¢, and ¢mn
the QNM angular (¢, m) and overtone (n) indices. In
addition to the longest-lived ¢mn = 220, we consider
tmn = 221,210,200, 330, 320, 440g, the linear QNMs
with the largest predicted amplitudes for binary merg-
ers (Kamaretsos et al. 2012; London et al. 2014; Cheung
et al. 2024; Zhu et al. 2025; Nobili et al. 2025; Carullo
2024). Here, we include both f-y, contributions,
accommodating generic signal polarizations, and Mget
enters the expression as mode amplitudes Ay, are
degenerate with the source distance.

We use the pyRing pipeline (Carullo et al. 2019) with
standard analysis settings (Isi & Farr 2021; Abbott et al.
2021b; Gennari et al. 2024). We pre-condition the data
by subtracting the 60 Hz power line, which reduces the
required analysis duration to 7' = 0.2s (Siegel et al.
2025). We sample the posterior distribution using the
CPNest nested sampling algorithm (Veitch et al. 2020).

Times are relative to tgg;k = max[h3 (t) + h2 ()] =
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Figure 5. Two-dimensional frequency and damping time
posterior distribution (90% credible levels), when starting
the analysis at late times and assuming a single damped si-
nusoid with positive frequency; the combined IMR estimates
for the longest-lived “mn = 220 QNM are shown for compar-
ison. For visualisation purposes, we display up to 1 = 45ms,
while the posterior tail extends up to ; = 80ms.

1384782888.5998s in the LIGO Hanford data, compati-
ble with the median of the polarizations peak time from
the NRSUR reconstructed waveform, subject to an un-
certainty O(0.01)s. The sky location is xed to a value
compatible with the NRSur maximum likelihood value,

xing the analysis start time in LIGO Livingston, as re-
quired by the truncated time-domain formulation of the
analysis (Isi & Farr 2021). We have veri ed that repeat-
ing the analysis at di erent sky location values drawn
from the NRSuR posterior does not a ect our conclu-
sions.

Damped sinusoids are expected to be valid in
the stationary regime of BH relaxation, typically
[10,20]GMEet /2 (namely [14.7,29.4]ms assuming
MgEet = 208M,) past the signal peak; tting earlier may
provide spurious support for additional modes (Berti
et al. 2025). However, a time-domain waveform re-
construction of GW231123 indicates a highly complex
morphology, displaying a monotonic decay only after
gstrain = 4Pol 4 19 ms. This is signi cantly later than

peak peak
after which monotonic decay is ex-

the nominal tgg'ak,
pected for vanilla signal morphologies; see Appendix C.

Given this uncertainty, we explore a wide range of times
tstart = tgg;k +[ 7.4,58.7]ms in steps of  3ms.

Fits that start at late times %t = (POl + 41ms,
when we are con dent on the validity of an exponen-
tial decay description, nd preference for a single mode
with both models (as quanti ed by Bayes factors B). A
single damped sinusoid (DS-1) t yields a multi-modal
fi  m distribution, shown in Figure 5, unlike what is
observed in previous events at such late times. One peak
with fi 68Hzand A; 2 1022 overlaps with the
dominant Kerr ¢mn = 220 frequency f2po as predicted
by IMR models, supporting the BH hypothesis. The
damping time spans a broad range, overlapping with
To220. A second peak is centred around f;  45Hz, cor-
relating with a larger amplitude value 4, 6 1022,
Among linear Kerr QNMs predicted by the IMR mod-
els, this frequency peak shows the largest overlap with
f200. The damping time is also bimodal: the peak as-
sociated to f; 45Hz is centred around -,  10ms, a
smaller value compared to 7590 18 ms, but overlapping
the latter distribution. Under a Kerr 220 t, the two-
dimensional MfdEt { xs distribution is also multi-modal:
one peak overlaps with the IMR predictions, while a
second prefers lower remnant spins.

Fitting at earlier times, Bayes factors indicate over-
whelming preference (log;qB > 6) for two modes over
one until teare ~ tgg;k + 32.3ms in both the DS-N
and Kerr models, but in this range we may be t-
ting a complex merger signal, and a QNM superposi-
tion may not be valid. At these early times, a DS-2 t
yields two frequencies consistent with the two peaks ob-
served at later times. Amplitudes and damping times
are comparable in magnitude between the two damped
sinusoids, and both damping times are larger than the

10ms peak observed at later times. In addition to
the 220 mode, in the time range explored we nd the
Kerr 320,210,200 modes to be on average the most
favoured by Bayes factors, while 330 is preferred around
tstart ” thon +23.5ms. The Kerr two-modes combina-
tions robustly yield a massive remnant, M€t & 200M ,
also at these earlier times.

These multi-mode combinations are in tension with
IMR analyses. The most favoured Kerr mode in ad-
dition to the 220 according to Bayes factors, the 320,
implies a Mt { x¢ distribution that does not overlap
with IMR estimates. Adding 210 only results in par-
tial overlap, while the 221 overlaps to a larger degree.
However, the short-lived 221 mode alone is not expected
to give rise to the features observed in the signal un-
til late times. The 200 mode addition results in the
most signi cant overlap, with a 200 amplitude compa-
rable to the 220, consistently with later times results.



While ¢mn = 210,200 QNMs can be strongly excited
in highly precessing systems with large mass asymme-
try (O’Shaughnessy et al. 2013; Zhu et al. 2025; No-
bili et al. 2025), the IMR analyses of GW231123 pre-
dict minimal power in the 200 mode, as discussed in
Appendix D. Highly eccentric con gurations can excite
m = 0 modes (Sperhake et al. 2008), but we lack su -
ciently complete merger{ringdown models for eccentric-
binary signals to reliably assess this possibility; see Sec-
tion 7 for further discussion. DS-N analyses with N > 3
did not prefer more than two modes, but future inves-
tigations will be required to determine whether the ob-
served features can be induced by a superposition of
many overlapping modes.

In summary, the Kerr ts recover the remnant
spin with large uncertainty, and they robustly predict
Mget & 200M ¢, at all times, supporting the interpre-
tation of a massive BH remnant. Further investiga-
tions will be required to characterize the nature of the
bi-modal features persistently observed in the signal
and consistently interpret the multi-mode ts at ear-
lier times. Given these large uncertainties, we do not
consider tests of the no-hair properties of BHs in gen-
eral relativity that would be enabled by a con dent two-
mode identi cation (Detweiler 1980; Dreyer et al. 2004;
Berti et al. 2006, 2009; Gossan et al. 2012; Brito et al.
2018; Carullo et al. 2018; Bhagwat et al. 2020; Isi & Farr
2021; Berti et al. 2025).

6. ASTROPHYSICAL IMPLICATIONS

Here, we discuss the astrophysical implications of the
large masses and spins of GW231123’s source and its
possible origin given current understanding of (pulsa-
tional) PISNe and formation channels of merging BBHs.

6.1. Single-event rate estimate

First, we quantify the merger rate of GW231123-like
events following (Kim et al. 2003; Abbott et al. 2016b).
The sensitive volume{time of the detectors to signals
whose source properties are consistent with the posterior
distribution of GW231123 is estimated using the cWB-
BBH results for the injection campaign in Section 2.
Assuming a constant merger rate R over conBﬂng vol-
ume and source-frame time with prior / 1/° R and a
Poisson likelihood for the number of triggers, we nd
R = 0.08*9:39 Gpc—3yr—t. This is consistent with the
rate of mergers like GW190521 (0.1379% Gpc—3yr1;
Abbott et al. 2020d,e) and upper limits of IMBH merg-
ers (e.g., even the most stringent 90% upper limit <
0.06 Gpc3yr—! from Abbott et al. 2022 and see Ta-
ble 3 therein for constraints across source properties),
but lower than the overall rate of BBHs with compo-
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nent masses < 100 M, inferred through GWTC-3 (16{
61 Gpc—3yr—1; Abbott et al. 2023b).

6.2. Relation to the previous inferred population

To further assess GW231123 in the context of the 69
BBH mergers with FARs < 1yr~! through GWTC-3
(Abbott et al. 2023a) and test if its masses and spins are
surprising, we perform posterior predictive checks based
on the ducial BBH population t from (Abbott et al.
2023b, Section 111 C; we extend the prior on the maxi-
mum BH mass up to 200 M, as there is support from
GW190521 above the limit of 100 M, imposed in the
original GWTC-3 analysis). From the inferred popula-
tion, we construct mock catalogs containing 69 detected
events and plot the distribution of their largest BH mass

83*33 My, in Figure 3. Using the combined parameter
estimates in Section 4.3, the primary mass of GW231123
falls at the 98™Z % level of this distribution, indeed indi-
cating that this event is an unlikely draw. However, due
to large uncertainties in its masses, it is not conclusively
an outlier as it may be less massive than the most mas-
sive mock events (equivalent comparisons for secondary
and total mass are less signi cant). Similarly, the largest
BH spin in these catalogs is 0.78"3:1%, against which the
primary and secondary spins of GW231123 can fall at
any percentile and thus are not outliers. Compared to its
masses, the spins of GW231123’s source are more con-
sistent with the known population as it does not rule
out large values.

6.3. Possible formation channels

From theoretical predictions for the late-stage evolu-
tion of massive stars (Fowler & Hoyle 1964; Barkat et al.
1967; Rakavy & Shaviv 1967; Fraley 1968; Bond et al.
1984; Woosley et al. 2002; Woosley 2017), contraction
of the core leads to electron{positron pair production
that reduces internal pressure support, causing further
contraction that powers explosive nuclear burning and a
rebounding shock. For helium-core masses  32{64 M.,
multiple pulsational episodes can eject su cient mate-
rial to reduce the mass below the pair-instability regime,
ending with a BH remnant. A single pulse can entirely
disrupt stars with larger helium cores, leaving behind no
remnant in a PISN. At even larger helium-core masses
& 135 M, this is avoided as the high core temperature
results in photodisintegration that accelerates gravita-
tional collapse to a massive BH. This leads to the robust
prediction from single-star evolution of the existence of
a gap in the BH mass distribution. Though this gap is
broadly consistent with the range  60{130 M, there
are several theoretical uncertainties that a ect both the
lower edge and total extent of the gap (Belczynski et al.
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2016; Stevenson et al. 2019; Farmer et al. 2019; Mapelli
et al. 2020; Renzo et al. 2020b; Marchant & Moriya 2020;
Woosley & Heger 2021; Hendriks et al. 2023). Uncer-
tainties in nuclear reaction rates alone can shift the lower
edge of the pair-instability mass gap from 50 M, to

100 M, (Farmer et al. 2020).

Some stellar and binary evolution processes are pre-
dicted to be able to populate the pair-instability mass
gap. Weaker stellar winds (Mapelli et al. 2020) or core
dredge-up episodes (Costa et al. 2021) may allow a star
to retain a hydrogen envelope and collapse to a BH
with mass inside the gap (Spera et al. 2019). Short-
period stellar binaries might avoid merging and produce
binary BHs with large, equal masses 100 M from
rapidly rotating metal-poor stars due to chemically ho-
mogeneous evolution (de Mink & Mandel 2016; Mandel
& de Mink 2016; Marchant et al. 2016). However, most
models of isolated-binary formation predict small natal
spins and at most one of the BHs spinning, due to tidal
synchronization or accretion-induced spin up, and so bi-
naries with masses and spins like those inferred from
GW231123 are di cult to form (Belczynski et al. 2020;
Qin et al. 2018; Fuller & Ma 2019; Bavera et al. 2020;
Belczynski et al. 2020; van Son et al. 2020). In fact, the
components BHs and especially the primary are so mas-
sive that they may have formed through core collapse
above the pair-instability mass gap (Ezquiaga & Holz
2021; Franciolini et al. 2024).

Alternatively, in hierarchical mergers, one or both of
the binary components is the product of a previous BBH
merger, with characteristically large masses and spins
(Gerosa & Fishbach 2021). As seen in Figure 4, the spins
inferred from GW231123 may be even larger than typ-
ically predicted from hierarchical BH mergers (Gerosa
& Berti 2017; Fishbach et al. 2017), although the ex-
pected distribution for sources retained in their host en-
vironments may accommodate a wider range of spins
(Borchers et al. 2025). Previous analyses have suggested
evidence for hierarchical mergers in GW catalogs (Kim-
ball et al. 2021; Mould et al. 2022; Wang et al. 2022; Li
et al. 2024; Pierra et al. 2024; Hussain et al. 2024; An-
tonini et al. 2025), but the population of BH remnants
receive gravitational recoils as high as 102{10*kms~?
(Doctor et al. 2021; Mahapatra et al. 2021), requiring
environments with high escape speeds (Antonini & Ra-
sio 2016) such as dense stellar clusters (Miller & Hamil-
ton 2002; Antonini et al. 2019; Rodriguez et al. 2019;
Fragione & Silk 2020; Mapelli et al. 2021; Arca Sedda
et al. 2021; Kritos et al. 2023; Mahapatra et al. 2025) or
active galactic nucleus (AGN) disks (Bartos et al. 2017,
Stone et al. 2017; Mckernan et al. 2018; Yang et al. 2019;

Tagawa et al. 2020; McKernan et al. 2020; Vaccaro et al.
2024; Arca Sedda et al. 2023b) to be retained.

This is in contrast to stellar mergers, which receive
smaller recoils from asymmetric mass loss (Gaburov
et al. 2010; Glebbeek et al. 2013) and therefore may be
more e cient at producing BHs with large masses in dy-
namical environments. The large masses inferred from
GW231123 may be explained by multiple such merg-
ers in dense clusters or multiple systems (Mapelli 2016;
Di Carlo et al. 2020; Renzo et al. 2020a; Kremer et al.
2020; Gonzalez et al. 2021; Rizzuto et al. 2022; Costa
et al. 2022; Arca Sedda et al. 2023a), a scenario that
could also describe the formation of massive central BHs
(Portegies Zwart et al. 2004; Greene et al. 2020).

Besides mass transfer between the components of a
stellar binary, BH mass growth may also occur via ac-
cretion in other gaseous environments. BHs embedded
in the disk of an AGN may accrete material directly
from the disk or from collisions with disk stars (McK-
ernan et al. 2012). Similarly, in dense clusters, BHs
may accrete from stars after undoing dynamical interac-
tions (Giersz et al. 2015; Lopez et al. 2019; K roglu et al.
2025). Furthermore, these accretion processes may also
increase BH spins.

A di erent possibility is that of primordial BHs being
the binary components, which may exist across a range
of mass scales, including within the pair-instability mass
gap (Bird et al. 2016, 2023; Clesse & Garc a-Bellido
2017, 2022). However, there are remaining theoretical
uncertainties, e.g., on whether primordial BHs could ac-
crete su ciently to spin up as rapidly as the BHs in-
ferred from GW231123 (Green & Kavanagh 2021).

Altogether, these theoretical predictions and their un-
certainties make it di cult to determine whether or not
the BHs in the source of GW231123 have an astrophys-
ical origin directly from stellar collapse. We quantify
this in more detail below.

6.4. Stellar collapse

To account for a range of possible locations for the
pair-instability mass gap, in Figure 6 we compute the
probability that one or both component masses fall
within the gap as a function of its lower edge from 40{
100 My, and upper edge from 120{180 M, using the
combined parameter estimates. In the following, we
guote these probabilities speci cally for the putative gap
60{130 M. The probabilities that the secondary (pri-
mary) BH lies in, above, and below this gap are 83%
(28%), 1% (72%), and 16 % (0%), respectively. Con-
sidering scenarios in which at least one of the compo-
nents falls in this gap, the joint probability that: both
BHs are in the gap (upper left panel of Figure 6) is 26 %);
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Figure 6. Probability using the combined parameter es-
timates for GW231123 that: both BHs are in the pair-
instability mass gap (top left); the primary is above the gap
and the secondary is within (top right); the primary is within
and the secondary is below (bottom left); the primary is
above and the secondary is below (bottom right). Probabil-
ities are computed varying the lower and upper edges of the
gap, while dashed lines mark constant gap widths.

the primary is above while the secondary is within (up-
per right) is 57 %; and that the primary is within while
the secondary is below (lower left) is 2%. Alternatively,
a scenario with neither BH in the gap is possible in the
case of a straddling binary (Fishbach & Holz 2020), with
a primary BH above the upper edge and secondary be-
low the lower edge (lower right) having a probability of
14 %.

Overall, this implies that within the uncertainties on
the combined parameter estimates (assuming our de-
fault prior) and the location of the pair-instability mass
gap, scenarios with both BHs outside the gap have lower
probability than those with at least one BH in the gap.

6.5. Hierarchical mergers

Given the high probability of at least one of the
BHs lying inside the pair-instability mass gap, we con-
sider the possibility that this is due to repeated BBH
mergers. Assuming hierarchical origins, several works
have inferred the source properties of potential BBHs
whose merger products are observed with GWs in a
subsequent merger (Baibhav et al. 2021; Barrera &
Bartos 2022; Alvarez et al. 2024; Mahapatra et al.
2024). We follow (Alvarez et al. 2024) and use the
NRSURTDQ4REMNANT surrogate model (Varma et al.
2019) to nd the distribution of BBH source proper-
ties such that the corresponding distribution of BH rem-

23

nant properties reproduces the combined parameter esti-
mates over mass and spin for the primary and secondary
BH inferred from GW231123. As the primary-spin pos-
terior favors large values & 0.7, this constrains the par-
ent binary of the primary BH to have unequal masses
105™23 M, and 3833 M.; for more equal masses, both
BH spins can reduce the total angular momentum if
misaligned, whereas unequal-mass binaries are domi-
nated by the single heavier BH. The parent binary of
the primary BH may have had a large e ective inspi-
ral spin, with yo = 0557325 but y. . 0 is not

ruled out. A similar picture holds for the secondary
BH, with parent masses 73%35 M, and 25738 M, but
more uncertain e ective inspiral spin ye = 0.29*5:47
due to the larger uncertainty on the secondary spin in
the source of GW231123. These mergers would have im-
parted kicks of 749*3320kms—1 and 49432 kms~1 in
the case of the primary and secondary, respectively, re-
sulting in ejection from environments with escape speeds
. 100kms ~1, such as young star clusters or globular
clusters (Antonini & Rasio 2016).

The heavier of the two BHs in both parent binaries
may also lie within the pair-instability mass gap, with
probabilities 96 % and 71 % for the heavier parent of the
primary and secondary, respectively, when taking a gap
from 60{130 M, as above. Therefore, if either of the
component BHs of GW231123’s source is interpreted as
the product of a previous BH merger, it may be the
result of multiple previous mergers or require the com-
ponents of the parent binary to have formed with larger
masses via other astrophysical processes, such as stellar
mergers or BH accretion, as discussed in Section 6.3.

7. ALTERNATIVE INTERPRETATIONS

All GW observations to date have been inferred to be
from compact binaries consisting of BHs and/or neutron
stars (Abbott et al. 2016c, 2021a, 2024a, 2023a; Venu-
madhav et al. 2020; Olsen et al. 2022; Mehta et al. 2025;
Nitz et al. 2023; Wadekar et al. 2023), and we consider
a BBH the most astrophysically plausible interpretation
of GW231123, nding that a non-eccentric BBH model

ts the signal with no signi cant residual. Nonetheless,
the low number of observable GW cycles invites alter-
native interpretations. We discuss several here.

7.1. Eccentricity

Binaries formed in dense environments may retain
residual eccentricity in the sensitive band of current GW
detectors (Antonini et al. 2014; Samsing 2018; Rodriguez
et al. 2018; Zevin et al. 2019; Chattopadhyay et al. 2023;
Dall’Amico et al. 2024) or form with large eccentrici-
ties and merge promptly after due to a dynamical cap-
ture (Gold & Brugmann 2013; East et al. 2013; Gamba
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et al. 2023; Andrade et al. 2024; Albanesi et al. 2025b),
but for high masses their GW signals can be confused
with those of non-eccentric mergers (Romero-Shaw et al.
2020a; Calderon Bustillo et al. 2021a; Romero-Shaw
et al. 2023). Our signal models assume a non-eccentric
inspiral, while state-of-the-art IMR models that include
eccentricity (Liu et al. 2022; Gamboa et al. 2024; Paul
et al. 2025; Albanesi et al. 2025a; Planas et al. 2025a)
assume circularization in the merger{ringdown stages
and would thus be unsuitable to infer the parameters
of GW231123’s source if it was eccentric when observed
(Ramos-Buades et al. 2023b; Iglesias et al. 2024; Gupte
et al. 2024; Planas et al. 2025b). Extensions of QNM
amplitude models beyond eccentric non-spinning con-

gurations (Carullo 2024) will be required to investigate
the possible m = 0 ringdown mode excitation hinted at
in Section 5. Many studies have found that the merger-
ringdown signal is robust with respect to moderate inspi-
ral eccentricity (Hinder et al. 2008; Huerta et al. 2019;
Healy & Lousto 2022; Carullo et al. 2024; Nee et al.
2025). Relaxing the non-eccentric assumption is not ex-
pected to signi cantly change our results unless the ec-
centricity is larger than 0.6 close to merger (Healy &
Lousto 2022; Carullo et al. 2024), which would be rare
in the dynamical-capture scenarios above. For example,
Chattopadhyay et al. (2023) nd an overall merger rate
< 1Gpc—2yr—1in dense stellar clusters, 10% with ec-
centricity > 0.1 at a GW frequency of 10Hz and 10%
involving BHs with masses > 100 M, implying a rate
of massive eccentric mergers < 0.01 Gpc—3yr~1, already
at the lower limit of our constraint for GW231123 with-
out considering the decline in the number of sources at
increasing mass and eccentricity. Although we do not
explicitly rule out large eccentricity for the source of
GW231123, we therefore consider it astrophysically un-
likely.

7.2. Gravitational lensing

GW signals may be strongly lensed by galaxies or
galaxy clusters, producing multiple copies of the orig-
inal signal (Hannuksela et al. 2019; Abbott et al. 2021c,
2024b). However, no closely matching super-threshold
counterpart candidates for GW231123 have been found
from standard CBC searches. GWs can also undergo
wave-optics lensing (Takahashi & Nakamura 2003) when
they encounter smaller objects ( 102{10° M, for sig-
nals in the LVK band). GW231123 shows the strongest
support for distorted lensed signals seen so far for
both a point-mass model (Wright & Hendry 2022)
and phenomenological analyses (Liu et al. 2023), al-
though preliminary background analyses suggest that
some GW231123-like signals may be mis-identi ed as

lensed. More in-depth investigations are needed to as-
sess the signi cance of the lensing hypothesis, and these
will be presented in future work.

7.3. Other scenarios

Several possible burst-like sources (Powell & Lasky
2025) of astrophysical and cosmological origin may pro-
duce signals of similar duration to GW231123, such
as core-collapse supernovae, cosmic strings, and ex-
otic compact objects. For most supernova wave-
forms, the peak signal is expected at frequencies
higher than observed in GW231123 (Abdikamalov et al.
2020; Mezzacappa & Zanolin 2024). The ringdown-
dominated signals of high-mass BBH mergers can be
mimicked by waveforms from the collapse of cosmic
strings (Abbott et al. 2020e; Aurrekoetxea et al. 2024)
and collisions of exotic compact objects (e.g. boson
stars) (Calderon Bustillo et al. 2021b; Siemonsen & East
2023; Evstafyeva et al. 2024). Though we do not explic-
itly rule out these scenarios, the detection of GW231123
is consistent with the rates and properties of the cur-
rently understood population under the interpretation
of a high-mass BBH merger, which has higher astro-
physical probability.

8. SUMMARY

GW?231123 is a short-duration GW signal consisting of

5 observable cycles, most likely produced by a binary-
black-hole merger. On that basis, we infer a total mass
between 190 M and 265 M, which is larger than any
previously observed with high con dence in GWs, and
strong support for large spins on both black holes. We
report source property measurements with larger uncer-
tainties than we would expect for a binary of this mass
and a signal with SNR 21, most likely due to uncertain-
ties in current signal models at high spins. A ringdown
analysis also supports a massive remnant under minimal
assumptions, consistent with full-signal estimates. The
measured masses of GW231123’s source lie at the edge
of the currently understood population of binary black
holes. The scenario with the highest probability is that
at least one of the black hole sits in the pair-instability
mass gap. If either is interpreted as the product of a pre-
vious black-hole merger, at least one of the black holes
in its parent binary probably also lies in the mass gap.
Such a sequence of black-hole mergers would require an
environment with high escape speed, unless the black-
hole masses are grown by other astrophysical processes,
such as stellar mergers.

Given the small number of observable GW cycles, the
large uncertainties in our measurements, and the limi-
tations of current signal models, we expect that there



is much still to learn about GW231123 and its source.
The feasibility of a wide range of other alternatives to
black-hole mergers remains to be investigated. Even
within the binary-black-hole merger interpretation, we
expect to learn more from detailed studies of high-spin
binaries, high-eccentricity mergers, hyperbolic encoun-
ters, and lensed signals. Forthcoming analyses of the
combined catalog of GW events, alongside continued
studies of pair-instability processes and the formation
of intermediate-mass black holes, may help to reveal the
origins of GW231123. All studies will have to contend
with the limited information that can be extracted from
short signals, but a clearer picture may emerge if a pop-
ulation of such signals is observed in future observing
runs.

Strain data from the LIGO detectors associated with
GW?231123 are available from the Gravitational Wave
Open Science Center 1. Samples from posterior distri-
butions of the source parameters, additional materials,
and notebooks for reproducing the gures are available
on Zenodo (LIGO Scienti ¢, Virgo, and KAGRA Col-
laboration 2025). The software packages used in our
analyses are open-source.
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Software:  Calibration of the LIGO strain data
was performed with a GstLAL-based calibration soft-
ware pipeline (Viets et al. 2018b). Data-quality prod-
ucts and event-validation results were computed us-
ing the DMT (Zweizig, J. 2006), DQR (LIGO Sci-
enti ¢ Collaboration and Virgo Collaboration 2018),
DQSEGDB (Fisher et al. 2021), gwdetchar (Urban et al.
2021), hveto (Smith et al. 2011), iDQ (Essick et al.
2020), Omicron (Robinet et al. 2020), and PythonVir-
goTools (Virgo Collaboration 2021) software packages
and contributing software tools. Analyses in this cata-
log relied on software from the LVK Algorithm Library

Suite (LIGO Scienti ¢, Virgo, and KAGRA Collabo-
ration 2018; Wette 2020). The detection of the signals
and subsequent signi cance evaluations were performed
with the GstLAL-based inspiral software pipeline (Mes-
sick et al. 2017; Sachdev et al. 2019; Hanna et al. 2020;
Cannon et al. 2021), with the MBTA pipeline (Adams
et al. 2016; Aubin et al. 2021), with the PyCBC (Usman
et al. 2016; Nitz et al. 2017; Davies et al. 2020) packages,
with cWB-BBH pipeline (Mishra et al. 2025), cWB-2G
(Klimenko et al. 2008, 2016a; Drago et al. 2020) cWB-
XP (Klimenko 2022), cWB-GMM (Gayathri et al. 2020;
Lopez et al. 2022; Smith et al. 2024). Low-latency source
localization was performed using BAYESTAR (Singer &
Price 2016). Estimates of the noise spectra and glitch
models were obtained using BayesWave (Cornish & Lit-
tenberg 2015; Littenberg & Cornish 2015; Cornish et al.
2021). Source-parameter estimation was primarily per-
formed with the Bilby and BilbyPipe libraries (Ashton
et al. 2019; Smith et al. 2020; Romero-Shaw et al. 2020b)
using the DyNESTY nested sampling package (Spea-
gle 2020). SEOBNRV5PHM waveforms used in param-
eter estimation were generated using pySEOBNR (Mi-
haylov et al. 2025). PESUMMARY was used to postpro-
cess and collate parameter-estimation results (Hoy &
Raymond 2021). Some of the parameter-estimation anal-
yses were managed with the Asimov library (Williams
et al. 2023). Ringdown analyses were performed us-
ing the pyRing (Carullo et al. 2025) library, relying on
the CPNest nested sampling algorithm (Veitch et al.
2020). The manuscript content has been derived mak-
ing use of additional publicly available software: MAT-
pLOTLIB (Hunter 2007), Numpy (Harris et al. 2020),
scipy (Virtanen & others 2020), SEABORN (Waskom
et al. 2021), sxs (Scheel et al. 2025).

APPENDIX

A. SYSTEMATICS STUDIES

For this analysis we consider the models NRSuURr, viPHM, TPHM, XPHM and XO4a. These models all describe
precessing quasi-circular binaries and include higher multipole content. The three model families NRSur, SEOBNR
and PHENOM use di erent approaches to model the waveforms (Chatziioannou et al. 2024). In short, NRSUR interpo-
lates between NR data (Field et al. 2014; Blackman et al. 2015), making it typically the most accurate of the models for
high-mass signals, such as GW231123. The SEOBNR and PuENOM families instead use a combination of analytical
and numerical information to create a complete inspiral-merger-ringdown model applicable to systems at any total
mass (Buonanno & Damour 1999, 2000; Buonanno et al. 2007; Ajith et al. 2011). The models NRSur, v6PHM, and
TPHM calculate the signal in the time domain, while XPHM and XO4A model directly in the frequency domain.
These models comprise the ve state-of-the-art models currently available for LVK analyses of observations in O4a.

NRSuR is fully calibrated to numerical waveforms over the binary parameter space up to dimensionless spin mag-
nitudes x3 = x2 = 0.8 and mass ratios ¢ = 1/4, and can be extrapolated up to dimensionless spin magnitudes
X1 = x2 = 1.0 and mass ratios ¢ = 1/6. By construction, NRSUR automatically includes all multipoles up to
¢ = 4 and characteristics of precession such as mode asymmetry (Varma et al. 2019). By contrast, vbPHM, TPHM,
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Figure 7. Marginalized posterior probability for the Left: redshifted (detector-frame) total binary mass and the mass ratio,
and Right: primary and secondary source-frame masses inferred from GW231123 for each of the ve models considered. Each
contour, as well as the colored horizontal and vertical lines, shows the 90% credible intervals.

and XPHM are calibrated to NR only in the aligned-spin sector (Pompili et al. 2023; Estelles et al. 2022b; Prat-
ten et al. 2020a; Garc a-Quiros et al. 2020) and instead model precession either by extending post-Newtonian and
e ective-one-body results or by employing BH perturbation theory results through merger and ringdown. During
the inspiral, v6PHM, TPHM, and XPHM implement precession dynamics by numerically evolving the spins (Khalil
et al. 2023; Estelles et al. 2021; Colleoni et al. 2025). XO4Aa uses closed-form, orbit-averaged expressions during the
inspiral (Chatziioannou et al. 2017; Pratten et al. 2021) and phenomenological expressions calibrated to single-spin
precessing simulations with x; < 0.8 through merger and ringdown (Hamilton et al. 2021). Further, XO4A includes
mode asymmetry of the dominant multipole (Ghosh et al. 2024).

The di erent modeling approaches and treatments of the precession dynamics make these models relatively indepen-
dent. In the presence of features in the data beyond the physical e ects incorporated in the models (e.g., mismodelling
in the high-spin regime, eccentricity, GW memory, or noise artefacts) one might therefore expect the models to in-
teract with these features di erently and display model systematics, as are seen in the posteriors for this event. The
accuracy of these models for typical signals has been comprehensively assessed through comparison to NR, both in the
modelling papers themselves and elsewhere (Mac Uilliam et al. 2024, e.g., [).For GW231123 we have performed the
accuracy analysis in Section 4.2, and a series of targeted NR injections, which we now describe. We hope that more
can be learned in the future from improved models in the high-spin regime, and a detailed study of the behaviour of
our models in Gaussian noise.

In order to investigate the likelihood of the presence of waveform systematics in the high total mass, comparable-
mass (¢ > 1/3), highly precessing region of parameter space, we perform a simulation study where we simulate a set
of signals consisting of highly precessing NR waveforms from the SXS catalog (Boyle et al. 2019; Scheel et al. 2025)
and recover with the ve waveform models under consideration. From several tens of simulations, we discuss here the
results from two that span the range of observed results, from unbiased parameter estimation displaying no systematics
to large systematic di erences between models and clear biases in parameter recovery.

For both con gurations, we show the total mass and mass ratio as measured in the data (the detector frame). For
high-mass binaries, we expect the total mass to be one of the most reliably measured quantities. The detector-frame
masses are not the true source masses, but the redshifted masses, and to calculate the true masses, we must also measure
the redshift. The relative accuracy of the detector-frame and source-frame masses may therefore di er, depending on
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Figure 8. Marginalized posterior probability for (left column) redshifted (detector-frame) total binary mass and the mass ratio
and (right column) primary and secondary source-frame masses inferred from two highly spinning precessing NR simulations
with (detector-frame) total binary mass of 300 M observed approximately edge on. The Top row shows the results for the
SXS:BBH:0483 (Boyle et al. 2019) with massesm; 135M ,m> 110M and mass ratio ¢ = 0:8. The Bottom row shows the
results for the SXS:BBH:4030 (Scheel et al. 2025) with masses m; = m, 130M . The 5 models used to analyse GW231123
were also used to analyse these simulations. Each contour, as well as the colored horizontal and vertical lines, shows the 90%
credible intervals. The black vertical and horizontal lines indicate the true source properties. In some panels, the true value is
beyond the axis range of the gure.

the accuracy of the redshift. For this reason, we also show the individual masses m; and m, after correcting for the
redshift.
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The results for GW231123 are shown in Figure 7. In the left panel, we see clear evidence of systematics in the
measurement of both the total mass and the mass ratio, with no overlap of the 90% credible intervals for some models
in both parameters. When we correct for the redshift, some of the di erences appear to \cancel out", and we see
agreement between several models in the source masses. This is likely coincidental; we expect any model biases in the
detector-frame masses and redshift to be independent. This expectation is borne out in the examples below.

In the majority of cases simulated, we were unable to reproduce this degree of systematics. In both examples
discussed here, we choose a large inclination angle as the mismatch performance is worst, and thus the associated
expectations of evidence of systematics are greater, for systems with the greatest contribution from higher multipoles.
It should be noted, however, that since the orbital plane precesses, the inclination is not constant over the binary’s
evolution. An example of a typical recovery is shown in the top row of Figure 8, where we consider the SXS:BBH:0483
precessing NR simulation with total mass M = 300 M, mass ratio ¢ = 0.8, and spin magnitudes x1 = x> = 0.80 on
both BHs. The simulation is added to zero-noise using the ducial inclination angle : = 7/2rad at 10 Hz. For this
con guration, the mismatch for NRSUR was unambiguously below the conservative distinguishability criterion, with a
value of 3.92 104, while for the other models we see values O 10~2 . In this case, the large di erences in mismatch
do not translate into noticeable di erences in the accuracy of parameter recovery. The posteriors from all models
overlap and we can be con dent in our recovered source properties. Note, however, that the source-frame m; is too
low. This is a known bias for edge-on con gurations: signals from face-on and face-o binaries are louder, meaning
that larger distances (redshifts) are consistent with a xed GW amplitude. This leads to a signi cantly larger prior
volume, and thus a prior preference for smaller inclination angles (Usman et al. 2019), larger distances, and thus lower
(redshifted) source masses.

Clear evidence of systematics was nevertheless seen in a limited number of simulations, as is demonstrated in the
bottom row of Figure 8. We consider the SXS:BBH:4030 precessing NR simulation with total mass M = 300 M,
equal mass components (¢ = 1), and spin magnitudes x1 = x2 = 0.95 on both BHs. The simulation is added to
zero-noise using the ducial inclination angle « = w/2rad at 15Hz. This injection was chosen from the set of cases
with very high spins, with a mismatch between 2.36 10~3 (NRSuR) and 9.45 103 (TPHM), mostly above the
conservative indistinguishability criterion. This numerical relativity (NR) waveform also includes GW memory, which
can require additional data processing for injection (Xu et al. 2024; Valencia et al. 2024; Chen et al. 2024), but we

nd that our results are unchanged if we rst subtract the memory features before injection. We see unequivocal
evidence of waveform systematics and biases in all models. Only the posterior of TPHM includes the true value of
the detector-frame total mass, and all models exclude it at 90% credibility. No model recovers the true mass ratio
(¢ = 1). In the source-frame, the true value of m; lies in the 90% credible region for all models, but m; is signi cantly
biased from its true value of 100 M.

B. SOURCE PROPERTIES

In Table 3, we present the individual source properties of GW231123 for each of the ve models considered in the
analysis of this event for those interested in a more detailed picture of the systematics. As demonstrated in Appendix A,
the source properties of this event lie in a challenging region of parameter space for all waveform models employed.
From the analysis performed here, we cannot guarantee that the results from any given model will be free from bias in
this region of parameter space. We also nd that di erent models t the data better than others. All models except
XPHM obtain a larger Bayesian evidence than the NRSur analysis, as re ected in the di ering SNRs in Table 3. For
example, for some parameters XO4a yields signi cantly di erent results to many of the other models, yet it obtains
a Bayes factor of at least 140:1 over NRSur. However, such di erences are not necessarily indicative of one model
being more accurate than another (Hoy 2022; Hoy et al. 2024). Consequently, we combine the posteriors from multiple
models to achieve a conservative error estimate, which is reported throughout the main body of the paper.

We also illustrate in Figure 9 the di erences in inferred spin orientation when considering the data from LIGO
Hanford (left), LIGO Livingston (middle), and the full detector network (right). LIGO Hanford shows support for
aligned-spin binaries, while LIGO Livingston has a clear preference for misalignment. The stronger signal in LIGO
Livingston dominates the network results. The di erences between the results in the two detectors could potentially be
explained by lower signal power in LIGO Hanford (such that precession is not measurable), but we have not been able
to reproduce this discrepancy between detectors with injections in zero-noise, for example, of the NRSur waveform
at its maximume-likelihood parameters.
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Table 3. Individual source properties of GW231123 from each of the ve models considered.

XPHM XO4a TPHM NRSur V5PHM
Primary mass m;=M 149713 143*38 133713 128*18 13312
Secondary mass my=M 922} 55%12 110"}8 108*35 109*1%7
Mass ratio g = me=m; 0:6175:1% 0:3915:97 0:8275:1% 0:8510:15 0:8210:318
Total mass M=M 241739 19839 242328 237+23 241728
Final mass M¢=M 23127 190*37 227138 22222 226125
Primary spin magnitude 0:79%0:2, 0:92+5:07 0:92%0:9% 0:9073:19 0:91%9:92
Secondary spin magnitude o 0:6715:53 0:471040 0:8710:53 0:91+5:99 0:8170:32
E ective inspiral spin g 0:03"5:5% 0:3115:19 0:4310:15 0:2715:22 0:4310:22
E ective precessing spin 0:7470:21 0:8270:19 0:7670:17 0:7670:10 0:74%0:29
Final spin ¢ 0:709:9% 0:8510:08 0:8870:04 0:8270:0% 0:8870:00
Luminosity distance D1, =Gpc 0:970:3 35713 .72 1:917 2:3715
Inclination angle j;n=rad 1:670:% 0:5722 1:9193 1:3%0:% 1:2%59
Source redshift z 0:18%9:07 0:58T0:50 0:46%0:18 0:3470:22 0:40%9:29
Network matched Iter SNR 20:5792 20:8703 20:8%073 20:670:3 20:719:2

NotE | As in Table 2 in most cases we present the median value of the 1D marginalized posterior distribution and the symmetric
90% credible interval. For properties that have physical bounds we report the median value as well as the 90% highest posterior
density (HPD) credible interval. Our results are reported at a reference frequency of 10 Hz.
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Figure 9. Posterior probabilities for the dimensionless component spins, ¢S;=(Gm?) and ¢S,=(Gm?), relative to the orbital
angular momentum axis . From left to right, we compare the posterior probabilities obtained when analysing LIGO Hanford
data only (blue), LIGO Livingston data only (green), and a coherent analysis of LIGO Hanford and LIGO Livingston data
(purple). In all cases, we show the posterior distribution resulting from equally combining samples from ve waveform models.
The tilt angles are 0 for spins aligned with the orbital angular momentum and 180 for spins anti-aligned. Probabilities are
marginalized over the azimuthal angles. The pixels have equal prior probability, being equally spaced in the spin magnitudes
and the cosines of tilt angles. The spin orientations are de ned at a ducial GW frequency of 10 Hz.
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Figure 10. Top panel: Posterior probability density functions of the NRSuUr waveform timeseries, obtained via BiLBY using
the NRSUR waveform model in the LIGO Hanford detector. The red band shows the uncertainty in the measurement of t°°!

- peak’
and the grey band shows the uncertainty in t;t;:ﬁ“. Middle and bottom panel: Posterior probability density functions of the
mode strain, F hy +F h ,withh, ih = 2Y.qnhem+ 2Y.. ,h- 4, shown for the LIGO Hanford detector. The top part

reports the unwhitened waveform and the bottom part the whitened one, showcasing the impact of whitening in visualising the
signal morphology. The inset focuses on the (“; m) = (2;0); (3;3); (4; 4) modes. The red line indicates the median of tg"l and

eak?’
the dashed-dotted black lines show the median of tg;gi%.

C. SIGNAL PEAK TIME
We require the time of peak GW emission to determine a valid starting time for ringdown analyses. The peak

P 2
GW power is emitted at time tg“e‘;‘ffs = max em hBem(t) , where h-m(t) are the multipoles in a spin-weighted

spherical-harmonic decomposition of the signal. Alternatively, we can estimate the peak time using the peak of the
polarisation tgce’;k = mflxjh+ ihsz. This quantity depends on the binary’s relative orientation to the detector and

will be uncertain to within roughly one GW period, but it can be compared to an estimate computed through an
unmodelled waveform reconstruction, allowing for a more agnostic analysis. One can also conservatively estimate the

onset of ringdown directly from the maximum value of the strain t;tef;“l‘(”, after which the signal displays a clear decay.
Figure 10 shows these times for GW231123, on top of the unwhitened NRSuUR strain reconstruction from which they
were computed. From this reconstruction, we nd 594" is 1384782888.619170:035 s and 1384782888.6142"0010f s in

the LIGO Hanford and Livingston detectors respectively. Instead, in the LIGO Hanford detector (chosen as reference

i i modes  pol
for the ringdown analysis), we nd {524 thea  6Ms.
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The di erences among these estimates, together with the time-domain reconstruction shown in Figure 10, attest to
the highly complex signal morphology and invite care when selecting a peak time de nition to be used as reference
in a ringdown analysis. Hence, in the main text we repeat the analysis over a wide range of times, and plot results
around a conservative 5t ¢SUan + 15G Mt /c3 (assuming M{** 7 298M), when we are con dent on the validity
of a QNM description.

D. HIGHER-ORDER RADIATION MULTIPOLES

Given the support for large binary inclination from most IMR models, subdominant multipole moments (referred
to as \modes" below) beyond the dominant (¢,m) = (2, 2) spherical-harmonic multipole moment are expected
to contribute appreciably to the observed signal (Blanchet 2014). Here, we investigate in detail their contribution
throughout the signal. Using NRSUR posterior samples, we estimate optimal SNR values of 2.27f}§3§ for the (3, 3)
mode, 2.92*5:%5 for the (4, 4) mode, 0.68™3:23 for the (2, 1) mode and 0.25*3:52 for the (2,0) mode. Unlike the (3, 3)
and (4,4) modes, the inferred distribution for the (2, 1), (2,0) modes are consistent with expectations from random
Gaussian noise uctuations, implying a lack of statistically signi cant support for their presence in the data. Relevant
to the ringdown analysis, the strain contribution from the (2,0) mode remains signi cantly subdominant compared
to the more prominent (3, 3) and (4, 4) modes throughout the signal duration, as illustrated in Figure 10 (showing
LIGO Hanford, with similar conclusions obtained for LIGO Livingston). As seen in the bottom panel, the whitening
process suppresses the lower-frequency content of the signal, causing the peak amplitude to appear quieter relative to
the higher-frequency ringdown. This Itering e ect also reduces the visibility of subdominant modes such as (2, 1)
and (2,0), which fall largely outside the detector’s sensitive band. In contrast, the (3, 3) and (4, 4) modes remain
visible post-merger due to their higher frequency content, making them detectable. This result is consistent with
the SNR estimates above. The IMR modes are de ned with respect to the binary’s total angular momentum at a
given reference time during the inspiral, while the ringdown modes are de ned with respect to the remnant spin at
asymptotically late times. The direction between these two vectors may be o set by a few degrees (Hamilton et al.
2021), but we do not expect that would be su cient to increase the power in (2,1) or (2,0) to a level measurable in
Gaussian noise, i.e., above an SNR of 2.1.

In summary, we conclude that a signi cant excitation of the (2,0,0) or (2,1, 0) ringdown modes, suggested by the
overlap of damped sinusoids tting parameters with the remnant properties inferred by NRSUR, is in tension with
NRSur multipole moments content.
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