N
N

N

HAL

open science

Observation of Gravitational Waves from the
Coalescence of a 2.5 — 4.5 M__®» Compact Object and a
Neutron Star
A.G Abac, R Abbott, I Abouelfettouh, F Acernese, K Ackley, S Adhicary, N
Adhikari, R.X Adhikari, V.K Adkins, D Agarwal, et al.

» To cite this version:

A.G Abac, R Abbott, I Abouelfettouh, F Acernese, K Ackley, et al.. Observation of Gravitational
Waves from the Coalescence of a 2.5 — 4.5 M__©® Compact Object and a Neutron Star. Astro-
phys.J Lett., 2024, 970 (2), pp.L34. 10.3847/2041-8213/ad5beb . hal-04609925

HAL Id: hal-04609925
https://hal.science/hal-04609925
Submitted on 30 Aug 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04609925
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

THE ASTROPHYSICAL JOURNAL LETTERS, 970:L34 (39pp), 2024 August 1 https://doi.org/10.3847/2041-8213 /ad5beb
© 2024. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS
CrossMark

Observation of Gravitational Waves from the Coalescence of a 2.5-4.5 M, Compact
Object and a Neutron Star

A. G. Abac' @, R. Abbott?, 1. Abouelfettouh’ F Acernese™, K. Ackley , S. Adhicary7, N. Adhikari® R X. Adhikari®,

V. K. Adklns D Agarwal 16,11 , M. Agathos , M. Aghael Abchouyeh , O0.D. Aguiar14 , L Agullar L. Aiello'®!":18

A. Ain"? @, P. Ajith**®, S. Akcay®' @, T. Akutsu®>*>@®, S. Albanesi®**~°®, R. A. Alfaidi*’ @, A. Al- Jodah28 . C. Alléné®,
A. Allocca>?° , S. Al—ShammarilS, P. A. Altin*! , S. Alvarez—Lopez32 , Al Amato™>* , L. Amez-Droz™>> , A. Amor03135
C. Amra36, A. Ananyevaz, S. B. Anderson> , W.G. Anderson” , M. Andia®’ , M. Ando’ 8, T. Andradegg, N. Andres®’ s
M. Andrés-Carcasona™ @, T. Andri¢"*""*** @ J. Anglin*, S. Ansoldi*****®, J. M. Antelis*’ ®, S. Antier*®*®, M. Aoumi*’

E. Z AppavuravtherSO’SI, S. Appenz, S. K. AppleS2, K. Arai’®, A. Araya38 , M. C. Araya2 ,1.S. Areeda™ @, L. Argiana554,

N. Aritomi3, F. Armato>>° , N. Arnaud’®”’ , M. Arogeti58 ,S. M. Aronson’ , K. G. Arun’’ , G. Ashton®’ ,

Y. Aso>%%! , M. Assidu062’63, S. Assis de Souza MeloS7, S. M. AstonM, P. Astone® , F. Attadio®>%° , F. Aubin®’ s
K. AultONeal®® , G. Avallone®’ , D. Azrad70, S. Babak71 , F. Badaracco™> , C. Badger72, S. Bae”? . S. Bagnasco24 s
E. Bagui’®, J. G. Baier’> @, L. Baiotti’°@®, R. Bajpai*>@®, T. Baka77 M. Ball78 G. Bauardm57 S. W. Ballmer’’, S. Banagiri®*®,
B. Banerjee43 , D. Bankar'' , P. Baral® ,J. C. Barayoga B. C. Bansh D Barker P. Barneo>”"®! F Barone”%? s
B. Barr®’ , L. Barsotti®> , M. Barsuglia7 , D. Barta®? , A M. Bartoletti®* , M. A. Barton27 , L Bartos , S. Basak>’ s
A. Basalaev® , R. Bassiri > , Al Basti®®%7 ,D. E. Bateslg, M. Bawajso’88 , P. Baxixg, J. C. Bayley27 , A C. Baylor8 R
P. A. Baynard 1158, M. Bazzango’gl, V. M. Bedakihalegz, F. Beirnaert”> , M. Bejger94 , D. Belardinelli'’ , A.S. Bell?’ ,
V. Benedetto”> , W. Benoit”® , L Bentara”é, J.D. Bentley85 , M. Ben Yaala97, S. Bera™® , M. Berbel”’ , F. Bergamin‘“’42 ,
B. K. Berger15 , S. Bernuzzi® , M. Beroiz” ,C.P. L. Berry27 , D. Bersanetti”> , A. Bertolin134, J. Betzwieser® R
D. Beveridge28 , N. Bevins * , R. Bhandareloo, U. Bhardwaj34’]01 , R. Bhattz, D. Bhattacharjee75’102 . S. Bhaumik™** s
S. Bhowmick'?®, A. Bianchi**'%, 1. A. Bilenko'%%, G. Billingsley>®, A. Binetti'®®, S. Bini'”"'%*@®, 0. Birnholtz’®,

S. Biscoveanu® @, A. Bisht*>, M. Bitossi®*’ @, M.-A. Bizouard*®*®, J. K. Blackburn>@®, L. A. Blagg’®, C. D. Blair’>®*,
D. G. Blair’®, F. Bobba®”'*’, N. Bode*'"**@®, G. Boileau'***@®, M. Boldrini®*®°®, G. N. Bolingbroke' '°@®, A. Bolliand®*'"",
L. D. Bonavena™ , R. Bondarescu>’ , F. Bondu'!? , E. Bonilla'® , M. S. Bonilla™> , A. Bonino“S, R. Bonnand29 R
P. Booker41’42, A. Borchers4]’42, V. Boschi®’ , S. Bose' 14, V. Bossilk0v64, V. Boudart'"® A Boudon1 16 , A. Bozzi®’
C. Bradaschia87, P. R. Brady8 , M. Braglia1 17 , A. BranchM, M. Branchesi*>!'® . Brandt L Braun’® M Breschr25

T. Briant' "’ , A Bn'llet48, M. Brinkmann4l’42, P. Brockillg, E. Brockmueller*!**? ,A.F. Brooks s B. C. Brown44,

D. D. Brown“o, M. L. Brozzetti>®5® , S. Brunett G. Bruno'® , R. Bruntz'?° , T Bryant“3, F. Bucci63, J. Buchananlzo,
O. Bulashenko’**®! , T. Bulkm H. J. Bulten®* , A. Buonanno'™* 122 , K. Burtnyk3, R. Buscicchio'?*!1%* , D. Buskuliczg,
C. Buy]25 , R. L. Byerls, G. S. Cabourn DaV1es]26 , G. Cabras*>*° , R. Cabrita'® , V. Céceres-Barbosa7, L. Cadonati®® ,
G. Cagnoli127 , C. Cahillane”® , J. Calder6n Bustillolzs, T. A. Callister129, E. Calloni5’30, J. B. Campl30, M. Canepa55’56,
G. Caneva Santoro*’ , K. C. Cannon’® , H. Cao“o, L. A. Capistran13l, E. Capocasa71 , E. Capote79 , G. Carapellaw’mg,

F. CarbognaniS7, M. Carlassara4142 J. B. Carlin'?? , M. Cenrpine*,lli57’123’133 , G. Carrillo78 J. J. Carter*'"*? , G. Carullo'?*

J. Casanueva Diaz>’ , C. Casentrm1617135 ,S. Y. Castro-Lucas103, S. Caudill34’77’n6 M. Cavaghél102 , R. Cavalieri®’ s
G. Cella® @, P. Cerd4-Durdn'*"1 ¥ @, . Cesanm” , W. Chaibi*®, P. Chakraborty™*"" #( S, Chalathadka Subrahmanya® @,
J.C. L. Chan'*®, M. Chan'*, K. Chandra’, R -J. Chang'*', S. Chao'**'**®, P. Char''">®, E. L. Charlton'?°, P. Charlton'**®,
E. Chassande-Mottin’' @, C. Chatterjee145 , Debarati Chatterjee11 , Deep Chatterjee3 2o, D. Chattopadhyay18 ,

M. Chaturvedi'®’, S. Chaty’' @, K. Chatziioannou”®, A. Chen'?, A. H.-Y. Chen'*®, D. Chen'*’ @, H. Chen'**, H. Y. Chen'**®,
J. Chen™? , K. H. Chen143, Y. Chen142, Yanbei Chen149, Yitian Chen'>° , H. P. ChenngI, P. Chessa”®%® ,H. T. Cheung89
S.'Y. Cheung'*?, F. Chiadini'*>'**®, G. Chiarini’!, R. Chierici' ', A. Chincarini>> @, M. L. Chiofalo®**’ @ A. Chiummo™’®,
C. Chou'*®, S. Choudhary®®®, N. Christensen*®*®, S. S. Y. Chua®' ®, P. Chugh'*?, G. Ciani’*' @, P. Ciecielag”’*®,

M. Cieslar'?! , M. Cifaldi'’ , R. Ciolfi®!-15* , F. ClaraS, J. A. Clark>>® . Clarkels, T. A. Clarke'>? , P. ClearwaterlSS,
S. Clesse74, E. Coccia®?**! 18, E. Codazzo™ , P.-F. Cohadon'" , S. Colace™® , M. Colleoni”® ,C.G. Collette35, J. CollinsM,
S. Colloms27, A. Colombo!23124156 , M. Col j123:124 , C. M. Compton3, G. Connolly78, L. Conti’! , T. R. Corbitt’ s
L. Cordero-Carrién'>’ ,S. Corezzi™® 88 N J. Cornlsh158 , Al Corsi'> ,S. Cortese’ ,C. A Costa'4, R. Cottingham64,
M. W. Coughlin% , A. Coumeaux , J.-P. Coulon48 S. T Countryrnan]60 , J.-F. Coupechoux”(’, P. Couvares>>® s
D. M. Cowardzs, M. J. Cowart®* , R. Coynel(Jl , K. Crarg , R. Creedls, J. D. E. Creighton8 , T. D. Creightonl62,

P. Cremonese’® AL W. Criswell”® ,J.C.G. Crockett—Gray(), S. CrookM, R. Crouch3, J. Csizmazia3, J. R. Cudell'® s
T. J. Cullen® , A Cumming27 , E. CuocoS7’87, M. Cusinato'>’ , P. Dabadielz7, T. Dal Canton®’ , S. Dall’Osso® s
S. Dal Pra® , G. Dailya125 , B. D’Angelo55 , S. Danilishin™*** , S. D’ Antonio'’ , K. Danzmann41’42’42, K. E. Darrochlzo,
L.P. Dartez3, A. Dasguptagz, S. Datta>® , V. Datti1057, A. Daumasﬂ, N. Davaril33’163, L DavelOO, A. Davenport103, M. Davier37,
T

. F. Davieszg, D. Davis’ , L. Daviszg, M. C. Davis”® ,P.J. Davis'¢4+16 , M. Dax' ,J. De Bolle”? , M. Deenadayalan1 ],

166 5,30

J. Degallaix'®°®, M. De Laurentis . S. Deléglise' '@, F. De Lillo'°®, D. Dell’Aquila'**'*® | W. Del Pozzo®***" ®,
F. De Marco®>%° , F. De Matteis'®!” , V. D’Emilio® , N. Demos32, T. Dent'?® , A. Depassem , N. DePergola54,


https://orcid.org/0000-0003-4786-2698
https://orcid.org/0000-0003-4786-2698
https://orcid.org/0000-0003-4786-2698
https://orcid.org/0000-0002-8648-0767
https://orcid.org/0000-0002-8648-0767
https://orcid.org/0000-0002-8648-0767
https://orcid.org/0000-0002-4559-8427
https://orcid.org/0000-0002-4559-8427
https://orcid.org/0000-0002-4559-8427
https://orcid.org/0000-0002-5731-5076
https://orcid.org/0000-0002-5731-5076
https://orcid.org/0000-0002-5731-5076
https://orcid.org/0000-0002-8735-5554
https://orcid.org/0000-0002-8735-5554
https://orcid.org/0000-0002-8735-5554
https://orcid.org/0000-0002-9072-1121
https://orcid.org/0000-0002-9072-1121
https://orcid.org/0000-0002-9072-1121
https://orcid.org/0000-0002-1518-1946
https://orcid.org/0000-0002-1518-1946
https://orcid.org/0000-0002-1518-1946
https://orcid.org/0000-0002-2139-4390
https://orcid.org/0000-0002-2139-4390
https://orcid.org/0000-0002-2139-4390
https://orcid.org/0000-0003-2771-8816
https://orcid.org/0000-0003-2771-8816
https://orcid.org/0000-0003-2771-8816
https://orcid.org/0000-0003-4534-4619
https://orcid.org/0000-0003-4534-4619
https://orcid.org/0000-0003-4534-4619
https://orcid.org/0000-0001-7519-2439
https://orcid.org/0000-0001-7519-2439
https://orcid.org/0000-0001-7519-2439
https://orcid.org/0000-0003-2216-421X
https://orcid.org/0000-0003-2216-421X
https://orcid.org/0000-0003-2216-421X
https://orcid.org/0000-0003-0733-7530
https://orcid.org/0000-0003-0733-7530
https://orcid.org/0000-0003-0733-7530
https://orcid.org/0000-0001-7345-4415
https://orcid.org/0000-0001-7345-4415
https://orcid.org/0000-0001-7345-4415
https://orcid.org/0000-0002-6108-4979
https://orcid.org/0000-0002-6108-4979
https://orcid.org/0000-0002-6108-4979
https://orcid.org/0000-0003-4536-1240
https://orcid.org/0000-0003-4536-1240
https://orcid.org/0000-0003-4536-1240
https://orcid.org/0000-0002-5288-1351
https://orcid.org/0000-0002-5288-1351
https://orcid.org/0000-0002-5288-1351
https://orcid.org/0000-0001-8193-5825
https://orcid.org/0000-0001-8193-5825
https://orcid.org/0000-0001-8193-5825
https://orcid.org/0009-0003-8040-4936
https://orcid.org/0009-0003-8040-4936
https://orcid.org/0009-0003-8040-4936
https://orcid.org/0000-0001-9557-651X
https://orcid.org/0000-0001-9557-651X
https://orcid.org/0000-0001-9557-651X
https://orcid.org/0000-0003-2219-9383
https://orcid.org/0000-0003-2219-9383
https://orcid.org/0000-0003-2219-9383
https://orcid.org/0000-0003-0482-5942
https://orcid.org/0000-0003-0482-5942
https://orcid.org/0000-0003-0482-5942
https://orcid.org/0000-0003-3675-9126
https://orcid.org/0000-0003-3675-9126
https://orcid.org/0000-0003-3675-9126
https://orcid.org/0000-0002-5360-943X
https://orcid.org/0000-0002-5360-943X
https://orcid.org/0000-0002-5360-943X
https://orcid.org/0000-0002-8738-1672
https://orcid.org/0000-0002-8738-1672
https://orcid.org/0000-0002-8738-1672
https://orcid.org/0000-0002-9277-9773
https://orcid.org/0000-0002-9277-9773
https://orcid.org/0000-0002-9277-9773
https://orcid.org/0000-0002-5613-7693
https://orcid.org/0000-0002-5613-7693
https://orcid.org/0000-0002-5613-7693
https://orcid.org/0000-0003-3377-0813
https://orcid.org/0000-0003-3377-0813
https://orcid.org/0000-0003-3377-0813
https://orcid.org/0000-0002-7686-3334
https://orcid.org/0000-0002-7686-3334
https://orcid.org/0000-0002-7686-3334
https://orcid.org/0000-0001-8916-8915
https://orcid.org/0000-0001-8916-8915
https://orcid.org/0000-0001-8916-8915
https://orcid.org/0000-0002-6884-2875
https://orcid.org/0000-0002-6884-2875
https://orcid.org/0000-0002-6884-2875
https://orcid.org/0000-0002-6018-6447
https://orcid.org/0000-0002-6018-6447
https://orcid.org/0000-0002-6018-6447
https://orcid.org/0000-0003-0266-7936
https://orcid.org/0000-0003-0266-7936
https://orcid.org/0000-0003-0266-7936
https://orcid.org/0000-0002-8856-8877
https://orcid.org/0000-0002-8856-8877
https://orcid.org/0000-0002-8856-8877
https://orcid.org/0000-0001-6589-8673
https://orcid.org/0000-0001-6589-8673
https://orcid.org/0000-0001-6589-8673
https://orcid.org/0000-0001-5124-3350
https://orcid.org/0000-0001-5124-3350
https://orcid.org/0000-0001-5124-3350
https://orcid.org/0000-0001-7080-8177
https://orcid.org/0000-0001-7080-8177
https://orcid.org/0000-0001-7080-8177
https://orcid.org/0000-0002-6960-8538
https://orcid.org/0000-0002-6960-8538
https://orcid.org/0000-0002-6960-8538
https://orcid.org/0000-0001-7288-2231
https://orcid.org/0000-0001-7288-2231
https://orcid.org/0000-0001-7288-2231
https://orcid.org/0000-0002-1902-6695
https://orcid.org/0000-0002-1902-6695
https://orcid.org/0000-0002-1902-6695
https://orcid.org/0000-0003-4981-4120
https://orcid.org/0000-0003-4981-4120
https://orcid.org/0000-0003-4981-4120
https://orcid.org/0009-0008-8916-1658
https://orcid.org/0009-0008-8916-1658
https://orcid.org/0009-0008-8916-1658
https://orcid.org/0000-0003-1613-3142
https://orcid.org/0000-0003-1613-3142
https://orcid.org/0000-0003-1613-3142
https://orcid.org/0000-0002-6645-4473
https://orcid.org/0000-0002-6645-4473
https://orcid.org/0000-0002-6645-4473
https://orcid.org/0000-0001-5482-0299
https://orcid.org/0000-0001-5482-0299
https://orcid.org/0000-0001-5482-0299
https://orcid.org/0000-0001-7469-4250
https://orcid.org/0000-0001-7469-4250
https://orcid.org/0000-0001-7469-4250
https://orcid.org/0000-0001-8553-7904
https://orcid.org/0000-0001-8553-7904
https://orcid.org/0000-0001-8553-7904
https://orcid.org/0000-0003-2429-3357
https://orcid.org/0000-0003-2429-3357
https://orcid.org/0000-0003-2429-3357
https://orcid.org/0000-0001-6062-6505
https://orcid.org/0000-0001-6062-6505
https://orcid.org/0000-0001-6062-6505
https://orcid.org/0000-0002-4972-1525
https://orcid.org/0000-0002-4972-1525
https://orcid.org/0000-0002-4972-1525
https://orcid.org/0000-0003-0458-4288
https://orcid.org/0000-0003-0458-4288
https://orcid.org/0000-0003-0458-4288
https://orcid.org/0000-0003-0495-5720
https://orcid.org/0000-0003-0495-5720
https://orcid.org/0000-0003-0495-5720
https://orcid.org/0000-0001-7852-7484
https://orcid.org/0000-0001-7852-7484
https://orcid.org/0000-0001-7852-7484
https://orcid.org/0000-0002-8008-2485
https://orcid.org/0000-0002-8008-2485
https://orcid.org/0000-0002-8008-2485
https://orcid.org/0000-0002-6068-2993
https://orcid.org/0000-0002-6068-2993
https://orcid.org/0000-0002-6068-2993
https://orcid.org/0000-0001-6308-211X
https://orcid.org/0000-0001-6308-211X
https://orcid.org/0000-0001-6308-211X
https://orcid.org/0000-0002-8883-7280
https://orcid.org/0000-0002-8883-7280
https://orcid.org/0000-0002-8883-7280
https://orcid.org/0000-0002-8069-8490
https://orcid.org/0000-0002-8069-8490
https://orcid.org/0000-0002-8069-8490
https://orcid.org/0000-0002-5232-2736
https://orcid.org/0000-0002-5232-2736
https://orcid.org/0000-0002-5232-2736
https://orcid.org/0000-0001-9819-2562
https://orcid.org/0000-0001-9819-2562
https://orcid.org/0000-0001-9819-2562
https://orcid.org/0000-0002-1180-4050
https://orcid.org/0000-0002-1180-4050
https://orcid.org/0000-0002-1180-4050
https://orcid.org/0000-0001-6841-550X
https://orcid.org/0000-0001-6841-550X
https://orcid.org/0000-0001-6841-550X
https://orcid.org/0000-0002-9948-306X
https://orcid.org/0000-0002-9948-306X
https://orcid.org/0000-0002-9948-306X
https://orcid.org/0000-0002-1824-3292
https://orcid.org/0000-0002-1824-3292
https://orcid.org/0000-0002-1824-3292
https://orcid.org/0000-0001-5623-2853
https://orcid.org/0000-0001-5623-2853
https://orcid.org/0000-0001-5623-2853
https://orcid.org/0000-0001-8171-6833
https://orcid.org/0000-0001-8171-6833
https://orcid.org/0000-0001-8171-6833
https://orcid.org/0000-0003-2895-9638
https://orcid.org/0000-0003-2895-9638
https://orcid.org/0000-0003-2895-9638
https://orcid.org/0000-0003-3611-3042
https://orcid.org/0000-0003-3611-3042
https://orcid.org/0000-0003-3611-3042
https://orcid.org/0000-0003-2306-4106
https://orcid.org/0000-0003-2306-4106
https://orcid.org/0000-0003-2306-4106
https://orcid.org/0000-0003-0918-0864
https://orcid.org/0000-0003-0918-0864
https://orcid.org/0000-0003-0918-0864
https://orcid.org/0000-0002-4003-7233
https://orcid.org/0000-0002-4003-7233
https://orcid.org/0000-0002-4003-7233
https://orcid.org/0000-0002-4991-8213
https://orcid.org/0000-0002-4991-8213
https://orcid.org/0000-0002-4991-8213
https://orcid.org/0000-0001-9332-5733
https://orcid.org/0000-0001-9332-5733
https://orcid.org/0000-0001-9332-5733
https://orcid.org/0000-0003-1523-0821
https://orcid.org/0000-0003-1523-0821
https://orcid.org/0000-0003-1523-0821
https://orcid.org/0000-0003-4750-9413
https://orcid.org/0000-0003-4750-9413
https://orcid.org/0000-0003-4750-9413
https://orcid.org/0000-0002-4736-7403
https://orcid.org/0000-0002-4736-7403
https://orcid.org/0000-0002-4736-7403
https://orcid.org/0000-0003-0907-6098
https://orcid.org/0000-0003-0907-6098
https://orcid.org/0000-0003-0907-6098
https://orcid.org/0000-0001-6345-1798
https://orcid.org/0000-0001-6345-1798
https://orcid.org/0000-0001-6345-1798
https://orcid.org/0000-0002-1113-9644
https://orcid.org/0000-0002-1113-9644
https://orcid.org/0000-0002-1113-9644
https://orcid.org/0000-0002-4845-8737
https://orcid.org/0000-0002-4845-8737
https://orcid.org/0000-0002-4845-8737
https://orcid.org/0000-0002-2334-0935
https://orcid.org/0000-0002-2334-0935
https://orcid.org/0000-0002-2334-0935
https://orcid.org/0000-0001-6486-9897
https://orcid.org/0000-0001-6486-9897
https://orcid.org/0000-0001-6486-9897
https://orcid.org/0000-0003-3870-7215
https://orcid.org/0000-0003-3870-7215
https://orcid.org/0000-0003-3870-7215
https://orcid.org/0000-0002-7377-415X
https://orcid.org/0000-0002-7377-415X
https://orcid.org/0000-0002-7377-415X
https://orcid.org/0000-0003-1533-9229
https://orcid.org/0000-0003-1533-9229
https://orcid.org/0000-0003-1533-9229
https://orcid.org/0000-0002-1481-1993
https://orcid.org/0000-0002-1481-1993
https://orcid.org/0000-0002-1481-1993
https://orcid.org/0000-0002-4312-4287
https://orcid.org/0000-0002-4312-4287
https://orcid.org/0000-0002-4312-4287
https://orcid.org/0000-0003-1233-4174
https://orcid.org/0000-0003-1233-4174
https://orcid.org/0000-0003-1233-4174
https://orcid.org/0000-0001-6623-9506
https://orcid.org/0000-0001-6623-9506
https://orcid.org/0000-0001-6623-9506
https://orcid.org/0000-0001-8492-2202
https://orcid.org/0000-0001-8492-2202
https://orcid.org/0000-0001-8492-2202
https://orcid.org/0000-0002-4141-2744
https://orcid.org/0000-0002-4141-2744
https://orcid.org/0000-0002-4141-2744
https://orcid.org/0000-0001-6449-5493
https://orcid.org/0000-0001-6449-5493
https://orcid.org/0000-0001-6449-5493
https://orcid.org/0000-0002-0267-3562
https://orcid.org/0000-0002-0267-3562
https://orcid.org/0000-0002-0267-3562
https://orcid.org/0000-0002-7562-9263
https://orcid.org/0000-0002-7562-9263
https://orcid.org/0000-0002-7562-9263
https://orcid.org/0000-0001-7616-7366
https://orcid.org/0000-0001-7616-7366
https://orcid.org/0000-0001-7616-7366
https://orcid.org/0000-0002-9862-4668
https://orcid.org/0000-0002-9862-4668
https://orcid.org/0000-0002-9862-4668
https://orcid.org/0000-0002-4618-1674
https://orcid.org/0000-0002-4618-1674
https://orcid.org/0000-0002-4618-1674
https://orcid.org/0000-0002-3838-2986
https://orcid.org/0000-0002-3838-2986
https://orcid.org/0000-0002-3838-2986
https://orcid.org/0000-0002-7101-9396
https://orcid.org/0000-0002-7101-9396
https://orcid.org/0000-0002-7101-9396
https://orcid.org/0000-0002-3576-6968
https://orcid.org/0000-0002-3576-6968
https://orcid.org/0000-0002-3576-6968
https://orcid.org/0000-0001-9861-821X
https://orcid.org/0000-0001-9861-821X
https://orcid.org/0000-0001-9861-821X
https://orcid.org/0000-0002-7350-5291
https://orcid.org/0000-0002-7350-5291
https://orcid.org/0000-0002-7350-5291
https://orcid.org/0000-0002-2630-6724
https://orcid.org/0000-0002-2630-6724
https://orcid.org/0000-0002-2630-6724
https://orcid.org/0000-0003-0330-2736
https://orcid.org/0000-0003-0330-2736
https://orcid.org/0000-0003-0330-2736
https://orcid.org/0000-0001-6487-5197
https://orcid.org/0000-0001-6487-5197
https://orcid.org/0000-0001-6487-5197
https://orcid.org/0000-0002-6284-9769
https://orcid.org/0000-0002-6284-9769
https://orcid.org/0000-0002-6284-9769
https://orcid.org/0000-0003-4502-528X
https://orcid.org/0000-0003-4502-528X
https://orcid.org/0000-0003-4502-528X
https://orcid.org/0000-0001-5013-5913
https://orcid.org/0000-0001-5013-5913
https://orcid.org/0000-0001-5013-5913
https://orcid.org/0000-0001-8665-2293
https://orcid.org/0000-0001-8665-2293
https://orcid.org/0000-0001-8665-2293
https://orcid.org/0000-0001-9923-4154
https://orcid.org/0000-0001-9923-4154
https://orcid.org/0000-0001-9923-4154
https://orcid.org/0000-0002-4611-9387
https://orcid.org/0000-0002-4611-9387
https://orcid.org/0000-0002-4611-9387
https://orcid.org/0000-0003-3421-4069
https://orcid.org/0000-0003-3421-4069
https://orcid.org/0000-0003-3421-4069
https://orcid.org/0000-0003-1643-0526
https://orcid.org/0000-0003-1643-0526
https://orcid.org/0000-0003-1643-0526
https://orcid.org/0000-0002-3327-3676
https://orcid.org/0000-0002-3327-3676
https://orcid.org/0000-0002-3327-3676
https://orcid.org/0000-0002-6013-1729
https://orcid.org/0000-0002-6013-1729
https://orcid.org/0000-0002-6013-1729
https://orcid.org/0000-0002-1489-942X
https://orcid.org/0000-0002-1489-942X
https://orcid.org/0000-0002-1489-942X
https://orcid.org/0000-0003-4295-792X
https://orcid.org/0000-0003-4295-792X
https://orcid.org/0000-0003-4295-792X
https://orcid.org/0000-0002-5260-4979
https://orcid.org/0000-0002-5260-4979
https://orcid.org/0000-0002-5260-4979
https://orcid.org/0000-0002-0840-8567
https://orcid.org/0000-0002-0840-8567
https://orcid.org/0000-0002-0840-8567
https://orcid.org/0000-0003-1720-4061
https://orcid.org/0000-0003-1720-4061
https://orcid.org/0000-0003-1720-4061
https://orcid.org/0000-0002-5433-1409
https://orcid.org/0000-0002-5433-1409
https://orcid.org/0000-0002-5433-1409
https://orcid.org/0000-0002-7387-6754
https://orcid.org/0000-0002-7387-6754
https://orcid.org/0000-0002-7387-6754
https://orcid.org/0000-0003-2872-8186
https://orcid.org/0000-0003-2872-8186
https://orcid.org/0000-0003-2872-8186
https://orcid.org/0000-0002-4289-3439
https://orcid.org/0000-0002-4289-3439
https://orcid.org/0000-0002-4289-3439
https://orcid.org/0000-0002-6852-6856
https://orcid.org/0000-0002-6852-6856
https://orcid.org/0000-0002-6852-6856
https://orcid.org/0000-0003-0133-1306
https://orcid.org/0000-0003-0133-1306
https://orcid.org/0000-0003-0133-1306
https://orcid.org/0000-0002-9846-166X
https://orcid.org/0000-0002-9846-166X
https://orcid.org/0000-0002-9846-166X
https://orcid.org/0000-0002-7086-6550
https://orcid.org/0000-0002-7086-6550
https://orcid.org/0000-0002-7086-6550
https://orcid.org/0000-0002-3888-314X
https://orcid.org/0000-0002-3888-314X
https://orcid.org/0000-0002-3888-314X
https://orcid.org/0000-0002-2935-1600
https://orcid.org/0000-0002-2935-1600
https://orcid.org/0000-0002-2935-1600
https://orcid.org/0000-0003-4068-6572
https://orcid.org/0000-0003-4068-6572
https://orcid.org/0000-0003-4068-6572
https://orcid.org/0000-0003-3762-6958
https://orcid.org/0000-0003-3762-6958
https://orcid.org/0000-0003-3762-6958
https://orcid.org/0009-0007-0246-713X
https://orcid.org/0009-0007-0246-713X
https://orcid.org/0009-0007-0246-713X
https://orcid.org/0000-0001-5694-0809
https://orcid.org/0000-0001-5694-0809
https://orcid.org/0000-0001-5694-0809
https://orcid.org/0000-0002-8205-930X
https://orcid.org/0000-0002-8205-930X
https://orcid.org/0000-0002-8205-930X
https://orcid.org/0000-0001-8845-0900
https://orcid.org/0000-0001-8845-0900
https://orcid.org/0000-0001-8845-0900
https://orcid.org/0000-0001-9090-1862
https://orcid.org/0000-0001-9090-1862
https://orcid.org/0000-0001-9090-1862
https://orcid.org/0000-0001-8100-0579
https://orcid.org/0000-0001-8100-0579
https://orcid.org/0000-0001-8100-0579
https://orcid.org/0000-0002-3835-6729
https://orcid.org/0000-0002-3835-6729
https://orcid.org/0000-0002-3835-6729
https://orcid.org/0000-0001-6064-0569
https://orcid.org/0000-0001-6064-0569
https://orcid.org/0000-0001-6064-0569
https://orcid.org/0000-0002-0752-0338
https://orcid.org/0000-0002-0752-0338
https://orcid.org/0000-0002-0752-0338
https://orcid.org/0000-0003-4293-340X
https://orcid.org/0000-0003-4293-340X
https://orcid.org/0000-0003-4293-340X
https://orcid.org/0000-0001-9127-3167
https://orcid.org/0000-0001-9127-3167
https://orcid.org/0000-0001-9127-3167
https://orcid.org/0000-0002-0994-7394
https://orcid.org/0000-0002-0994-7394
https://orcid.org/0000-0002-0994-7394
https://orcid.org/0000-0002-9207-4669
https://orcid.org/0000-0002-9207-4669
https://orcid.org/0000-0002-9207-4669
https://orcid.org/0000-0002-3377-4737
https://orcid.org/0000-0002-3377-4737
https://orcid.org/0000-0002-3377-4737
https://orcid.org/0000-0003-3853-3593
https://orcid.org/0000-0003-3853-3593
https://orcid.org/0000-0003-3853-3593
https://orcid.org/0000-0001-6592-6590
https://orcid.org/0000-0001-6592-6590
https://orcid.org/0000-0001-6592-6590
https://orcid.org/0000-0002-4263-2706
https://orcid.org/0000-0002-4263-2706
https://orcid.org/0000-0002-4263-2706
https://orcid.org/0000-0003-3768-9908
https://orcid.org/0000-0003-3768-9908
https://orcid.org/0000-0003-3768-9908
https://orcid.org/0000-0001-8700-3455
https://orcid.org/0000-0001-8700-3455
https://orcid.org/0000-0001-8700-3455
https://orcid.org/0000-0002-0995-2329
https://orcid.org/0000-0002-0995-2329
https://orcid.org/0000-0002-0995-2329
https://orcid.org/0000-0003-0038-5468
https://orcid.org/0000-0003-0038-5468
https://orcid.org/0000-0003-0038-5468
https://orcid.org/0000-0001-5867-5033
https://orcid.org/0000-0001-5867-5033
https://orcid.org/0000-0001-5867-5033
https://orcid.org/0000-0002-5769-8601
https://orcid.org/0000-0002-5769-8601
https://orcid.org/0000-0002-5769-8601
https://orcid.org/0000-0002-5833-413X
https://orcid.org/0000-0002-5833-413X
https://orcid.org/0000-0002-5833-413X
https://orcid.org/0000-0003-1433-0716
https://orcid.org/0000-0003-1433-0716
https://orcid.org/0000-0003-1433-0716
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5550-6592
https://orcid.org/0000-0001-5550-6592
https://orcid.org/0000-0001-5550-6592
https://orcid.org/0000-0002-8664-9702
https://orcid.org/0000-0002-8664-9702
https://orcid.org/0000-0002-8664-9702
https://orcid.org/0000-0001-9092-3965
https://orcid.org/0000-0001-9092-3965
https://orcid.org/0000-0001-9092-3965
https://orcid.org/0000-0002-9339-8622
https://orcid.org/0000-0002-9339-8622
https://orcid.org/0000-0002-9339-8622
https://orcid.org/0000-0003-4094-9942
https://orcid.org/0000-0003-4094-9942
https://orcid.org/0000-0003-4094-9942
https://orcid.org/0000-0002-6992-5963
https://orcid.org/0000-0002-6992-5963
https://orcid.org/0000-0002-6992-5963
https://orcid.org/0000-0003-2165-2967
https://orcid.org/0000-0003-2165-2967
https://orcid.org/0000-0003-2165-2967
https://orcid.org/0000-0003-0949-7298
https://orcid.org/0000-0003-0949-7298
https://orcid.org/0000-0003-0949-7298
https://orcid.org/0000-0002-6870-4202
https://orcid.org/0000-0002-6870-4202
https://orcid.org/0000-0002-6870-4202
https://orcid.org/0000-0001-8026-7597
https://orcid.org/0000-0001-8026-7597
https://orcid.org/0000-0001-8026-7597
https://orcid.org/0000-0003-4258-9338
https://orcid.org/0000-0003-4258-9338
https://orcid.org/0000-0003-4258-9338
https://orcid.org/0000-0002-5871-4730
https://orcid.org/0000-0002-5871-4730
https://orcid.org/0000-0002-5871-4730
https://orcid.org/0000-0001-8912-5587
https://orcid.org/0000-0001-8912-5587
https://orcid.org/0000-0001-8912-5587
https://orcid.org/0009-0007-1566-7093
https://orcid.org/0009-0007-1566-7093
https://orcid.org/0009-0007-1566-7093
https://orcid.org/0000-0003-3140-8933
https://orcid.org/0000-0003-3140-8933
https://orcid.org/0000-0003-3140-8933
https://orcid.org/0000-0003-3243-1393
https://orcid.org/0000-0003-3243-1393
https://orcid.org/0000-0003-3243-1393
https://orcid.org/0000-0002-6714-5429
https://orcid.org/0000-0002-6714-5429
https://orcid.org/0000-0002-6714-5429
https://orcid.org/0000-0001-7170-8733
https://orcid.org/0000-0001-7170-8733
https://orcid.org/0000-0001-7170-8733
https://orcid.org/0000-0003-3452-9415
https://orcid.org/0000-0003-3452-9415
https://orcid.org/0000-0003-3452-9415
https://orcid.org/0009-0007-9429-1847
https://orcid.org/0009-0007-9429-1847
https://orcid.org/0009-0007-9429-1847
https://orcid.org/0000-0002-7214-9088
https://orcid.org/0000-0002-7214-9088
https://orcid.org/0000-0002-7214-9088
https://orcid.org/0000-0002-7439-4773
https://orcid.org/0000-0002-7439-4773
https://orcid.org/0000-0002-7439-4773
https://orcid.org/0000-0002-3370-6152
https://orcid.org/0000-0002-3370-6152
https://orcid.org/0000-0002-3370-6152
https://orcid.org/0000-0003-2731-2656
https://orcid.org/0000-0003-2731-2656
https://orcid.org/0000-0003-2731-2656
https://orcid.org/0000-0002-5520-8541
https://orcid.org/0000-0002-5520-8541
https://orcid.org/0000-0002-5520-8541
https://orcid.org/0000-0002-1985-1361
https://orcid.org/0000-0002-1985-1361
https://orcid.org/0000-0002-1985-1361
https://orcid.org/0000-0002-7435-0869
https://orcid.org/0000-0002-7435-0869
https://orcid.org/0000-0002-7435-0869
https://orcid.org/0000-0001-8104-3536
https://orcid.org/0000-0001-8104-3536
https://orcid.org/0000-0001-8104-3536
https://orcid.org/0000-0002-6504-0973
https://orcid.org/0000-0002-6504-0973
https://orcid.org/0000-0002-6504-0973
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0003-0613-2760
https://orcid.org/0000-0003-0613-2760
https://orcid.org/0000-0003-0613-2760
https://orcid.org/0000-0002-2823-3127
https://orcid.org/0000-0002-2823-3127
https://orcid.org/0000-0002-2823-3127
https://orcid.org/0000-0002-5243-5917
https://orcid.org/0000-0002-5243-5917
https://orcid.org/0000-0002-5243-5917
https://orcid.org/0000-0003-3600-2406
https://orcid.org/0000-0003-3600-2406
https://orcid.org/0000-0003-3600-2406
https://orcid.org/0000-0001-6472-8509
https://orcid.org/0000-0001-6472-8509
https://orcid.org/0000-0001-6472-8509
https://orcid.org/0000-0002-9225-7756
https://orcid.org/0000-0002-9225-7756
https://orcid.org/0000-0002-9225-7756
https://orcid.org/0000-0002-2003-4238
https://orcid.org/0000-0002-2003-4238
https://orcid.org/0000-0002-2003-4238
https://orcid.org/0000-0001-8075-4088
https://orcid.org/0000-0001-8075-4088
https://orcid.org/0000-0001-8075-4088
https://orcid.org/0000-0003-4096-7542
https://orcid.org/0000-0003-4096-7542
https://orcid.org/0000-0003-4096-7542
https://orcid.org/0000-0003-4075-4539
https://orcid.org/0000-0003-4075-4539
https://orcid.org/0000-0003-4075-4539
https://orcid.org/0000-0001-5078-9044
https://orcid.org/0000-0001-5078-9044
https://orcid.org/0000-0001-5078-9044
https://orcid.org/0000-0003-4366-8265
https://orcid.org/0000-0003-4366-8265
https://orcid.org/0000-0003-4366-8265
https://orcid.org/0000-0002-1057-2307
https://orcid.org/0000-0002-1057-2307
https://orcid.org/0000-0002-1057-2307
https://orcid.org/0000-0003-3258-5763
https://orcid.org/0000-0003-3258-5763
https://orcid.org/0000-0003-3258-5763
https://orcid.org/0000-0001-9143-8427
https://orcid.org/0000-0001-9143-8427
https://orcid.org/0000-0001-9143-8427
https://orcid.org/0000-0001-7758-7493
https://orcid.org/0000-0001-7758-7493
https://orcid.org/0000-0001-7758-7493
https://orcid.org/0000-0003-0898-6030
https://orcid.org/0000-0003-0898-6030
https://orcid.org/0000-0003-0898-6030
https://orcid.org/0000-0001-9200-8867
https://orcid.org/0000-0001-9200-8867
https://orcid.org/0000-0001-9200-8867
https://orcid.org/0000-0001-5620-6751
https://orcid.org/0000-0001-5620-6751
https://orcid.org/0000-0001-5620-6751
https://orcid.org/0000-0001-7663-0808
https://orcid.org/0000-0001-7663-0808
https://orcid.org/0000-0001-7663-0808
https://orcid.org/0009-0004-5008-5660
https://orcid.org/0009-0004-5008-5660
https://orcid.org/0009-0004-5008-5660
https://orcid.org/0000-0001-8798-0627
https://orcid.org/0000-0001-8798-0627
https://orcid.org/0000-0001-8798-0627
https://orcid.org/0000-0002-5179-1725
https://orcid.org/0000-0002-5179-1725
https://orcid.org/0000-0002-5179-1725
https://orcid.org/0000-0002-1019-6911
https://orcid.org/0000-0002-1019-6911
https://orcid.org/0000-0002-1019-6911
https://orcid.org/0000-0002-3815-4078
https://orcid.org/0000-0002-3815-4078
https://orcid.org/0000-0002-3815-4078
https://orcid.org/0000-0002-8680-5170
https://orcid.org/0000-0002-8680-5170
https://orcid.org/0000-0002-8680-5170
https://orcid.org/0000-0003-4977-0789
https://orcid.org/0000-0003-4977-0789
https://orcid.org/0000-0003-4977-0789
https://orcid.org/0000-0001-5895-0664
https://orcid.org/0000-0001-5895-0664
https://orcid.org/0000-0001-5895-0664
https://orcid.org/0000-0003-3978-2030
https://orcid.org/0000-0003-3978-2030
https://orcid.org/0000-0003-3978-2030
https://orcid.org/0000-0002-5411-9424
https://orcid.org/0000-0002-5411-9424
https://orcid.org/0000-0002-5411-9424
https://orcid.org/0000-0001-7860-9754
https://orcid.org/0000-0001-7860-9754
https://orcid.org/0000-0001-7860-9754
https://orcid.org/0000-0001-6145-8187
https://orcid.org/0000-0001-6145-8187
https://orcid.org/0000-0001-6145-8187
https://orcid.org/0000-0003-1354-7809
https://orcid.org/0000-0003-1354-7809
https://orcid.org/0000-0003-1354-7809
https://orcid.org/0000-0003-1014-8394
https://orcid.org/0000-0003-1014-8394
https://orcid.org/0000-0003-1014-8394
https://doi.org/10.3847/2041-8213/ad5beb
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad5beb&domain=pdf&date_stamp=2024-07-26
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad5beb&domain=pdf&date_stamp=2024-07-26

THE ASTROPHYSICAL JOURNAL LETTERS, 970:L34 (39pp), 2024 August 1 Abac et al.

R. De Pietri'¢”-'68 , R. De Rosa>? , C. De Rossi®’ , R. DeSalvo'®’ , R. De SimonelS3, A. Dhanil, R. Diab44,
M. C. Diaz'®*@®, M. Di Cesare’’®, G. Dideron'’’, N. A. Didio’’, T. Dietrich' @, L. Di Fiore’, C. Di Fronzo™ @,
M. Di Giovanni®*®®, T. Di Girolamo >*®, D. Diksha®***, A. Di Michele®®®, J. Ding’"'"'®, S. Di Pace®>°°®,
L. Di Palma®>%® , F. Di Renzo!''® s Divyajyoti172 , A, Dmitriev' > , Z. Doctor™’ , E. DohmenS, P. P. Dolevalzo,
D. Dominguezl73, L. D’Onofrio® , F. Donovan32, K. L. Dooley18 , T. Dooney77, S. Doravari'! , O. Dorosh174,
M. Dratgo“’(’6 ,J. C. Driggers3 , J.-G. Ducoin”’”s, L. Dunn'*? , U. Dupletsa43, D. D’Urso' 33163 , H. Duval'”® s
P.-A. Duverne37, S. E. Dwyer3 , C. Eassa’ , M. Ebersold*’ ,T. Eckhardt® , G. Eddolls”® , B. Edelman’® , T. B. Edoz,
0. Edy126 , A. Effler® ,J. Eichholz>! , H. Einsle48, M. Eisenmannzz, R. A. Eisenstein32, A. Ejlli18 , R. M. Eleveld177,
M. Emma®*®, K. Endo'’®, A. J. Engl'”, E. Enloe”®, L. Errico’>"®, R. C. Essick'”*@®, H. Estellés' @, D. Estevez®’ @, T. Etzel’,
M. Evans®? ,T. Evstafyevalgo, B. E. Ewing7, J. M. Ezquiaga]39 , F. Fabrizi®>%? , F. Faedi62’63, V. Fafone'®!” s
S. Fairhurst'® , A. M. Farah'%’ , B. Farr’® ., W. M. Farr'81-182 , G. Favaro” , M. Favata'®? , M. Fays115 , M. Fazi097,
J. Feichtz, M. M. Fejerls, R. . Felicetti'®* , E. Fenyves.i%’185 ,D. L. Ferguson148 , S. Ferraiuolo®0%-18¢ , L Ferrante %87 ,
T. A. Ferreira’, F. Fidecaro®®* @, P. Figura” @, A. Fiori®®®’ @ 1. Fiori’’ @, M. Fishbach'”®® R. P. Fisher'?’, R. Fittipaldi'**"'*’,
V. Fiumara'?'®¥ @ R. Flaminio®®, S. M. Fleischer'®’®, L. S. Fleming'*’, E. Floden’®, E. M. Foley”®, H. Fong'*’,
J. A. Font"37-138 , B. Fornal'®! ,P. W. F. Forsyth3], K. Franceschetti]67, N. Franchini7], S. Frasca65’66, F. Frasconi®’ s
A. Frattale Mascioli®>*®® , Z. Frei'”? , Al Freise** 104 , O. Freitas'?71%? , R. Frey78 , W. Frischhertzm, P. Fritschel‘u,

V. V. Frolov°4, G. G. Fronzé** , M. Fuentes-Garcia’ , S. Fujiill”, T. Fujimori195 , P. Fulda44, M. Fyffe“, B. Gadre”’ s

J. R. Gair' , S. Galaudagel()6 , V. Galdimg, H. Gallagher197, S. Gallardolgg, B. Gallegolgg, R. Gamba>® , A Gamboa' s
D. Ganapathy32 , A. Ganguly” , B. Garaventa™°® | J. Garcia-Bellido'"” @, C. Garcia Nifiez'”’, C. Garcia-Quirés'®® @,
J. W. Gardner”" , K. A. GardnerMO, J. Gargiulo57 , A. Garron”® , F. Garufi>*° , C. Gasbarra'®!” , B. GateleyS,

V. Gayathri8 , G. Gemme> , A. Gennai®’ , V. Gennari'®® . Georgemo, R. George148 , O. Gerberding85 s
L. Gergelyzoo , S. Ghonge5 8 , Archisman Ghosh”? , Sayantan Ghosh?® 1, Shaon Ghosh'®? , Shrobana Ghosh41’42,
Suprovo Ghosh!! , Tathagata Ghosh!! , L. Giacoppo65 ’66, J. A. Giaime”®* , K. D. Giardina64, D. R. Gibsonlgo,

D. T. Gibson'®*’, C. Gier”’ @, P. Giri®**" @, F. Gissi”®, S. Gkaitatzis***’ @, J. Glanzer’, F. Glotin>’, J. Godfrey’®, P. Godwin?,

N. L. Goebbels® , E. Goetz'*° . Golombz, S. Gomez Lopezés’66 , B. Goncharov*? , Y. Gongzoz, G. Gonzdlez’ s

P. Goodarzi203, S. Goodelsz, A. W. Goodwin-Jones>® , M. Gosselin57, A. S. Gottel'® , R. Gouaty29 ,D. W. Gould3l,

K. Govorkova32, S. Goyal1 , B. Grace™! , A Grado>?%* , V. Graham?’ , A. E. Granados’® , M. Granata'® ,

V. Granata® . S. Gras® 2, P. Grassiaz, A. Gray%, C. Gray3, R. Gray27 , G. Greco® 0, A. C. Green**!1% ,S. M. Green126,
S. R. Green’” @, A. M. Gretarsson®®, E. M. Gretarsson®®, D. Griffith?, W. L. Griffiths'®®, H. L. Griggs’®®, G. Grignani’**®,
A. Grimaldi'”'®*®, C. Grimaud®’, H. Grote'*®, D. Guerra'*’®, D. Guetta®"°®, G. M. Guidi®***®, A. R. Guimaraes’,
H. K. Gulati92, F. Gulminelli'®*'6 , A M. Gunny32, H. Guo'" , W. Guo*® , Y. Guo>>3* , Anchal Gupta2 s
Anuradha Guptazo7 , Ish Gupta7 , N. C. Guptagz, P. Gupta34’77, S. K. Gupta44, T. Gupta158 , N. Guptel, J. Gursgs,

N. Gutierrez'®®, F. Guzman'*' ®, H.-Y. H'*?, D. Haba'’*, M. Haberland' ®, S. Haino?*®, E. D. Hall*>®, E. Z. Hamilton"®,
G. Hammond?*’ , W.-B. Han>"’ , M. Haney34 . Hanks3, C. Hanna7, M. D. Hannamls, 0. A. Hannuksela>'? ,

A. G. Hanselman'?® , H. Hansen3, J. Hanson64, R. Harada38, A. R. Hardison?" 1, K. Haris34’77, T. Harmark ' ** . Harms*>!18 ,
G. M. Harry212 LW, Harry126 . Han75, B. Haskell94, C.-J. Haster’"? ,J.S. Hathaway]97, K. Haughian27 , H. Hayakawa49,
K. Hayama214, R. Hayeslx, A. Heffernan”® , A. Heidmann'"® , M. C. HeintzeM, J. Heinze'"? L HeinzelSz, H. Heitmann™®® ,
F. Hellman®'> @, P. Hello”’, A. F. Helmling—Comel]78 , G. Hemming57 , O. Henderson—Sapir”O , M. Hendry27 ,

I. S. Heng27, E. Hennes™* , C. Henshaw’® , T. Henog106, M. Heurs*"**? ,A L. Hewitt'80-21° . Heyns32, S. Higginbothamls,
S. Hild33’34, S. Hi1127, Y. Himemoto>!’ , N. Hiratazz, C. Hirose218, S. Hoang37, S. Hochheim41’42, D. Hofman166,

N. A. Holland34"04, K. Holley-BockelmannMS, Z. J. Holmes''° , D. E. Holz'*® , L. Honet74, C. Hongls, J. Homung78,

S. Hoshin0218, J. Hough27 , S. Hourihanez, E. J. Howell*® ,C.G. Hoylz() ,C.A. Hrishikeshl6, H.-F. Hsieh'*? , C. Hsiung2]9,
H. C. Hsu'*, W.-F. Hsu'%®, P. Hu'**, Q. Hu”’ @, H. Y. Huang'**®, Y.-J. Huang’ @, A. D. Huddart**°, B. Hughey®®,
D.C. Y. Hui*?'®, V. Hui*’®, S. Husa”®®, R. Huxford’, T. Huynh-Dinh®*, L. Iampieri®>®°®, G. A. Iandolo™ @, M. Tanni'®'”,
A. Tess®’?%2 , H. Imafuku38, K. Inayoshi223 , Y. Inouel43, G. Torio™ , M. H. Iqbal31, J. Irwin®’ , R. Ishikawa224,

M. Isi'31:182 , M. A. Ismail'*? , Y. Itoh'%>223 , H. Iwanagal%, M. Iwayal%, B. R. Iyer20 , V. JaberianHamedan>® s
C. Jacquetlzs, P.-E. Jacquet1 19 , S, I Jadhav226, S. P. Jadhav'> ,T. Jainlgo, A. L. James?> , P. A. Jameslzo, R. JamshidiSs,
J. Janquan34’77, K. Janssens'>*® , N. N. Janthalur226, S. Jaraba''’ , P. Jaranowski>>’ , R. Jaume”® , W. Javedlg, A. JenningsS,
W. Jia32, J. Jiang44 , . Kubisz>%® , C. Johanson13°, G. R. Johnslzo, N. A. Johnson44, N. K. Johnson-McDaniel*"’ s
M. C. Johnston>"? , R. Johnston27, N. Johny41’42, D. H. Jones®' ,D. L Joneszz(), R. Jonesz7, S. Jose172, P. Joshi7, L. Ju*® s
K. Jung230 L Junker®! , V. Juste74, T. Kajita231 , L Kakulgs, C. Kalaghatgi34’77’232, V. Kalogera80 , M. Kamiizumi*’ ,
N. Kanda'?>?%° , S. Kandhasamy]l , G. Kang233 ,J. B. Kannerz, S. J. Kapadia]l ,D. P. Kapasi3] . S. Karatz,

C. Karathanasis™*° , R. Kashyap7 , M. Kasprzack2 , W. Kastaun4l’42, T. Katol94, E. KatsavounidisSz, W. Katzman64,

R. Kaushik'% , K. Kawabe3, R. Kawamoto'®> , A Kazemi%, A. Kedia'”’ , D. Keitel”® . Ke]ley—Derzon44, J. Kennington7 ,
R. Kesharwani'!, J. S. Key***®, R. Khadela*""**, S. Khadka'®, F. Y. Khalili'®®, F. Khan*'***@® | I. Khan®®**, T. Khanam'"’,
M. Khursheed'”, N. M. Khusid'®*""'"®2, W. Kiendrebeogo*®**®@ , N. Kijbunchoo''°®, C. Kim*’, J. C. Kim**®, K. Kim**°®,
M. H. Kim**’, S. Kim**' ®, Y.-M. Kim**°®, C. Kimball**®, M. Kinley-Hanlon?’ ®, M. Kinnear'®, J. S. Kissel’ ®,


https://orcid.org/0000-0003-1556-8304
https://orcid.org/0000-0003-1556-8304
https://orcid.org/0000-0003-1556-8304
https://orcid.org/0000-0002-4004-947X
https://orcid.org/0000-0002-4004-947X
https://orcid.org/0000-0002-4004-947X
https://orcid.org/0000-0002-5825-472X
https://orcid.org/0000-0002-5825-472X
https://orcid.org/0000-0002-5825-472X
https://orcid.org/0000-0002-4818-0296
https://orcid.org/0000-0002-4818-0296
https://orcid.org/0000-0002-4818-0296
https://orcid.org/0000-0002-7555-8856
https://orcid.org/0000-0002-7555-8856
https://orcid.org/0000-0002-7555-8856
https://orcid.org/0009-0003-0411-6043
https://orcid.org/0009-0003-0411-6043
https://orcid.org/0009-0003-0411-6043
https://orcid.org/0000-0003-2374-307X
https://orcid.org/0000-0003-2374-307X
https://orcid.org/0000-0003-2374-307X
https://orcid.org/0000-0002-2693-6769
https://orcid.org/0000-0002-2693-6769
https://orcid.org/0000-0002-2693-6769
https://orcid.org/0000-0003-4049-8336
https://orcid.org/0000-0003-4049-8336
https://orcid.org/0000-0003-4049-8336
https://orcid.org/0000-0003-2339-4471
https://orcid.org/0000-0003-2339-4471
https://orcid.org/0000-0003-2339-4471
https://orcid.org/0000-0002-0357-2608
https://orcid.org/0000-0002-0357-2608
https://orcid.org/0000-0002-0357-2608
https://orcid.org/0000-0003-1693-3828
https://orcid.org/0000-0003-1693-3828
https://orcid.org/0000-0003-1693-3828
https://orcid.org/0000-0001-6759-5676
https://orcid.org/0000-0001-6759-5676
https://orcid.org/0000-0001-6759-5676
https://orcid.org/0000-0003-1544-8943
https://orcid.org/0000-0003-1544-8943
https://orcid.org/0000-0003-1544-8943
https://orcid.org/0000-0002-5447-3810
https://orcid.org/0000-0002-5447-3810
https://orcid.org/0000-0002-5447-3810
https://orcid.org/0000-0002-2787-1012
https://orcid.org/0000-0002-2787-1012
https://orcid.org/0000-0002-2787-1012
https://orcid.org/0000-0002-0314-956X
https://orcid.org/0000-0002-0314-956X
https://orcid.org/0000-0002-0314-956X
https://orcid.org/0000-0002-2077-4914
https://orcid.org/0000-0002-2077-4914
https://orcid.org/0000-0002-2077-4914
https://orcid.org/0000-0001-9546-5959
https://orcid.org/0000-0001-9546-5959
https://orcid.org/0000-0001-9546-5959
https://orcid.org/0000-0002-1636-0233
https://orcid.org/0000-0002-1636-0233
https://orcid.org/0000-0002-1636-0233
https://orcid.org/0000-0001-8750-8330
https://orcid.org/0000-0001-8750-8330
https://orcid.org/0000-0001-8750-8330
https://orcid.org/0000-0002-3738-2431
https://orcid.org/0000-0002-3738-2431
https://orcid.org/0000-0002-3738-2431
https://orcid.org/0000-0002-6134-7628
https://orcid.org/0000-0002-6134-7628
https://orcid.org/0000-0002-6134-7628
https://orcid.org/0000-0002-1769-6097
https://orcid.org/0000-0002-1769-6097
https://orcid.org/0000-0002-1769-6097
https://orcid.org/0000-0002-8215-4542
https://orcid.org/0000-0002-8215-4542
https://orcid.org/0000-0002-8215-4542
https://orcid.org/0000-0002-2475-1728
https://orcid.org/0000-0002-2475-1728
https://orcid.org/0000-0002-2475-1728
https://orcid.org/0000-0003-4631-1771
https://orcid.org/0000-0003-4631-1771
https://orcid.org/0000-0003-4631-1771
https://orcid.org/0000-0002-1224-4681
https://orcid.org/0000-0002-1224-4681
https://orcid.org/0000-0002-1224-4681
https://orcid.org/0000-0002-5895-4523
https://orcid.org/0000-0002-5895-4523
https://orcid.org/0000-0002-5895-4523
https://orcid.org/0000-0001-7648-1689
https://orcid.org/0000-0001-7648-1689
https://orcid.org/0000-0001-7648-1689
https://orcid.org/0000-0001-9617-8724
https://orcid.org/0000-0001-9617-8724
https://orcid.org/0000-0001-9617-8724
https://orcid.org/0000-0001-8242-3944
https://orcid.org/0000-0001-8242-3944
https://orcid.org/0000-0001-8242-3944
https://orcid.org/0000-0002-2643-163X
https://orcid.org/0000-0002-2643-163X
https://orcid.org/0000-0002-2643-163X
https://orcid.org/0000-0002-4149-4532
https://orcid.org/0000-0002-4149-4532
https://orcid.org/0000-0002-4149-4532
https://orcid.org/0000-0001-7943-0262
https://orcid.org/0000-0001-7943-0262
https://orcid.org/0000-0001-7943-0262
https://orcid.org/0000-0003-2112-0653
https://orcid.org/0000-0003-2112-0653
https://orcid.org/0000-0003-2112-0653
https://orcid.org/0000-0001-8196-9267
https://orcid.org/0000-0001-8196-9267
https://orcid.org/0000-0001-8196-9267
https://orcid.org/0000-0001-6143-5532
https://orcid.org/0000-0001-6143-5532
https://orcid.org/0000-0001-6143-5532
https://orcid.org/0000-0002-3021-5964
https://orcid.org/0000-0002-3021-5964
https://orcid.org/0000-0002-3021-5964
https://orcid.org/0000-0001-8459-4499
https://orcid.org/0000-0001-8459-4499
https://orcid.org/0000-0001-8459-4499
https://orcid.org/0000-0002-7213-3211
https://orcid.org/0000-0002-7213-3211
https://orcid.org/0000-0002-7213-3211
https://orcid.org/0000-0002-3809-065X
https://orcid.org/0000-0002-3809-065X
https://orcid.org/0000-0002-3809-065X
https://orcid.org/0000-0003-1314-1622
https://orcid.org/0000-0003-1314-1622
https://orcid.org/0000-0003-1314-1622
https://orcid.org/0000-0001-8480-1961
https://orcid.org/0000-0001-8480-1961
https://orcid.org/0000-0001-8480-1961
https://orcid.org/0000-0002-6121-0285
https://orcid.org/0000-0002-6121-0285
https://orcid.org/0000-0002-6121-0285
https://orcid.org/0000-0002-2916-9200
https://orcid.org/0000-0002-2916-9200
https://orcid.org/0000-0002-2916-9200
https://orcid.org/0000-0003-1540-8562
https://orcid.org/0000-0003-1540-8562
https://orcid.org/0000-0003-1540-8562
https://orcid.org/0000-0002-0351-6833
https://orcid.org/0000-0002-0351-6833
https://orcid.org/0000-0002-0351-6833
https://orcid.org/0000-0001-8270-9512
https://orcid.org/0000-0001-8270-9512
https://orcid.org/0000-0001-8270-9512
https://orcid.org/0000-0002-4390-9746
https://orcid.org/0000-0002-4390-9746
https://orcid.org/0000-0002-4390-9746
https://orcid.org/0009-0005-6263-5604
https://orcid.org/0009-0005-6263-5604
https://orcid.org/0009-0005-6263-5604
https://orcid.org/0000-0003-2777-3719
https://orcid.org/0000-0003-2777-3719
https://orcid.org/0000-0003-2777-3719
https://orcid.org/0000-0002-4406-591X
https://orcid.org/0000-0002-4406-591X
https://orcid.org/0000-0002-4406-591X
https://orcid.org/0009-0005-5582-2989
https://orcid.org/0009-0005-5582-2989
https://orcid.org/0009-0005-5582-2989
https://orcid.org/0000-0002-0083-7228
https://orcid.org/0000-0002-0083-7228
https://orcid.org/0000-0002-0083-7228
https://orcid.org/0000-0002-6189-3311
https://orcid.org/0000-0002-6189-3311
https://orcid.org/0000-0002-6189-3311
https://orcid.org/0000-0002-8925-0393
https://orcid.org/0000-0002-8925-0393
https://orcid.org/0000-0002-8925-0393
https://orcid.org/0000-0003-3174-0688
https://orcid.org/0000-0003-3174-0688
https://orcid.org/0000-0003-3174-0688
https://orcid.org/0000-0002-0210-516X
https://orcid.org/0000-0002-0210-516X
https://orcid.org/0000-0002-0210-516X
https://orcid.org/0000-0002-1980-5293
https://orcid.org/0000-0002-1980-5293
https://orcid.org/0000-0002-1980-5293
https://orcid.org/0000-0003-3644-217X
https://orcid.org/0000-0003-3644-217X
https://orcid.org/0000-0003-3644-217X
https://orcid.org/0000-0001-7884-9993
https://orcid.org/0000-0001-7884-9993
https://orcid.org/0000-0001-7884-9993
https://orcid.org/0000-0001-6650-2634
https://orcid.org/0000-0001-6650-2634
https://orcid.org/0000-0001-6650-2634
https://orcid.org/0000-0003-3271-2080
https://orcid.org/0000-0003-3271-2080
https://orcid.org/0000-0003-3271-2080
https://orcid.org/0000-0003-4204-6587
https://orcid.org/0000-0003-4204-6587
https://orcid.org/0000-0003-4204-6587
https://orcid.org/0000-0002-0155-3833
https://orcid.org/0000-0002-0155-3833
https://orcid.org/0000-0002-0155-3833
https://orcid.org/0000-0002-0181-8491
https://orcid.org/0000-0002-0181-8491
https://orcid.org/0000-0002-0181-8491
https://orcid.org/0000-0001-6586-9901
https://orcid.org/0000-0001-6586-9901
https://orcid.org/0000-0001-6586-9901
https://orcid.org/0000-0002-2898-1256
https://orcid.org/0000-0002-2898-1256
https://orcid.org/0000-0002-2898-1256
https://orcid.org/0000-0003-0341-2636
https://orcid.org/0000-0003-0341-2636
https://orcid.org/0000-0003-0341-2636
https://orcid.org/0000-0003-0966-4279
https://orcid.org/0000-0003-0966-4279
https://orcid.org/0000-0003-0966-4279
https://orcid.org/0000-0003-3390-8712
https://orcid.org/0000-0003-3390-8712
https://orcid.org/0000-0003-3390-8712
https://orcid.org/0000-0002-1534-9761
https://orcid.org/0000-0002-1534-9761
https://orcid.org/0000-0002-1534-9761
https://orcid.org/0000-0002-1671-3668
https://orcid.org/0000-0002-1671-3668
https://orcid.org/0000-0002-1671-3668
https://orcid.org/0000-0002-1819-0215
https://orcid.org/0000-0002-1819-0215
https://orcid.org/0000-0002-1819-0215
https://orcid.org/0000-0001-7239-0659
https://orcid.org/0000-0001-7239-0659
https://orcid.org/0000-0001-7239-0659
https://orcid.org/0000-0001-8391-5596
https://orcid.org/0000-0001-8391-5596
https://orcid.org/0000-0001-8391-5596
https://orcid.org/0000-0003-3028-4174
https://orcid.org/0000-0003-3028-4174
https://orcid.org/0000-0003-3028-4174
https://orcid.org/0000-0001-7394-0755
https://orcid.org/0000-0001-7394-0755
https://orcid.org/0000-0001-7394-0755
https://orcid.org/0000-0003-2490-404X
https://orcid.org/0000-0003-2490-404X
https://orcid.org/0000-0003-2490-404X
https://orcid.org/0000-0002-9370-8360
https://orcid.org/0000-0002-9370-8360
https://orcid.org/0000-0002-9370-8360
https://orcid.org/0000-0002-8059-2477
https://orcid.org/0000-0002-8059-2477
https://orcid.org/0000-0002-8059-2477
https://orcid.org/0000-0002-8592-1452
https://orcid.org/0000-0002-8592-1452
https://orcid.org/0000-0002-8592-1452
https://orcid.org/0000-0002-3507-6924
https://orcid.org/0000-0002-3507-6924
https://orcid.org/0000-0002-3507-6924
https://orcid.org/0000-0002-1601-797X
https://orcid.org/0000-0002-1601-797X
https://orcid.org/0000-0002-1601-797X
https://orcid.org/0000-0003-1391-6168
https://orcid.org/0000-0003-1391-6168
https://orcid.org/0000-0003-1391-6168
https://orcid.org/0000-0001-8335-9614
https://orcid.org/0000-0001-8335-9614
https://orcid.org/0000-0001-8335-9614
https://orcid.org/0000-0002-7167-9888
https://orcid.org/0000-0002-7167-9888
https://orcid.org/0000-0002-7167-9888
https://orcid.org/0000-0002-1127-7406
https://orcid.org/0000-0002-1127-7406
https://orcid.org/0000-0002-1127-7406
https://orcid.org/0000-0003-0149-2089
https://orcid.org/0000-0003-0149-2089
https://orcid.org/0000-0003-0149-2089
https://orcid.org/0000-0002-0190-9262
https://orcid.org/0000-0002-0190-9262
https://orcid.org/0000-0002-0190-9262
https://orcid.org/0000-0002-7797-7683
https://orcid.org/0000-0002-7797-7683
https://orcid.org/0000-0002-7797-7683
https://orcid.org/0000-0001-7740-2698
https://orcid.org/0000-0001-7740-2698
https://orcid.org/0000-0001-7740-2698
https://orcid.org/0000-0003-3146-6201
https://orcid.org/0000-0003-3146-6201
https://orcid.org/0000-0003-3146-6201
https://orcid.org/0000-0002-5476-938X
https://orcid.org/0000-0002-5476-938X
https://orcid.org/0000-0002-5476-938X
https://orcid.org/0000-0003-0423-3533
https://orcid.org/0000-0003-0423-3533
https://orcid.org/0000-0003-0423-3533
https://orcid.org/0000-0001-9901-6253
https://orcid.org/0000-0001-9901-6253
https://orcid.org/0000-0001-9901-6253
https://orcid.org/0000-0002-1656-9870
https://orcid.org/0000-0002-1656-9870
https://orcid.org/0000-0002-1656-9870
https://orcid.org/0000-0001-9848-9905
https://orcid.org/0000-0001-9848-9905
https://orcid.org/0000-0001-9848-9905
https://orcid.org/0000-0002-3531-817X
https://orcid.org/0000-0002-3531-817X
https://orcid.org/0000-0002-3531-817X
https://orcid.org/0000-0003-0897-7943
https://orcid.org/0000-0003-0897-7943
https://orcid.org/0000-0003-0897-7943
https://orcid.org/0000-0002-4628-2432
https://orcid.org/0000-0002-4628-2432
https://orcid.org/0000-0002-4628-2432
https://orcid.org/0000-0001-9420-7499
https://orcid.org/0000-0001-9420-7499
https://orcid.org/0000-0001-9420-7499
https://orcid.org/0000-0002-3923-5806
https://orcid.org/0000-0002-3923-5806
https://orcid.org/0000-0002-3923-5806
https://orcid.org/0000-0003-2666-721X
https://orcid.org/0000-0003-2666-721X
https://orcid.org/0000-0003-2666-721X
https://orcid.org/0000-0002-9557-4706
https://orcid.org/0000-0002-9557-4706
https://orcid.org/0000-0002-9557-4706
https://orcid.org/0000-0003-3189-5807
https://orcid.org/0000-0003-3189-5807
https://orcid.org/0000-0003-3189-5807
https://orcid.org/0000-0003-0199-3158
https://orcid.org/0000-0003-0199-3158
https://orcid.org/0000-0003-0199-3158
https://orcid.org/0000-0002-0395-0680
https://orcid.org/0000-0002-0395-0680
https://orcid.org/0000-0002-0395-0680
https://orcid.org/0000-0002-6215-4641
https://orcid.org/0000-0002-6215-4641
https://orcid.org/0000-0002-6215-4641
https://orcid.org/0000-0001-5372-7084
https://orcid.org/0000-0001-5372-7084
https://orcid.org/0000-0001-5372-7084
https://orcid.org/0000-0002-4225-010X
https://orcid.org/0000-0002-4225-010X
https://orcid.org/0000-0002-4225-010X
https://orcid.org/0009-0009-9349-9317
https://orcid.org/0009-0009-9349-9317
https://orcid.org/0009-0009-9349-9317
https://orcid.org/0000-0002-0501-8256
https://orcid.org/0000-0002-0501-8256
https://orcid.org/0000-0002-0501-8256
https://orcid.org/0000-0003-3633-0135
https://orcid.org/0000-0003-3633-0135
https://orcid.org/0000-0003-3633-0135
https://orcid.org/0000-0003-2099-9096
https://orcid.org/0000-0003-2099-9096
https://orcid.org/0000-0003-2099-9096
https://orcid.org/0000-0003-3275-1186
https://orcid.org/0000-0003-3275-1186
https://orcid.org/0000-0003-3275-1186
https://orcid.org/0000-0003-2246-6963
https://orcid.org/0000-0003-2246-6963
https://orcid.org/0000-0003-2246-6963
https://orcid.org/0000-0002-5556-9873
https://orcid.org/0000-0002-5556-9873
https://orcid.org/0000-0002-5556-9873
https://orcid.org/0000-0002-6287-8746
https://orcid.org/0000-0002-6287-8746
https://orcid.org/0000-0002-6287-8746
https://orcid.org/0000-0002-6987-6313
https://orcid.org/0000-0002-6987-6313
https://orcid.org/0000-0002-6987-6313
https://orcid.org/0000-0001-8366-0108
https://orcid.org/0000-0001-8366-0108
https://orcid.org/0000-0001-8366-0108
https://orcid.org/0000-0001-5018-7908
https://orcid.org/0000-0001-5018-7908
https://orcid.org/0000-0001-5018-7908
https://orcid.org/0000-0002-6956-4301
https://orcid.org/0000-0002-6956-4301
https://orcid.org/0000-0002-6956-4301
https://orcid.org/0000-0002-0797-3943
https://orcid.org/0000-0002-0797-3943
https://orcid.org/0000-0002-0797-3943
https://orcid.org/0000-0003-0029-5390
https://orcid.org/0000-0003-0029-5390
https://orcid.org/0000-0003-0029-5390
https://orcid.org/0000-0002-7349-1109
https://orcid.org/0000-0002-7349-1109
https://orcid.org/0000-0002-7349-1109
https://orcid.org/0000-0002-3061-9870
https://orcid.org/0000-0002-3061-9870
https://orcid.org/0000-0002-3061-9870
https://orcid.org/0000-0003-4354-2849
https://orcid.org/0000-0003-4354-2849
https://orcid.org/0000-0003-4354-2849
https://orcid.org/0000-0002-3777-3117
https://orcid.org/0000-0002-3777-3117
https://orcid.org/0000-0002-3777-3117
https://orcid.org/0000-0002-4320-4420
https://orcid.org/0000-0002-4320-4420
https://orcid.org/0000-0002-4320-4420
https://orcid.org/0000-0002-6959-9870
https://orcid.org/0000-0002-6959-9870
https://orcid.org/0000-0002-6959-9870
https://orcid.org/0000-0002-1762-9644
https://orcid.org/0000-0002-1762-9644
https://orcid.org/0000-0002-1762-9644
https://orcid.org/0000-0002-5441-9013
https://orcid.org/0000-0002-5441-9013
https://orcid.org/0000-0002-5441-9013
https://orcid.org/0000-0001-6932-8715
https://orcid.org/0000-0001-6932-8715
https://orcid.org/0000-0001-6932-8715
https://orcid.org/0000-0003-2692-5442
https://orcid.org/0000-0003-2692-5442
https://orcid.org/0000-0003-2692-5442
https://orcid.org/0000-0001-9136-929X
https://orcid.org/0000-0001-9136-929X
https://orcid.org/0000-0001-9136-929X
https://orcid.org/0000-0001-9816-5660
https://orcid.org/0000-0001-9816-5660
https://orcid.org/0000-0001-9816-5660
https://orcid.org/0000-0001-9018-666X
https://orcid.org/0000-0001-9018-666X
https://orcid.org/0000-0001-9018-666X
https://orcid.org/0000-0002-1414-3622
https://orcid.org/0000-0002-1414-3622
https://orcid.org/0000-0002-1414-3622
https://orcid.org/0000-0002-2039-0726
https://orcid.org/0000-0002-2039-0726
https://orcid.org/0000-0002-2039-0726
https://orcid.org/0000-0001-7554-3665
https://orcid.org/0000-0001-7554-3665
https://orcid.org/0000-0001-7554-3665
https://orcid.org/0000-0002-3887-7137
https://orcid.org/0000-0002-3887-7137
https://orcid.org/0000-0002-3887-7137
https://orcid.org/0000-0002-8304-0109
https://orcid.org/0000-0002-8304-0109
https://orcid.org/0000-0002-8304-0109
https://orcid.org/0000-0002-2795-7035
https://orcid.org/0000-0002-2795-7035
https://orcid.org/0000-0002-2795-7035
https://orcid.org/0000-0002-7332-9806
https://orcid.org/0000-0002-7332-9806
https://orcid.org/0000-0002-7332-9806
https://orcid.org/0000-0002-8905-7622
https://orcid.org/0000-0002-8905-7622
https://orcid.org/0000-0002-8905-7622
https://orcid.org/0000-0002-5304-9372
https://orcid.org/0000-0002-5304-9372
https://orcid.org/0000-0002-5304-9372
https://orcid.org/0000-0001-8040-9807
https://orcid.org/0000-0001-8040-9807
https://orcid.org/0000-0001-8040-9807
https://orcid.org/0000-0002-1223-7342
https://orcid.org/0000-0002-1223-7342
https://orcid.org/0000-0002-1223-7342
https://orcid.org/0000-0003-3355-9671
https://orcid.org/0000-0003-3355-9671
https://orcid.org/0000-0003-3355-9671
https://orcid.org/0000-0002-0784-5175
https://orcid.org/0000-0002-0784-5175
https://orcid.org/0000-0002-0784-5175
https://orcid.org/0000-0001-8692-2724
https://orcid.org/0000-0001-8692-2724
https://orcid.org/0000-0001-8692-2724
https://orcid.org/0000-0003-0625-5461
https://orcid.org/0000-0003-0625-5461
https://orcid.org/0000-0003-0625-5461
https://orcid.org/0000-0002-9135-6330
https://orcid.org/0000-0002-9135-6330
https://orcid.org/0000-0002-9135-6330
https://orcid.org/0000-0002-7709-8638
https://orcid.org/0000-0002-7709-8638
https://orcid.org/0000-0002-7709-8638
https://orcid.org/0000-0001-5268-4465
https://orcid.org/0000-0001-5268-4465
https://orcid.org/0000-0001-5268-4465
https://orcid.org/0000-0002-1613-9985
https://orcid.org/0000-0002-1613-9985
https://orcid.org/0000-0002-1613-9985
https://orcid.org/0000-0001-8322-5405
https://orcid.org/0000-0001-8322-5405
https://orcid.org/0000-0001-8322-5405
https://orcid.org/0000-0002-2246-5496
https://orcid.org/0000-0002-2246-5496
https://orcid.org/0000-0002-2246-5496
https://orcid.org/0000-0002-4206-3128
https://orcid.org/0000-0002-4206-3128
https://orcid.org/0000-0002-4206-3128
https://orcid.org/0000-0002-5577-2273
https://orcid.org/0000-0002-5577-2273
https://orcid.org/0000-0002-5577-2273
https://orcid.org/0000-0002-1255-3492
https://orcid.org/0000-0002-1255-3492
https://orcid.org/0000-0002-1255-3492
https://orcid.org/0000-0002-6856-3809
https://orcid.org/0000-0002-6856-3809
https://orcid.org/0000-0002-6856-3809
https://orcid.org/0000-0003-1311-4691
https://orcid.org/0000-0003-1311-4691
https://orcid.org/0000-0003-1311-4691
https://orcid.org/0000-0002-0175-5064
https://orcid.org/0000-0002-0175-5064
https://orcid.org/0000-0002-0175-5064
https://orcid.org/0000-0003-3242-3123
https://orcid.org/0000-0003-3242-3123
https://orcid.org/0000-0003-3242-3123
https://orcid.org/0000-0001-7891-2817
https://orcid.org/0000-0001-7891-2817
https://orcid.org/0000-0001-7891-2817
https://orcid.org/0000-0002-8843-6719
https://orcid.org/0000-0002-8843-6719
https://orcid.org/0000-0002-8843-6719
https://orcid.org/0000-0002-8947-723X
https://orcid.org/0000-0002-8947-723X
https://orcid.org/0000-0002-8947-723X
https://orcid.org/0000-0001-5234-3804
https://orcid.org/0000-0001-5234-3804
https://orcid.org/0000-0001-5234-3804
https://orcid.org/0000-0002-3033-6491
https://orcid.org/0000-0002-3033-6491
https://orcid.org/0000-0002-3033-6491
https://orcid.org/0000-0002-1665-2383
https://orcid.org/0000-0002-1665-2383
https://orcid.org/0000-0002-1665-2383
https://orcid.org/0000-0002-2952-8429
https://orcid.org/0000-0002-2952-8429
https://orcid.org/0000-0002-2952-8429
https://orcid.org/0000-0003-1753-1660
https://orcid.org/0000-0003-1753-1660
https://orcid.org/0000-0003-1753-1660
https://orcid.org/0000-0002-0233-2346
https://orcid.org/0000-0002-0233-2346
https://orcid.org/0000-0002-0233-2346
https://orcid.org/0000-0002-0445-1971
https://orcid.org/0000-0002-0445-1971
https://orcid.org/0000-0002-0445-1971
https://orcid.org/0009-0004-1161-2990
https://orcid.org/0009-0004-1161-2990
https://orcid.org/0009-0004-1161-2990
https://orcid.org/0000-0003-1155-4327
https://orcid.org/0000-0003-1155-4327
https://orcid.org/0000-0003-1155-4327
https://orcid.org/0000-0001-9658-6752
https://orcid.org/0000-0001-9658-6752
https://orcid.org/0000-0001-9658-6752
https://orcid.org/0000-0001-9840-4959
https://orcid.org/0000-0001-9840-4959
https://orcid.org/0000-0001-9840-4959
https://orcid.org/0000-0003-0293-503X
https://orcid.org/0000-0003-0293-503X
https://orcid.org/0000-0003-0293-503X
https://orcid.org/0000-0002-2364-2191
https://orcid.org/0000-0002-2364-2191
https://orcid.org/0000-0002-2364-2191
https://orcid.org/0000-0001-8830-8672
https://orcid.org/0000-0001-8830-8672
https://orcid.org/0000-0001-8830-8672
https://orcid.org/0000-0001-9340-8838
https://orcid.org/0000-0001-9340-8838
https://orcid.org/0000-0001-9340-8838
https://orcid.org/0000-0003-2694-8935
https://orcid.org/0000-0003-2694-8935
https://orcid.org/0000-0003-2694-8935
https://orcid.org/0000-0002-4141-5179
https://orcid.org/0000-0002-4141-5179
https://orcid.org/0000-0002-4141-5179
https://orcid.org/0000-0003-3605-4169
https://orcid.org/0000-0003-3605-4169
https://orcid.org/0000-0003-3605-4169
https://orcid.org/0000-0001-9552-0057
https://orcid.org/0000-0001-9552-0057
https://orcid.org/0000-0001-9552-0057
https://orcid.org/0000-0003-0554-0084
https://orcid.org/0000-0003-0554-0084
https://orcid.org/0000-0003-0554-0084
https://orcid.org/0000-0001-9165-0807
https://orcid.org/0000-0001-9165-0807
https://orcid.org/0000-0001-9165-0807
https://orcid.org/0000-0001-8760-4429
https://orcid.org/0000-0001-8760-4429
https://orcid.org/0000-0001-8760-4429
https://orcid.org/0000-0002-4759-143X
https://orcid.org/0000-0002-4759-143X
https://orcid.org/0000-0002-4759-143X
https://orcid.org/0000-0001-8085-3414
https://orcid.org/0000-0001-8085-3414
https://orcid.org/0000-0001-8085-3414
https://orcid.org/0000-0001-8691-3166
https://orcid.org/0000-0001-8691-3166
https://orcid.org/0000-0001-8691-3166
https://orcid.org/0000-0002-0154-3854
https://orcid.org/0000-0002-0154-3854
https://orcid.org/0000-0002-0154-3854
https://orcid.org/0000-0001-7258-8673
https://orcid.org/0000-0001-7258-8673
https://orcid.org/0000-0001-7258-8673
https://orcid.org/0000-0001-5357-9480
https://orcid.org/0000-0001-5357-9480
https://orcid.org/0000-0001-5357-9480
https://orcid.org/0000-0002-0663-9193
https://orcid.org/0000-0002-0663-9193
https://orcid.org/0000-0002-0663-9193
https://orcid.org/0000-0003-3987-068X
https://orcid.org/0000-0003-3987-068X
https://orcid.org/0000-0003-3987-068X
https://orcid.org/0000-0002-7951-4295
https://orcid.org/0000-0002-7951-4295
https://orcid.org/0000-0002-7951-4295
https://orcid.org/0000-0003-4789-8893
https://orcid.org/0000-0003-4789-8893
https://orcid.org/0000-0003-4789-8893
https://orcid.org/0000-0002-3051-4374
https://orcid.org/0000-0002-3051-4374
https://orcid.org/0000-0002-3051-4374
https://orcid.org/0000-0003-1207-6638
https://orcid.org/0000-0003-1207-6638
https://orcid.org/0000-0003-1207-6638
https://orcid.org/0000-0001-9236-5469
https://orcid.org/0000-0001-9236-5469
https://orcid.org/0000-0001-9236-5469
https://orcid.org/0000-0001-7216-1784
https://orcid.org/0000-0001-7216-1784
https://orcid.org/0000-0001-7216-1784
https://orcid.org/0000-0001-6291-0227
https://orcid.org/0000-0001-6291-0227
https://orcid.org/0000-0001-6291-0227
https://orcid.org/0000-0002-4825-6764
https://orcid.org/0000-0002-4825-6764
https://orcid.org/0000-0002-4825-6764
https://orcid.org/0000-0002-6072-8189
https://orcid.org/0000-0002-6072-8189
https://orcid.org/0000-0002-6072-8189
https://orcid.org/0000-0001-5318-1253
https://orcid.org/0000-0001-5318-1253
https://orcid.org/0000-0001-5318-1253
https://orcid.org/0000-0001-8189-4920
https://orcid.org/0000-0001-8189-4920
https://orcid.org/0000-0001-8189-4920
https://orcid.org/0000-0002-0642-5507
https://orcid.org/0000-0002-0642-5507
https://orcid.org/0000-0002-0642-5507
https://orcid.org/0000-0002-5700-282X
https://orcid.org/0000-0002-5700-282X
https://orcid.org/0000-0002-5700-282X
https://orcid.org/0000-0003-4618-5939
https://orcid.org/0000-0003-4618-5939
https://orcid.org/0000-0003-4618-5939
https://orcid.org/0000-0003-4888-5154
https://orcid.org/0000-0003-4888-5154
https://orcid.org/0000-0003-4888-5154
https://orcid.org/0000-0002-3023-0371
https://orcid.org/0000-0002-3023-0371
https://orcid.org/0000-0002-3023-0371
https://orcid.org/0000-0002-2824-626X
https://orcid.org/0000-0002-2824-626X
https://orcid.org/0000-0002-2824-626X
https://orcid.org/0000-0002-6899-3833
https://orcid.org/0000-0002-6899-3833
https://orcid.org/0000-0002-6899-3833
https://orcid.org/0000-0003-0123-7600
https://orcid.org/0000-0003-0123-7600
https://orcid.org/0000-0003-0123-7600
https://orcid.org/0000-0001-7068-2332
https://orcid.org/0000-0001-7068-2332
https://orcid.org/0000-0001-7068-2332
https://orcid.org/0000-0001-6176-853X
https://orcid.org/0000-0001-6176-853X
https://orcid.org/0000-0001-6176-853X
https://orcid.org/0000-0002-9108-5059
https://orcid.org/0000-0002-9108-5059
https://orcid.org/0000-0002-9108-5059
https://orcid.org/0000-0002-2874-1228
https://orcid.org/0000-0002-2874-1228
https://orcid.org/0000-0002-2874-1228
https://orcid.org/0000-0003-1653-3795
https://orcid.org/0000-0003-1653-3795
https://orcid.org/0000-0003-1653-3795
https://orcid.org/0000-0003-1437-4647
https://orcid.org/0000-0003-1437-4647
https://orcid.org/0000-0003-1437-4647
https://orcid.org/0000-0001-8720-6113
https://orcid.org/0000-0001-8720-6113
https://orcid.org/0000-0001-8720-6113
https://orcid.org/0000-0001-9879-6884
https://orcid.org/0000-0001-9879-6884
https://orcid.org/0000-0001-9879-6884
https://orcid.org/0000-0002-7367-8002
https://orcid.org/0000-0002-7367-8002
https://orcid.org/0000-0002-7367-8002
https://orcid.org/0000-0002-1702-9577
https://orcid.org/0000-0002-1702-9577
https://orcid.org/0000-0002-1702-9577

THE ASTROPHYSICAL JOURNAL LETTERS, 970:L34 (39pp), 2024 August 1 Abac et al.

S. Klimenko44, A. M. Knee'*’ , N. Knust***? , K. Kobayashil94, P. Koch41’42, S. M. Koehlenbeck"® , G. Koekoek33’34,
K. Kohri?*!>%? , K. Kokeyama18 , S. Koley43 , P. Kolitsidou'"? , M. Kolstein*’ , K. Komori’® ,A. K H. Kong142 ,
A. Kontos** , M. Korobko® , R. V. Kossak4l’42, X. Kou%, A. Koushik]9, N. Kouvatsos > , M. Kovalang, D. B. Kozakz,

S. L. Kranzhoff>***, V. Kringel*'*?, N. V. Krishnendu®*®, A. Krélak'’**** @ K. Kruska*'**>, G. Kuehn*"**?, P. Kuijer’*®,

S. Kulkarni®"’ , A. Kulur Ramamohan®’ , A. Kumar22°, Praveen Kumar'Z® , Prayush Kumar®’ , Rahul KumarS,

Rakesh Kumargz, J. Kume’890! , K. Kuns®? , N. Kuntimaddils, S. Kuroyanagi“7’245 , N. J. Kurthg, S. Kuwahara>® s
K. Kwak>*® , K. Kwan31, J. Kwoklgo, G. Lacaille27, P. Lagabbezg, D. Laghi125 , S. Lai146, A. H. Laity161, M. H. Lakkis> ,
E. Lalandez46, M. Lalleman'’ , P.C. Lalremnlati247, M. Landry3, P. Landry179 , B. B. Lane32, R. N. Lang32 . Langel48,

B. Lantz"® ,A. La Rana® ,I. La Rosa”® , A. Lartaux-Vollard®’ , P. D. Lasky152 . Lawrence'59, M. N. Lawrence9,

M. Laxen® , A Lazzarini> , C. Lazzar090’9], P. Leaci®>%® , Y. K. Lecoeuche'*° , H. M. Lee>?8 ,H. W. Lee?*® ,

K. Lee** , R.-K. Lee'*? , R. Lee32, S. Lee>* , Y. Leel43, I. N. Legredz, J. Lehmann41’42, L. Lehner”o, M. Le Jean'®® s

A. Lemaitrezw, M. Lenti®*>>° , M. Leonardi>>'07-108 , M. Lequime36, N. Leroy37 , M. Lesovskyz, N. Letendrezg,

M. Lethuillier' '®®, S. E. Levin®”, Y. Levin'"?, K. Leyde’”' @, A. K. Y. Li?, K. L. Li'"*'®, T. G. F. Li'%**'"°, X, Li'?®, z. Li*’,
A. Lihos'?°, C-Y. Lin®'®, C-Y. Lin'®, E. T. Lin"**®_ F. Lin'*, H. Lin'**, L. C.-C. Lin'*'®, Y.-C. Lin'"**®, F. Linde****?,
S. D. Linkerlgg, T. B. Littenbergzsz, A. Liu?"° ,G. C. Liu?" , Jian Liu*® , F. Llamas Villarreall62, J. Llobera-Querol98 s
R. K. L. Lo'* , J.-P. Locquetm(’, L. T. London32’72’101, A. Longo(’z’63 , D. Lopez115 , M. Lopez Ponilla77,

M. Lorenzini'®'” @, A. Lorenzo-Medina'*®* @, V. Loriette®’, M. Lormand®*, G. Losurdo®” @, T. P. Lott IV>* @, J. D. Lough*"***®,
H. A. Loughlin32, C. O. Lousto™’ , M. I Lowrylzo, N. Lu?! , H. Lﬁck41’42’42, D. Lumaca'’ , A. P Lundgren126,

A. W. Lussier’*® , L.-T. Ma'#? , S. Ma”o, M. Ma’arif'* , R. Macas'>° , A Macedo®> , M. MacInnis”, R. R. Maciy4]‘42,
D. M. Macleod'® , L A.O. MacMillan? , A Macquet37 , D. Macri32, K. Maeda]78, S. Maenaut'% , I. Magafia Hemandezg,
S. S. Magare1 e Magazztl87 , Re M. Magee2 , E. Maggio1 , R. Maggiore34’104, M. Magnozziss’56 , M. Mahesh®,

S. Mahesh? 3, M. Mainil(’l, S. Majhi”, E. Majorama65 ’66, C. N. Makaremz, E. Makelele”> , JOA. Malaquias—ReisM, U. Mali'”® ,
S. Maliakalz, A. Malikloo, N. Man48, V. Mandic”® , V. Mangano65’66 , B. Mannix78, G. L. Mansell’>”° , G. Mansingh212,
M. Manske® , M. Mantovani>’ , M. Mapelligo’gl’254 , F. MarchesoniSO’SI’ZSS, D. Marin Pina>”8!-2%¢ , F. Marion>’ ,

S. Miarka'®®, Z. Marka'® ®, A. S. Markosyan'”, A. Markowitz”, E. Maros?, S. Marsat'>> @ , F. Martelli®*®*® 1. W. Martin®’ @,
R. M. Martin'%? , B. B. Martinezm, M. Martinez40’257, V. Martinez'?’ , AL Manini]m’]os, K. Maninovic72, J. C. Martins'* ,
D. V. Martynov113, E. J. Marx32, L. Massaro33’34, A. Masserotzg, M. Masso-Reid*’ , M. Mastrodicasa® ’66,

S. Mastrogiovanni65 , T. Matcovich® 0, M. Matiushechkina*!*? , M. Matsuyama195 , N. Mavalvala>? , N. Maxwell3,

G. McCarrol®, R. McCarthy®, D. E. McClelland®' @, S. McCormick®, L. McCuller”®, S. McEachin'?’, C. McElhenny'?°,
G. L. McGhee?’, J. McGinn?’, K. B. M. McGowan'**, J. McIver'**@®, A. McLeod?® @, T. McRae®', D. Meacher® @, Q. Meijer’’,
A. Melatosl32, S. Mellaerts'%® , A Menendez-Vazquez40 ,C.S. Menoni'® , F. Mera3, R. A. Mercer® , L. Merenil66,
K. Merfeld]59, E. L. Merilh(’4, J. R. Mérou”® ,J. D. Merritt78, M. Merzougui48, C. Messenger27 , C. Messickg,

M. Meyer-Conde'?> @, F. Meylahn*'**@, A. Mhaske'', A. Miani'”'°*@® | H. Miao®*®, I. Michaloliakos**@®, C. Michel'*®®,
Y. Michimura®** @, H. Middleton' > @, A. L. Miller**®, S. Miller’, M. Millhouse ® @, E. Milotti*>'**@® , V. Milotti”*®,
Y. Minenkov'’, N. Mio™®, L1. M. Mir**®, L. Mirasola®*>*®, M. Miravet-Tenés'>’ @, C.-A. Miritescu’®, A. K. Mishra®,
A. Mishra' l, C. Mishra'”? , T. Mishra** ,A. L. Mitchellg4’]04, J. G. Mitchell(’s, S. Mitra'" , V. P. Mitrofanov'®? s
R. Mittleman32, 0. Miyakawa49 , S. Miyamot0194, S. Miyoki49 , G. Mo>2 , L. Mobilia62’63, S.R. P. Mohapatraz,

S. R. Mohite’ , M. Molina-Ruiz>'"? , C. Monda1164, M. Mondinl()g, M. Montani62’63, C.J. Moorelgo, D. Moraru3, A. More!! ,
S. More!! , G. Moreno3, C. Morganlg, S. Morisaki %' , Y. Moriwaki'”® , G. Morras' !’ , A. Moscatello”” s
P. Mourier’® , B. Mours®’ , C. M. Movv-LowryM’IO4 , F. Muciaccia®° , Arunava Mukherjee%o, D. Mukherjee252 s
Samanwaya Mukherjeel ' Soma Mukherjee]62, Subroto Mukherjeegz, Suvodip Mukherjee]m’no’%] , N. Mukund®*®,

A. Mullavey64, J. Munch' 10, J. Mundizlz, C. L. Mungiolizg, W. R. Munn Oberg262, Y. Murakami194, M. Murakoshi224,

P. G. Murray27 , S. Muusse’ 1, D. Nabari 718 ,S. L. Nadji41’42, A. Nagar24’263, N. Nagarajan27 , K. N. Naglerﬁg,

K. Nakagaki49, K. Nakamura®> , H. Nakano>** , M. Nakanoz, D. Nandig, V. Napolano5 7, P. Narayanzm, I. Nardecchia'’ s
T. Narikawa194, H. Nar01a77, L. Naticchioni® , R. K. Nayak247 ,J. Neilsongs’log, A. Nels0n131, T.J.N. Nelson64, M. Nery41’42,
A. Neunzert’ @, S. Ng’*, L. Nguyen Quynh”* @, S. A. Nichols’, A. B. Nielsen”*®®, G. Nieradka”*, A. Niko'**®, Y. Nishino*~®,
A. Nishizawa®’ . S. Nissanke34’101, E. Nitoglial 16 , W. Niu7, F. Nocera57, M. Normanlg, C. Nonhlg, J. Novak!!1-268:269.270 ,
J. F. Nufio Siles'"””®, L. K. Nuttall'**®, K. Obayashi***, J. Oberling® @, J. O’Dell?*’, M. Qerte]''!-208-269-270-271 i)

A. Offermansl%, G. Oganesyan43’118, J.J. Oh272, K. Oh??! , T. O’Hanlon64, M. Ohashi*’ , M. Ohkawa’'® , F. Ohme™*"#? ,
A. S. Oliveira'®®® | R. Oliveri''"?%2°®  B. O’Neal'*’, K. Oohara®’*?"*®, B. O’Reilly®* @, N. D. Ormsby'?°, M. Orselli°>**3 @,
R. O’Shaughnessy'?’ @, S. O’Shea®’, Y. Oshima’® @, S. Oshino® @, S. Ossokine' @, C. Osthelder?, I. Ota’ @, D. J. Ottaway' '° @,
A. Ouzriat’ ]6, H. Overmier64, B. J. Owen'’ ,A.E. Pace7, R. Pagano9 , M. A. Page22 , A Pai’" , A Pa1275, S. Pal*¥’ ,
M. A. Palaia®®%’ , M. Pé1ﬁ192, P. P. Palmal(””’(’(’, C. Palomba® , P. Palud”" , H. Pan142, J. Panzx, K. C. Pan'#? ,

R. Panai’**>° , P. K. Pandaz%, S. Pandey7, L. Panebian0062’63, P. T. H. Pang34’77, F. Pannarale®>%° , K. A. Pannone’ 3,
B. C. Pant'®, F. H. Panther®®, F. Paoletti®’ @, A. Paolone®>?’%, E. E. Papalexakis®”®, L. Papalini®®®’ @, G. Papigkiotis®’’,
A. Paquis3 7, A. Parisi>*®® , B.-J. Park239, J. Park®’® , W. Parker®* , G. Pascale41’42, D. Pascucci”® , A. Pasqualetti57,
R. Passaquieti%’87 , L. Passengerlsz, D. PassuelloS7, O. Patane’ , D. Pathak’ ], M. Pathak' '0, A. Patrals, B. Patricelli®*®’ s


https://orcid.org/0000-0003-0703-947X
https://orcid.org/0000-0003-0703-947X
https://orcid.org/0000-0003-0703-947X
https://orcid.org/0000-0002-5984-5353
https://orcid.org/0000-0002-5984-5353
https://orcid.org/0000-0002-5984-5353
https://orcid.org/0000-0002-3842-9051
https://orcid.org/0000-0002-3842-9051
https://orcid.org/0000-0002-3842-9051
https://orcid.org/0000-0003-3764-8612
https://orcid.org/0000-0003-3764-8612
https://orcid.org/0000-0003-3764-8612
https://orcid.org/0000-0002-2896-1992
https://orcid.org/0000-0002-2896-1992
https://orcid.org/0000-0002-2896-1992
https://orcid.org/0000-0002-5793-6665
https://orcid.org/0000-0002-5793-6665
https://orcid.org/0000-0002-5793-6665
https://orcid.org/0000-0002-6719-8686
https://orcid.org/0000-0002-6719-8686
https://orcid.org/0000-0002-6719-8686
https://orcid.org/0000-0002-5482-6743
https://orcid.org/0000-0002-5482-6743
https://orcid.org/0000-0002-5482-6743
https://orcid.org/0000-0002-4092-9602
https://orcid.org/0000-0002-4092-9602
https://orcid.org/0000-0002-4092-9602
https://orcid.org/0000-0002-5105-344X
https://orcid.org/0000-0002-5105-344X
https://orcid.org/0000-0002-5105-344X
https://orcid.org/0000-0002-1347-0680
https://orcid.org/0000-0002-1347-0680
https://orcid.org/0000-0002-1347-0680
https://orcid.org/0000-0002-3839-3909
https://orcid.org/0000-0002-3839-3909
https://orcid.org/0000-0002-3839-3909
https://orcid.org/0000-0002-5497-3401
https://orcid.org/0000-0002-5497-3401
https://orcid.org/0000-0002-5497-3401
https://orcid.org/0000-0002-3483-7517
https://orcid.org/0000-0002-3483-7517
https://orcid.org/0000-0002-3483-7517
https://orcid.org/0000-0003-4514-7690
https://orcid.org/0000-0003-4514-7690
https://orcid.org/0000-0003-4514-7690
https://orcid.org/0000-0002-6987-2048
https://orcid.org/0000-0002-6987-2048
https://orcid.org/0000-0002-6987-2048
https://orcid.org/0000-0001-8057-0203
https://orcid.org/0000-0001-8057-0203
https://orcid.org/0000-0001-8057-0203
https://orcid.org/0000-0003-3681-1887
https://orcid.org/0000-0003-3681-1887
https://orcid.org/0000-0003-3681-1887
https://orcid.org/0000-0002-2288-4252
https://orcid.org/0000-0002-2288-4252
https://orcid.org/0000-0002-2288-4252
https://orcid.org/0000-0001-5523-4603
https://orcid.org/0000-0001-5523-4603
https://orcid.org/0000-0001-5523-4603
https://orcid.org/0000-0003-3126-5100
https://orcid.org/0000-0003-3126-5100
https://orcid.org/0000-0003-3126-5100
https://orcid.org/0000-0003-0630-3902
https://orcid.org/0000-0003-0630-3902
https://orcid.org/0000-0003-0630-3902
https://orcid.org/0000-0001-6538-1447
https://orcid.org/0000-0001-6538-1447
https://orcid.org/0000-0001-6538-1447
https://orcid.org/0009-0009-2249-8798
https://orcid.org/0009-0009-2249-8798
https://orcid.org/0009-0009-2249-8798
https://orcid.org/0000-0002-2304-7798
https://orcid.org/0000-0002-2304-7798
https://orcid.org/0000-0002-2304-7798
https://orcid.org/0000-0001-7462-3794
https://orcid.org/0000-0001-7462-3794
https://orcid.org/0000-0001-7462-3794
https://orcid.org/0000-0002-2254-010X
https://orcid.org/0000-0002-2254-010X
https://orcid.org/0000-0002-2254-010X
https://orcid.org/0000-0002-8457-1964
https://orcid.org/0000-0002-8457-1964
https://orcid.org/0000-0002-8457-1964
https://orcid.org/0000-0002-4804-5537
https://orcid.org/0000-0002-4804-5537
https://orcid.org/0000-0002-4804-5537
https://orcid.org/0000-0002-7404-4845
https://orcid.org/0000-0002-7404-4845
https://orcid.org/0000-0002-7404-4845
https://orcid.org/0000-0001-8755-9322
https://orcid.org/0000-0001-8755-9322
https://orcid.org/0000-0001-8755-9322
https://orcid.org/0000-0003-0107-1540
https://orcid.org/0000-0003-0107-1540
https://orcid.org/0000-0003-0107-1540
https://orcid.org/0000-0003-1714-365X
https://orcid.org/0000-0003-1714-365X
https://orcid.org/0000-0003-1714-365X
https://orcid.org/0000-0003-3763-1386
https://orcid.org/0000-0003-3763-1386
https://orcid.org/0000-0003-3763-1386
https://orcid.org/0000-0001-7515-9639
https://orcid.org/0000-0001-7515-9639
https://orcid.org/0000-0001-7515-9639
https://orcid.org/0000-0002-5993-8808
https://orcid.org/0000-0002-5993-8808
https://orcid.org/0000-0002-5993-8808
https://orcid.org/0000-0002-3997-5046
https://orcid.org/0000-0002-3997-5046
https://orcid.org/0000-0002-3997-5046
https://orcid.org/0000-0002-9186-7034
https://orcid.org/0000-0002-9186-7034
https://orcid.org/0000-0002-9186-7034
https://orcid.org/0000-0003-4412-7161
https://orcid.org/0000-0003-4412-7161
https://orcid.org/0000-0003-4412-7161
https://orcid.org/0000-0002-1998-3209
https://orcid.org/0000-0002-1998-3209
https://orcid.org/0000-0002-1998-3209
https://orcid.org/0000-0003-0470-3718
https://orcid.org/0000-0003-0470-3718
https://orcid.org/0000-0003-0470-3718
https://orcid.org/0000-0002-7171-7274
https://orcid.org/0000-0002-7171-7274
https://orcid.org/0000-0002-7171-7274
https://orcid.org/0000-0001-6034-2238
https://orcid.org/0000-0001-6034-2238
https://orcid.org/0000-0001-6034-2238
https://orcid.org/0009-0003-8047-3958
https://orcid.org/0009-0003-8047-3958
https://orcid.org/0009-0003-8047-3958
https://orcid.org/0000-0002-2765-3955
https://orcid.org/0000-0002-2765-3955
https://orcid.org/0000-0002-2765-3955
https://orcid.org/0000-0002-7641-0060
https://orcid.org/0000-0002-7641-0060
https://orcid.org/0000-0002-7641-0060
https://orcid.org/0000-0002-2321-1017
https://orcid.org/0000-0002-2321-1017
https://orcid.org/0000-0002-2321-1017
https://orcid.org/0000-0001-6185-2045
https://orcid.org/0000-0001-6185-2045
https://orcid.org/0000-0001-6185-2045
https://orcid.org/0000-0001-7661-2810
https://orcid.org/0000-0001-7661-2810
https://orcid.org/0000-0001-7661-2810
https://orcid.org/0000-0001-8229-2024
https://orcid.org/0000-0001-8229-2024
https://orcid.org/0000-0001-8229-2024
https://orcid.org/0000-0002-3780-7735
https://orcid.org/0000-0002-3780-7735
https://orcid.org/0000-0002-3780-7735
https://orcid.org/0000-0002-7489-7418
https://orcid.org/0000-0002-7489-7418
https://orcid.org/0000-0002-7489-7418
https://orcid.org/0000-0002-0030-8051
https://orcid.org/0000-0002-0030-8051
https://orcid.org/0000-0002-0030-8051
https://orcid.org/0000-0003-4083-9567
https://orcid.org/0000-0003-4083-9567
https://orcid.org/0000-0003-4083-9567
https://orcid.org/0000-0003-4939-1404
https://orcid.org/0000-0003-4939-1404
https://orcid.org/0000-0003-4939-1404
https://orcid.org/0000-0003-1081-8722
https://orcid.org/0000-0003-1081-8722
https://orcid.org/0000-0003-1081-8722
https://orcid.org/0000-0001-5663-3016
https://orcid.org/0000-0001-5663-3016
https://orcid.org/0000-0001-5663-3016
https://orcid.org/0000-0001-6726-3268
https://orcid.org/0000-0001-6726-3268
https://orcid.org/0000-0001-6726-3268
https://orcid.org/0000-0003-3322-6850
https://orcid.org/0000-0003-3322-6850
https://orcid.org/0000-0003-3322-6850
https://orcid.org/0000-0003-1561-6716
https://orcid.org/0000-0003-1561-6716
https://orcid.org/0000-0003-1561-6716
https://orcid.org/0000-0003-4254-8579
https://orcid.org/0000-0003-4254-8579
https://orcid.org/0000-0003-4254-8579
https://orcid.org/0000-0003-3342-9906
https://orcid.org/0000-0003-3342-9906
https://orcid.org/0000-0003-3342-9906
https://orcid.org/0000-0002-2765-7905
https://orcid.org/0000-0002-2765-7905
https://orcid.org/0000-0002-2765-7905
https://orcid.org/0009-0006-0860-5700
https://orcid.org/0009-0006-0860-5700
https://orcid.org/0009-0006-0860-5700
https://orcid.org/0000-0003-0452-746X
https://orcid.org/0000-0003-0452-746X
https://orcid.org/0000-0003-0452-746X
https://orcid.org/0009-0002-2864-162X
https://orcid.org/0009-0002-2864-162X
https://orcid.org/0009-0002-2864-162X
https://orcid.org/0000-0002-5160-0239
https://orcid.org/0000-0002-5160-0239
https://orcid.org/0000-0002-5160-0239
https://orcid.org/0000-0002-6400-9640
https://orcid.org/0000-0002-6400-9640
https://orcid.org/0000-0002-6400-9640
https://orcid.org/0000-0002-8861-9902
https://orcid.org/0000-0002-8861-9902
https://orcid.org/0000-0002-8861-9902
https://orcid.org/0000-0002-3628-1591
https://orcid.org/0000-0002-3628-1591
https://orcid.org/0000-0002-3628-1591
https://orcid.org/0000-0002-4507-1123
https://orcid.org/0000-0002-4507-1123
https://orcid.org/0000-0002-4507-1123
https://orcid.org/0009-0000-0674-7592
https://orcid.org/0009-0000-0674-7592
https://orcid.org/0009-0000-0674-7592
https://orcid.org/0000-0001-8472-7095
https://orcid.org/0000-0001-8472-7095
https://orcid.org/0000-0001-8472-7095
https://orcid.org/0000-0002-6096-8297
https://orcid.org/0000-0002-6096-8297
https://orcid.org/0000-0002-6096-8297
https://orcid.org/0009-0001-7671-6377
https://orcid.org/0009-0001-7671-6377
https://orcid.org/0009-0001-7671-6377
https://orcid.org/0000-0002-1395-8694
https://orcid.org/0000-0002-1395-8694
https://orcid.org/0000-0002-1395-8694
https://orcid.org/0000-0002-6927-1031
https://orcid.org/0000-0002-6927-1031
https://orcid.org/0000-0002-6927-1031
https://orcid.org/0000-0001-5955-6415
https://orcid.org/0000-0001-5955-6415
https://orcid.org/0000-0001-5955-6415
https://orcid.org/0000-0003-1464-2605
https://orcid.org/0000-0003-1464-2605
https://orcid.org/0000-0003-1464-2605
https://orcid.org/0000-0002-9913-381X
https://orcid.org/0000-0002-9913-381X
https://orcid.org/0000-0002-9913-381X
https://orcid.org/0000-0001-9769-531X
https://orcid.org/0000-0001-9769-531X
https://orcid.org/0000-0001-9769-531X
https://orcid.org/0000-0002-1960-8185
https://orcid.org/0000-0002-1960-8185
https://orcid.org/0000-0002-1960-8185
https://orcid.org/0000-0003-4512-8430
https://orcid.org/0000-0003-4512-8430
https://orcid.org/0000-0003-4512-8430
https://orcid.org/0009-0003-1285-2788
https://orcid.org/0009-0003-1285-2788
https://orcid.org/0009-0003-1285-2788
https://orcid.org/0000-0001-6333-8621
https://orcid.org/0000-0001-6333-8621
https://orcid.org/0000-0001-6333-8621
https://orcid.org/0000-0001-7902-8505
https://orcid.org/0000-0001-7902-8505
https://orcid.org/0000-0001-7902-8505
https://orcid.org/0000-0003-4736-6678
https://orcid.org/0000-0003-4736-6678
https://orcid.org/0000-0003-4736-6678
https://orcid.org/0000-0002-7778-1189
https://orcid.org/0000-0002-7778-1189
https://orcid.org/0000-0002-7778-1189
https://orcid.org/0000-0002-4424-5726
https://orcid.org/0000-0002-4424-5726
https://orcid.org/0000-0002-4424-5726
https://orcid.org/0000-0001-8799-2548
https://orcid.org/0000-0001-8799-2548
https://orcid.org/0000-0001-8799-2548
https://orcid.org/0000-0001-6482-1842
https://orcid.org/0000-0001-6482-1842
https://orcid.org/0000-0001-6482-1842
https://orcid.org/0000-0002-8184-1017
https://orcid.org/0000-0002-8184-1017
https://orcid.org/0000-0002-8184-1017
https://orcid.org/0000-0002-3957-1324
https://orcid.org/0000-0002-3957-1324
https://orcid.org/0000-0002-3957-1324
https://orcid.org/0000-0003-1306-5260
https://orcid.org/0000-0003-1306-5260
https://orcid.org/0000-0003-1306-5260
https://orcid.org/0000-0001-9449-1071
https://orcid.org/0000-0001-9449-1071
https://orcid.org/0000-0001-9449-1071
https://orcid.org/0000-0003-3761-8616
https://orcid.org/0000-0003-3761-8616
https://orcid.org/0000-0003-3761-8616
https://orcid.org/0000-0001-7300-9151
https://orcid.org/0000-0001-7300-9151
https://orcid.org/0000-0001-7300-9151
https://orcid.org/0000-0001-9664-2216
https://orcid.org/0000-0001-9664-2216
https://orcid.org/0000-0001-9664-2216
https://orcid.org/0000-0001-5852-2301
https://orcid.org/0000-0001-5852-2301
https://orcid.org/0000-0001-5852-2301
https://orcid.org/0000-0002-6099-4831
https://orcid.org/0000-0002-6099-4831
https://orcid.org/0000-0002-6099-4831
https://orcid.org/0000-0001-6177-8105
https://orcid.org/0000-0001-6177-8105
https://orcid.org/0000-0001-6177-8105
https://orcid.org/0000-0003-1606-4183
https://orcid.org/0000-0003-1606-4183
https://orcid.org/0000-0003-1606-4183
https://orcid.org/0000-0002-9957-8720
https://orcid.org/0000-0002-9957-8720
https://orcid.org/0000-0002-9957-8720
https://orcid.org/0000-0003-0219-9706
https://orcid.org/0000-0003-0219-9706
https://orcid.org/0000-0003-0219-9706
https://orcid.org/0000-0001-6210-5842
https://orcid.org/0000-0001-6210-5842
https://orcid.org/0000-0001-6210-5842
https://orcid.org/0000-0003-0851-0593
https://orcid.org/0000-0003-0851-0593
https://orcid.org/0000-0003-0851-0593
https://orcid.org/0000-0003-0316-1355
https://orcid.org/0000-0003-0316-1355
https://orcid.org/0000-0003-0316-1355
https://orcid.org/0000-0001-5424-8368
https://orcid.org/0000-0001-5424-8368
https://orcid.org/0000-0001-5424-8368
https://orcid.org/0000-0001-5882-0368
https://orcid.org/0000-0001-5882-0368
https://orcid.org/0000-0001-5882-0368
https://orcid.org/0000-0002-6715-3066
https://orcid.org/0000-0002-6715-3066
https://orcid.org/0000-0002-6715-3066
https://orcid.org/0000-0002-0828-8219
https://orcid.org/0000-0002-0828-8219
https://orcid.org/0000-0002-0828-8219
https://orcid.org/0000-0001-9185-2572
https://orcid.org/0000-0001-9185-2572
https://orcid.org/0000-0001-9185-2572
https://orcid.org/0000-0001-8372-3914
https://orcid.org/0000-0001-8372-3914
https://orcid.org/0000-0001-8372-3914
https://orcid.org/0000-0002-5776-6643
https://orcid.org/0000-0002-5776-6643
https://orcid.org/0000-0002-5776-6643
https://orcid.org/0000-0001-7488-5022
https://orcid.org/0000-0001-7488-5022
https://orcid.org/0000-0001-7488-5022
https://orcid.org/0000-0003-2230-6310
https://orcid.org/0000-0003-2230-6310
https://orcid.org/0000-0003-2230-6310
https://orcid.org/0000-0002-9556-142X
https://orcid.org/0000-0002-9556-142X
https://orcid.org/0000-0002-9556-142X
https://orcid.org/0000-0001-7737-3129
https://orcid.org/0000-0001-7737-3129
https://orcid.org/0000-0001-7737-3129
https://orcid.org/0000-0003-2980-358X
https://orcid.org/0000-0003-2980-358X
https://orcid.org/0000-0003-2980-358X
https://orcid.org/0000-0003-0606-725X
https://orcid.org/0000-0003-0606-725X
https://orcid.org/0000-0003-0606-725X
https://orcid.org/0000-0002-2218-4002
https://orcid.org/0000-0002-2218-4002
https://orcid.org/0000-0002-2218-4002
https://orcid.org/0000-0001-5532-3622
https://orcid.org/0000-0001-5532-3622
https://orcid.org/0000-0001-5532-3622
https://orcid.org/0000-0002-4890-7627
https://orcid.org/0000-0002-4890-7627
https://orcid.org/0000-0002-4890-7627
https://orcid.org/0000-0002-8659-5898
https://orcid.org/0000-0002-8659-5898
https://orcid.org/0000-0002-8659-5898
https://orcid.org/0000-0001-7348-9765
https://orcid.org/0000-0001-7348-9765
https://orcid.org/0000-0001-7348-9765
https://orcid.org/0000-0003-4732-1226
https://orcid.org/0000-0003-4732-1226
https://orcid.org/0000-0003-4732-1226
https://orcid.org/0000-0002-4276-715X
https://orcid.org/0000-0002-4276-715X
https://orcid.org/0000-0002-4276-715X
https://orcid.org/0009-0004-0174-1377
https://orcid.org/0009-0004-0174-1377
https://orcid.org/0009-0004-0174-1377
https://orcid.org/0000-0002-8766-1156
https://orcid.org/0000-0002-8766-1156
https://orcid.org/0000-0002-8766-1156
https://orcid.org/0000-0002-7716-0569
https://orcid.org/0000-0002-7716-0569
https://orcid.org/0000-0002-7716-0569
https://orcid.org/0000-0002-8115-8728
https://orcid.org/0000-0002-8115-8728
https://orcid.org/0000-0002-8115-8728
https://orcid.org/0000-0002-7881-1677
https://orcid.org/0000-0002-7881-1677
https://orcid.org/0000-0002-7881-1677
https://orcid.org/0000-0002-0800-4626
https://orcid.org/0000-0002-0800-4626
https://orcid.org/0000-0002-0800-4626
https://orcid.org/0000-0002-6983-4981
https://orcid.org/0000-0002-6983-4981
https://orcid.org/0000-0002-6983-4981
https://orcid.org/0000-0002-9085-7600
https://orcid.org/0000-0002-9085-7600
https://orcid.org/0000-0002-9085-7600
https://orcid.org/0000-0002-1213-8416
https://orcid.org/0000-0002-1213-8416
https://orcid.org/0000-0002-1213-8416
https://orcid.org/0000-0001-6331-112X
https://orcid.org/0000-0001-6331-112X
https://orcid.org/0000-0001-6331-112X
https://orcid.org/0000-0003-1356-7156
https://orcid.org/0000-0003-1356-7156
https://orcid.org/0000-0003-1356-7156
https://orcid.org/0000-0003-4892-3042
https://orcid.org/0000-0003-4892-3042
https://orcid.org/0000-0003-4892-3042
https://orcid.org/0000-0001-7714-7076
https://orcid.org/0000-0001-7714-7076
https://orcid.org/0000-0001-7714-7076
https://orcid.org/0000-0002-2986-2371
https://orcid.org/0000-0002-2986-2371
https://orcid.org/0000-0002-2986-2371
https://orcid.org/0000-0002-8445-6747
https://orcid.org/0000-0002-8445-6747
https://orcid.org/0000-0002-8445-6747
https://orcid.org/0000-0002-4497-6908
https://orcid.org/0000-0002-4497-6908
https://orcid.org/0000-0002-4497-6908
https://orcid.org/0000-0002-9977-8546
https://orcid.org/0000-0002-9977-8546
https://orcid.org/0000-0002-9977-8546
https://orcid.org/0000-0001-5480-7406
https://orcid.org/0000-0001-5480-7406
https://orcid.org/0000-0001-5480-7406
https://orcid.org/0000-0001-8078-6901
https://orcid.org/0000-0001-8078-6901
https://orcid.org/0000-0001-8078-6901
https://orcid.org/0000-0002-6444-6402
https://orcid.org/0000-0002-6444-6402
https://orcid.org/0000-0002-6444-6402
https://orcid.org/0000-0002-0351-4555
https://orcid.org/0000-0002-0351-4555
https://orcid.org/0000-0002-0351-4555
https://orcid.org/0000-0003-0850-2649
https://orcid.org/0000-0003-0850-2649
https://orcid.org/0000-0003-0850-2649
https://orcid.org/0000-0001-7335-9418
https://orcid.org/0000-0001-7335-9418
https://orcid.org/0000-0001-7335-9418
https://orcid.org/0000-0002-3373-5236
https://orcid.org/0000-0002-3373-5236
https://orcid.org/0000-0002-3373-5236
https://orcid.org/0000-0002-8666-9156
https://orcid.org/0000-0002-8666-9156
https://orcid.org/0000-0002-8666-9156
https://orcid.org/0000-0002-8218-2404
https://orcid.org/0000-0002-8218-2404
https://orcid.org/0000-0002-8218-2404
https://orcid.org/0009-0006-8500-7624
https://orcid.org/0009-0006-8500-7624
https://orcid.org/0009-0006-8500-7624
https://orcid.org/0000-0003-3695-0078
https://orcid.org/0000-0003-3695-0078
https://orcid.org/0000-0003-3695-0078
https://orcid.org/0000-0001-6148-4289
https://orcid.org/0000-0001-6148-4289
https://orcid.org/0000-0001-6148-4289
https://orcid.org/0000-0001-7665-0796
https://orcid.org/0000-0001-7665-0796
https://orcid.org/0000-0001-7665-0796
https://orcid.org/0000-0001-5558-2595
https://orcid.org/0000-0001-5558-2595
https://orcid.org/0000-0001-5558-2595
https://orcid.org/0000-0003-2918-0730
https://orcid.org/0000-0003-2918-0730
https://orcid.org/0000-0003-2918-0730
https://orcid.org/0000-0002-6814-7792
https://orcid.org/0000-0002-6814-7792
https://orcid.org/0000-0002-6814-7792
https://orcid.org/0000-0003-0323-0111
https://orcid.org/0000-0003-0323-0111
https://orcid.org/0000-0003-0323-0111
https://orcid.org/0000-0002-1828-3702
https://orcid.org/0000-0002-1828-3702
https://orcid.org/0000-0002-1828-3702
https://orcid.org/0000-0001-8694-4026
https://orcid.org/0000-0001-8694-4026
https://orcid.org/0000-0001-8694-4026
https://orcid.org/0009-0007-4502-9359
https://orcid.org/0009-0007-4502-9359
https://orcid.org/0009-0007-4502-9359
https://orcid.org/0000-0003-3562-0990
https://orcid.org/0000-0003-3562-0990
https://orcid.org/0000-0003-3562-0990
https://orcid.org/0000-0001-8906-9159
https://orcid.org/0000-0001-8906-9159
https://orcid.org/0000-0001-8906-9159
https://orcid.org/0000-0002-6029-4712
https://orcid.org/0000-0002-6029-4712
https://orcid.org/0000-0002-6029-4712
https://orcid.org/0000-0001-8304-8066
https://orcid.org/0000-0001-8304-8066
https://orcid.org/0000-0001-8304-8066
https://orcid.org/0000-0002-8599-8791
https://orcid.org/0000-0002-8599-8791
https://orcid.org/0000-0002-8599-8791
https://orcid.org/0009-0001-4174-3973
https://orcid.org/0009-0001-4174-3973
https://orcid.org/0009-0001-4174-3973
https://orcid.org/0000-0002-1884-8654
https://orcid.org/0000-0002-1884-8654
https://orcid.org/0000-0002-1884-8654
https://orcid.org/0000-0002-9672-3742
https://orcid.org/0000-0002-9672-3742
https://orcid.org/0000-0002-9672-3742
https://orcid.org/0000-0001-8072-0304
https://orcid.org/0000-0001-8072-0304
https://orcid.org/0000-0001-8072-0304
https://orcid.org/0000-0002-1380-1419
https://orcid.org/0000-0002-1380-1419
https://orcid.org/0000-0002-1380-1419
https://orcid.org/0000-0003-0493-5607
https://orcid.org/0000-0003-0493-5607
https://orcid.org/0000-0003-0493-5607
https://orcid.org/0000-0001-5755-5865
https://orcid.org/0000-0001-5755-5865
https://orcid.org/0000-0001-5755-5865
https://orcid.org/0000-0002-7497-871X
https://orcid.org/0000-0002-7497-871X
https://orcid.org/0000-0002-7497-871X
https://orcid.org/0000-0002-7518-6677
https://orcid.org/0000-0002-7518-6677
https://orcid.org/0000-0002-7518-6677
https://orcid.org/0000-0002-3874-8335
https://orcid.org/0000-0002-3874-8335
https://orcid.org/0000-0002-3874-8335
https://orcid.org/0000-0003-3563-8576
https://orcid.org/0000-0003-3563-8576
https://orcid.org/0000-0003-3563-8576
https://orcid.org/0000-0001-5832-8517
https://orcid.org/0000-0001-5832-8517
https://orcid.org/0000-0001-5832-8517
https://orcid.org/0000-0002-1868-2842
https://orcid.org/0000-0002-1868-2842
https://orcid.org/0000-0002-1868-2842
https://orcid.org/0000-0002-2794-6029
https://orcid.org/0000-0002-2794-6029
https://orcid.org/0000-0002-2794-6029
https://orcid.org/0000-0002-2579-1246
https://orcid.org/0000-0002-2579-1246
https://orcid.org/0000-0002-2579-1246
https://orcid.org/0000-0001-5045-2484
https://orcid.org/0000-0001-5045-2484
https://orcid.org/0000-0001-5045-2484
https://orcid.org/0000-0001-6794-1591
https://orcid.org/0000-0001-6794-1591
https://orcid.org/0000-0001-6794-1591
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0000-0001-8362-0130
https://orcid.org/0000-0001-8362-0130
https://orcid.org/0000-0001-8362-0130
https://orcid.org/0000-0002-5298-7914
https://orcid.org/0000-0002-5298-7914
https://orcid.org/0000-0002-5298-7914
https://orcid.org/0000-0003-3476-4589
https://orcid.org/0000-0003-3476-4589
https://orcid.org/0000-0003-3476-4589
https://orcid.org/0000-0003-2172-8589
https://orcid.org/0000-0003-2172-8589
https://orcid.org/0000-0003-2172-8589
https://orcid.org/0009-0007-3296-8648
https://orcid.org/0009-0007-3296-8648
https://orcid.org/0009-0007-3296-8648
https://orcid.org/0000-0002-4450-9883
https://orcid.org/0000-0002-4450-9883
https://orcid.org/0000-0002-4450-9883
https://orcid.org/0000-0002-5850-6325
https://orcid.org/0000-0002-5850-6325
https://orcid.org/0000-0002-5850-6325
https://orcid.org/0000-0002-1473-9880
https://orcid.org/0000-0002-1473-9880
https://orcid.org/0000-0002-1473-9880
https://orcid.org/0009-0003-3282-1970
https://orcid.org/0009-0003-3282-1970
https://orcid.org/0009-0003-3282-1970
https://orcid.org/0000-0002-7537-3210
https://orcid.org/0000-0002-7537-3210
https://orcid.org/0000-0002-7537-3210
https://orcid.org/0000-0001-8898-1963
https://orcid.org/0000-0001-8898-1963
https://orcid.org/0000-0001-8898-1963
https://orcid.org/0000-0002-5219-0454
https://orcid.org/0000-0002-5219-0454
https://orcid.org/0000-0002-5219-0454
https://orcid.org/0000-0003-0251-8914
https://orcid.org/0000-0003-0251-8914
https://orcid.org/0000-0003-0251-8914
https://orcid.org/0000-0002-7510-0079
https://orcid.org/0000-0002-7510-0079
https://orcid.org/0000-0002-7510-0079
https://orcid.org/0000-0002-7711-4423
https://orcid.org/0000-0002-7711-4423
https://orcid.org/0000-0002-7711-4423
https://orcid.org/0000-0003-1907-0175
https://orcid.org/0000-0003-1907-0175
https://orcid.org/0000-0003-1907-0175
https://orcid.org/0000-0003-4753-9428
https://orcid.org/0000-0003-4753-9428
https://orcid.org/0000-0003-4753-9428
https://orcid.org/0000-0002-4850-2355
https://orcid.org/0000-0002-4850-2355
https://orcid.org/0000-0002-4850-2355
https://orcid.org/0000-0001-6709-0969
https://orcid.org/0000-0001-6709-0969
https://orcid.org/0000-0001-6709-0969

THE ASTROPHYSICAL JOURNAL LETTERS, 970:L34 (39pp), 2024 August 1 Abac et al.

A.S. Patrong, K. Paul'’? , S. Paul’® ,E. Payne2 ,T. Pearce'® , M. Pedraza R. Pegna . Pele® , F. E. Pefia Arellano®’ ,
S. Penn’®? , M. D. Penuliar’ 3, A. Peregolm’108 , 2. Pererra J J. Perez , C. Perlgmsgo’gl’154 , G. Perna”® s
A. Perreca'?’-108 . Perret7l, S. Perries' !¢ , ] W, Perry34’104, D. Pesms , 78, Petracca C Petrillo 8, H. P. Pfeiffer’ s
H. Pharn64, K. A. Pham”® , K. S. Phukon 34,113,232 , H. Phurailatpamzm, M. Piarulli'? L Prccarr(’5 66 ,0. ] Piccinni*® s
M. Pichot™® , M. Piendibene®®®’ , F. P1ergrovamn162 63 , L. Pierini® , G. Pierra116 , V. Prerrogs’m9 , M. Pietrzak94,
M. Pillas*® , F. Pilo®’ , L. Pmardlﬁ(’, L. M. Pinto’%-9%-109:279 , M. Pint057, B. J. Piotrzkowski® , M. Pire1103,
M. D. Pitkin'8%->1° , A Placidi®® , E. Placidi®>®® , M. L. Planas”® , W. Plas.tino”’280 , R. Poggram86 87 , E. Polini*’ ,
L. Pompili1 . Poonzm, E. Porcelli34, E. K Porter71 C Posnansky R. Poulton®’ , J. Powell'? , ML Pracchia“s,

B. K. Pradhan'' @, T. Pradier®’, A. K. Prajapati K. Prasai'’, R. Prasanna®”°, P. Prasia'’, G. Pratten' '’ ®, G. Principe%’184 ,
M. Pﬂncipe95’109’169‘279, G. A. Prodi'?7-198 , L. Prokhorovl 13 , P. Prosposrtol6 ]7, A. Puecher34’77, J. Pullin’ , M. Punturo’’ ,
P. Puppo65, M. Piirrer'®' @, H. Qi12 , Qin31 , G. Quéménerm’l(’5 , V. Quetschkel(’z, C. Quigleylg, pP. J. Quinonez(’S,
F. J. Raab’ ,S.S. Raabithg, G. Raaijmakers3 4’101, S. Rajamo, C. Rajan100 B. Rajbhandari197 K. E. Ramirez®* s
F. A. Ramis Vidal’® , A Ramos-Buades* , D. Rana”, S. Ranjan58 K. Ransom®* , P. Rapagnanr65 66 , B. Ratt068,

S. Rawat%, A. Ray8 , V. Raymond18 , M. Razzano®®%’ L Read53, M. Recaman Payo 6, T. Regimbau 9, L. Rei”® ,

S. Reid97, D. H. Reitze® , P. Relton'® AL Renziniz, P. Rettegno24 , B. Revenu’ %! , R. Reyeslgg, A. S. Rezaei®>®° ,
F. Ricci65’66, M. Ricci®>®® , A Ricciardone®®%” , ). W. Richardson>"? , M. Richardson' 10, A. Rijal(’s, K. Riles® s
H. K. Rileylg, S. Rinaldi’®** , . Rittmeyer85 , C. Robertsonzzo, F. Robinet37, M. Robinson3, A. Rocchi!’ , L. Rolland®’ R
J. G. Rollins® , A. E. Romano>? , R. Romano™?® , A. Romero' /¢ , I M. Romero—ShawlSO, J. H. Romie64,

S. Ronchini**''® , T, Roocke''? , L. Rosa5’30, T.J. Rosauer203, C. A. Roseg, D. Rosifiska'?! , M. P. Ross’? s
M. Rossello”® , S. Rowan?’ , S. K. Roylgl’182 , S. R0y77, D. Rozza'?>!%* , P. Ruggi57, N. Ruhamazgo,

E. Ruiz Morales''*% @, K. Ruiz-Rocha'*’, S. Sachdev’®®, T. Sadecki’, J. Sadiq'**®, P. Saffarieh®*'**, M. R. Sah®®' ®,
S. S. Saha'*?, S. Saha'*?®, T. Sainrat®’, S. Sajith Menon®>*®2°°® | K. Sakai***, M. Sakellariadou’”>@®, S. Sakon’ @,

0. S. Salafia! 23124156 , F. Salces-Carcoba’ , L. Salconi57, M. Saleem”® , F. Salemi®>®® , M. Salle** s
S. Salvador!!!-164:16 , A Sanchez3, E. J. Sanchezz, J. H. Sanchez®® , L. E. Sanchez , N. Sanchis-Gual'®’ ,J.R. Sanders!!
E. M. Séinger] , F. Santoliquid043, T. R. Saravanan' l, N. Sarinlsz, S. Sasaoka'”? , A. Sasli*”’ , P. Sassi> "% R
B. Sassolas'®® , H. Satarizg, B. S. Sathyaprakash7’]8 , R. Satozls, Y. Sato”s, 0. Sauter™ ,R. L. Savage3 ,T. Sawada® ,
H. L. Sawant”, S. Sayahzg, V. Scaccol6’17, D. Schaetzlz, M. Schee1149, A. Schiebelbein”g, M. G. Schiworski''° s
P. Schmidt' "> @, S. Schmidt”” @, R. Schnabel® @, M. Schneewind*'***, R. M. S. Schofield”®, K. Schouteden'*®, B. W. Schulte*'*?,
B. F. Schutz'®*"**2 E. Schwartz'*®, M. Scialpi285 J. Scott?’ S M. Scott®' @, T. C. Seetharamu®’, M. Seglar—Arr0y04O ,
Y. Sekjguchi286 , D. Sellers64 A S. Sengupta287 , D. Sentenac®’ ,E. G. Seo?’ ,J. W, Seo!% , V. Sequin05’30, M. Serra® ,
G. Servignat268 , A. Sevrin'’ T Shaffer U. S. Shah58 , M. A. Shaikh?*® , L. Shao”%? , A K. Sharrnazo, P. Sharmaloo,
S. Sharma-Chaudhary'%?, M. R. Shaw'®, P. Shawhan'2®, N. S. Shcheblanov?*>2%% @ , B, Sheridan'*®, Y. Shikano®*>2%0® |
M. Shikauchi*®, K. Shimode*’ @, H. Shinkai**' @, J. Shiota®**, D. H. Shoemaker’>®, D. M. Shoemaker'**®_ R. W. Short’,
S. ShyamSundar'®, A. Sider®, H. Siegel'®"'2@®, M. Sieniawska'®, D. Sigg>®, L. Silenzi’™>'®, M. Simmonds' !

L. P. Singer'*°®, A. Singh®”’, D. Singh’ @, M. K. Singh®*®, S. Singh®*°!, A. Singha®~*®, A. M. Sintes™®, V. Slpala]%’]&,
V. Skliris'®@®, B. J. J. Slagmolen® @, T. J. Slaven-Blair’®, J. Smetana'"®, J. R. Smith>>®, L. Smith®’®, R. J. E. Smith'*?®,
W. J. Smith!'# . Soldateschi®*2°%-22 , K. Somiya173 , L Song142 , K. Soni'! , S. Soni*? , V. Sordini''® ,F. Sorrentino>>

N. Sorrentmo8 37®, H. Sotani>”® @, R. Soulard*®, A. Southgatelg, V. Spagnuolo3 334 AL P. Spencer27 , M. Spera46 294
P. Splmcelh J. B. Spoong, C. A Sprague265 A. K. Srivastava , F. Stachurski?’ @, D. A. Steer’' @, J. Steinlechner™>" 4
S. Sternlechnerq'3 34 , N. Stergioulas277 P. Stevens®’ ., S. Stevenson155 , M. S'[Prerre161 G. Stratta65’135’295 296
M. D Strong A. Strunk R. Sturani297, A. L. Stuver54 , M. Suchenek”* , S. Sudhagar , N. Sueltmann® , L. Sulerman53 s
K.D Sulhvan L. Sun’! ., S. Sunilgz, J. Sureshlo, P. J. Sutton'® , T. Suzuki®'® Y. Suzuki224, B. L. Swrnkels , A. Syx 67
M. I Szczepanczyk‘m’298 , P. Szewczyk121 , M. Tacca>* , H. Targoshil()4 ,S. C. Tait> , H. Takahashi>”’ s
R. Takahashi’? , Al Takamori’® ,T. Takase49, K. Takatani'®’ , H. Takeda ™ , K. Takeshita' "> , C. Talbotlzg, M. Tamak1194,
N. Tamanini'>> , D. Tanabel43, K. Tanaka49, S. J. Tanaka®** , T. Tanaka’® , D. Tangzg, S. Tanioka’® , D. B. Tanner44,
L. Tao* , R. D. Tapia7, E. N. Tapia San Martin>* , R. Tarafderz, C. Tarantol6’]7’66, A. Taruya30] , J. D. Tasson'”’ s
M. Teloi35, R. Tenorio’® , H. Themannlgg, A. Theodoropoulos]37, M. P. Thirugnanasambandam] l, L. M. Thomas” s
M. Thomas(’4 P. Thomas’ , J. E. Thornpson149 ,S. R. Thondapuloo, K. A. Thorne64, E. Thranelsz, J. Tissino™ , A. Tiwari”,
P. Tiwari*® ,S. Tiwari'*’ , V. Tiwari'? , M. R. Todd79, A. M. Toivonen”® , K. Toland*’ ,A.E. Tolley126 , T. Tomaru?2

K. Tomltalgs, T. Tomura® , H. Tong15 2 , C. Tong—Yu143, A. Toriyama224, N. Toropov113 A. Torres- Forne137 138
C. L Torriez, M. Toscani'? , I. Tosta e Melo>"? , E. Tournefier”® , A. Trapananti50’5] , F. Travasso50 sl , G. Traylor64,

M. Trevorlzz, M. C. Tringali57 , A Tripathee89 , G. Troian]84, L. Troian0]09’303, A. Trovato46 184 ,L. Trozzo® , R. J. Trudeau” ,

T.T. L. Tsang18 ,R. Tsol49’309, S. Tsuchida>** , L. Tsukada7, T. Tsutsui>® , K. Turbangw’m’ , M. Turconi*® , C. Turski%,
H. Ubach®*-®! , N. Uchikata'®* , T. Uchiyama49 , R.P. Udall? , T. Uehara® , M. Uematsu' > , K. Ueno™® , S. Uen0224,
V. Undheim®®®®, T. Ushiba® @, M. Vacatello®®*” @, H. Vahlbruch*'**® N. Vaidya2 , G. Vajerlte2 A. Vajpeyr15 2

G. Valdes'?! , T Valencia’® , M. Valentlnf4 104,207 , S, A Vallejo-Peﬁa282 , S. Valler024, V. Valsan® , N. van Bakel®*
M. van Beuzekom’* , M. van Daelg4 306 ,J. F. J. van den Brand??3+104 , C. Van Den Broeck34‘77, D. C. Vander-Hyde79,


https://orcid.org/0000-0002-8406-6503
https://orcid.org/0000-0002-8406-6503
https://orcid.org/0000-0002-8406-6503
https://orcid.org/0000-0002-4449-1732
https://orcid.org/0000-0002-4449-1732
https://orcid.org/0000-0002-4449-1732
https://orcid.org/0000-0003-4507-8373
https://orcid.org/0000-0003-4507-8373
https://orcid.org/0000-0003-4507-8373
https://orcid.org/0000-0002-6532-671X
https://orcid.org/0000-0002-6532-671X
https://orcid.org/0000-0002-6532-671X
https://orcid.org/0000-0002-1873-3769
https://orcid.org/0000-0002-1873-3769
https://orcid.org/0000-0002-1873-3769
https://orcid.org/0000-0002-8516-5159
https://orcid.org/0000-0002-8516-5159
https://orcid.org/0000-0002-8516-5159
https://orcid.org/0000-0003-4956-0853
https://orcid.org/0000-0003-4956-0853
https://orcid.org/0000-0003-4956-0853
https://orcid.org/0000-0002-0936-8237
https://orcid.org/0000-0002-0936-8237
https://orcid.org/0000-0002-0936-8237
https://orcid.org/0000-0002-9779-2838
https://orcid.org/0000-0002-9779-2838
https://orcid.org/0000-0002-9779-2838
https://orcid.org/0000-0002-7364-1904
https://orcid.org/0000-0002-7364-1904
https://orcid.org/0000-0002-7364-1904
https://orcid.org/0000-0002-6269-2490
https://orcid.org/0000-0002-6269-2490
https://orcid.org/0000-0002-6269-2490
https://orcid.org/0000-0003-2213-3579
https://orcid.org/0000-0003-2213-3579
https://orcid.org/0000-0003-2213-3579
https://orcid.org/0000-0001-9288-519X
https://orcid.org/0000-0001-9288-519X
https://orcid.org/0000-0001-9288-519X
https://orcid.org/0000-0002-7650-1034
https://orcid.org/0000-0002-7650-1034
https://orcid.org/0000-0002-7650-1034
https://orcid.org/0000-0003-1561-0760
https://orcid.org/0000-0003-1561-0760
https://orcid.org/0000-0003-1561-0760
https://orcid.org/0009-0000-0247-4339
https://orcid.org/0009-0000-0247-4339
https://orcid.org/0009-0000-0247-4339
https://orcid.org/0000-0001-5478-3950
https://orcid.org/0000-0001-5478-3950
https://orcid.org/0000-0001-5478-3950
https://orcid.org/0000-0002-4439-8968
https://orcid.org/0000-0002-4439-8968
https://orcid.org/0000-0002-4439-8968
https://orcid.org/0000-0003-2434-488X
https://orcid.org/0000-0003-2434-488X
https://orcid.org/0000-0003-2434-488X
https://orcid.org/0000-0001-8063-828X
https://orcid.org/0000-0001-8063-828X
https://orcid.org/0000-0001-8063-828X
https://orcid.org/0000-0003-0945-2196
https://orcid.org/0000-0003-0945-2196
https://orcid.org/0000-0003-0945-2196
https://orcid.org/0000-0003-3970-7970
https://orcid.org/0000-0003-3970-7970
https://orcid.org/0000-0003-3970-7970
https://orcid.org/0000-0002-6020-5521
https://orcid.org/0000-0002-6020-5521
https://orcid.org/0000-0002-6020-5521
https://orcid.org/0000-0003-3224-2146
https://orcid.org/0000-0003-3224-2146
https://orcid.org/0000-0003-3224-2146
https://orcid.org/0000-0003-4967-7090
https://orcid.org/0000-0003-4967-7090
https://orcid.org/0000-0003-4967-7090
https://orcid.org/0000-0002-2679-4457
https://orcid.org/0000-0002-2679-4457
https://orcid.org/0000-0002-2679-4457
https://orcid.org/0000-0001-8919-0899
https://orcid.org/0000-0001-8919-0899
https://orcid.org/0000-0001-8919-0899
https://orcid.org/0000-0003-4548-526X
https://orcid.org/0000-0003-4548-526X
https://orcid.org/0000-0003-4548-526X
https://orcid.org/0000-0001-8032-4416
https://orcid.org/0000-0001-8032-4416
https://orcid.org/0000-0001-8032-4416
https://orcid.org/0000-0002-3820-8451
https://orcid.org/0000-0002-3820-8451
https://orcid.org/0000-0002-3820-8451
https://orcid.org/0000-0001-8278-7406
https://orcid.org/0000-0001-8278-7406
https://orcid.org/0000-0001-8278-7406
https://orcid.org/0000-0002-5737-6346
https://orcid.org/0000-0002-5737-6346
https://orcid.org/0000-0002-5737-6346
https://orcid.org/0000-0002-9968-2464
https://orcid.org/0000-0002-9968-2464
https://orcid.org/0000-0002-9968-2464
https://orcid.org/0000-0003-4059-0765
https://orcid.org/0000-0003-4059-0765
https://orcid.org/0000-0003-4059-0765
https://orcid.org/0000-0002-0710-6778
https://orcid.org/0000-0002-0710-6778
https://orcid.org/0000-0002-0710-6778
https://orcid.org/0000-0003-2049-520X
https://orcid.org/0000-0003-2049-520X
https://orcid.org/0000-0003-2049-520X
https://orcid.org/0000-0002-1357-4164
https://orcid.org/0000-0002-1357-4164
https://orcid.org/0000-0002-1357-4164
https://orcid.org/0000-0002-2526-1421
https://orcid.org/0000-0002-2526-1421
https://orcid.org/0000-0002-2526-1421
https://orcid.org/0000-0003-4984-0775
https://orcid.org/0000-0003-4984-0775
https://orcid.org/0000-0003-4984-0775
https://orcid.org/0000-0003-0406-7387
https://orcid.org/0000-0003-0406-7387
https://orcid.org/0000-0003-0406-7387
https://orcid.org/0000-0001-5256-915X
https://orcid.org/0000-0001-5256-915X
https://orcid.org/0000-0001-5256-915X
https://orcid.org/0000-0002-0869-185X
https://orcid.org/0000-0002-0869-185X
https://orcid.org/0000-0002-0869-185X
https://orcid.org/0000-0001-8248-603X
https://orcid.org/0000-0001-8248-603X
https://orcid.org/0000-0001-8248-603X
https://orcid.org/0000-0001-8722-4485
https://orcid.org/0000-0001-8722-4485
https://orcid.org/0000-0001-8722-4485
https://orcid.org/0000-0002-3329-9788
https://orcid.org/0000-0002-3329-9788
https://orcid.org/0000-0002-3329-9788
https://orcid.org/0000-0001-6339-1537
https://orcid.org/0000-0001-6339-1537
https://orcid.org/0000-0001-6339-1537
https://orcid.org/0000-0002-7120-9026
https://orcid.org/0000-0002-7120-9026
https://orcid.org/0000-0002-7120-9026
https://orcid.org/0000-0001-6703-6655
https://orcid.org/0000-0001-6703-6655
https://orcid.org/0000-0001-6703-6655
https://orcid.org/0009-0005-5872-9819
https://orcid.org/0009-0005-5872-9819
https://orcid.org/0009-0005-5872-9819
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0003-2194-7669
https://orcid.org/0000-0003-2194-7669
https://orcid.org/0000-0003-2194-7669
https://orcid.org/0000-0001-6143-2104
https://orcid.org/0000-0001-6143-2104
https://orcid.org/0000-0001-6143-2104
https://orcid.org/0000-0002-6874-7421
https://orcid.org/0000-0002-6874-7421
https://orcid.org/0000-0002-6874-7421
https://orcid.org/0000-0001-7480-9329
https://orcid.org/0000-0001-7480-9329
https://orcid.org/0000-0001-7480-9329
https://orcid.org/0000-0002-1865-6126
https://orcid.org/0000-0002-1865-6126
https://orcid.org/0000-0002-1865-6126
https://orcid.org/0000-0002-7322-4748
https://orcid.org/0000-0002-7322-4748
https://orcid.org/0000-0002-7322-4748
https://orcid.org/0000-0003-0066-0095
https://orcid.org/0000-0003-0066-0095
https://orcid.org/0000-0003-0066-0095
https://orcid.org/0000-0003-4825-1629
https://orcid.org/0000-0003-4825-1629
https://orcid.org/0000-0003-4825-1629
https://orcid.org/0000-0002-8690-9180
https://orcid.org/0000-0002-8690-9180
https://orcid.org/0000-0002-8690-9180
https://orcid.org/0000-0002-5756-1111
https://orcid.org/0000-0002-5756-1111
https://orcid.org/0000-0002-5756-1111
https://orcid.org/0000-0003-2756-3391
https://orcid.org/0000-0003-2756-3391
https://orcid.org/0000-0003-2756-3391
https://orcid.org/0000-0001-8088-3517
https://orcid.org/0000-0001-8088-3517
https://orcid.org/0000-0001-8088-3517
https://orcid.org/0000-0002-7629-4805
https://orcid.org/0000-0002-7629-4805
https://orcid.org/0000-0002-7629-4805
https://orcid.org/0000-0002-1674-1837
https://orcid.org/0000-0002-1674-1837
https://orcid.org/0000-0002-1674-1837
https://orcid.org/0009-0008-7421-4331
https://orcid.org/0009-0008-7421-4331
https://orcid.org/0009-0008-7421-4331
https://orcid.org/0000-0002-5688-455X
https://orcid.org/0000-0002-5688-455X
https://orcid.org/0000-0002-5688-455X
https://orcid.org/0000-0002-1472-4806
https://orcid.org/0000-0002-1472-4806
https://orcid.org/0000-0002-1472-4806
https://orcid.org/0000-0002-6418-5812
https://orcid.org/0000-0002-6418-5812
https://orcid.org/0000-0002-6418-5812
https://orcid.org/0000-0001-5799-4155
https://orcid.org/0000-0001-5799-4155
https://orcid.org/0000-0001-5799-4155
https://orcid.org/0000-0002-1382-9016
https://orcid.org/0000-0002-1382-9016
https://orcid.org/0000-0002-1382-9016
https://orcid.org/0000-0003-0589-9687
https://orcid.org/0000-0003-0589-9687
https://orcid.org/0000-0003-0589-9687
https://orcid.org/0000-0002-9388-2799
https://orcid.org/0000-0002-9388-2799
https://orcid.org/0000-0002-9388-2799
https://orcid.org/0000-0002-0314-8698
https://orcid.org/0000-0002-0314-8698
https://orcid.org/0000-0002-0314-8698
https://orcid.org/0000-0002-0485-6936
https://orcid.org/0000-0002-0485-6936
https://orcid.org/0000-0002-0485-6936
https://orcid.org/0000-0003-2275-4164
https://orcid.org/0000-0003-2275-4164
https://orcid.org/0000-0003-2275-4164
https://orcid.org/0000-0003-0020-687X
https://orcid.org/0000-0003-0020-687X
https://orcid.org/0000-0003-0020-687X
https://orcid.org/0000-0003-2640-9683
https://orcid.org/0000-0003-2640-9683
https://orcid.org/0000-0003-2640-9683
https://orcid.org/0000-0002-3681-9304
https://orcid.org/0000-0002-3681-9304
https://orcid.org/0000-0002-3681-9304
https://orcid.org/0000-0002-8955-5269
https://orcid.org/0000-0002-8955-5269
https://orcid.org/0000-0002-8955-5269
https://orcid.org/0000-0002-3341-3480
https://orcid.org/0000-0002-3341-3480
https://orcid.org/0000-0002-3341-3480
https://orcid.org/0000-0002-0666-9907
https://orcid.org/0000-0002-0666-9907
https://orcid.org/0000-0002-0666-9907
https://orcid.org/0000-0001-9295-5119
https://orcid.org/0000-0001-9295-5119
https://orcid.org/0000-0001-9295-5119
https://orcid.org/0000-0002-7378-6353
https://orcid.org/0000-0002-7378-6353
https://orcid.org/0000-0002-7378-6353
https://orcid.org/0000-0002-0995-595X
https://orcid.org/0000-0002-0995-595X
https://orcid.org/0000-0002-0995-595X
https://orcid.org/0000-0002-0525-2317
https://orcid.org/0000-0002-0525-2317
https://orcid.org/0000-0002-0525-2317
https://orcid.org/0000-0001-5931-3624
https://orcid.org/0000-0001-5931-3624
https://orcid.org/0000-0001-5931-3624
https://orcid.org/0009-0005-9881-1788
https://orcid.org/0009-0005-9881-1788
https://orcid.org/0009-0005-9881-1788
https://orcid.org/0000-0002-3333-8070
https://orcid.org/0000-0002-3333-8070
https://orcid.org/0000-0002-3333-8070
https://orcid.org/0009-0008-4985-1320
https://orcid.org/0009-0008-4985-1320
https://orcid.org/0009-0008-4985-1320
https://orcid.org/0000-0002-2715-1517
https://orcid.org/0000-0002-2715-1517
https://orcid.org/0000-0002-2715-1517
https://orcid.org/0000-0002-5861-3024
https://orcid.org/0000-0002-5861-3024
https://orcid.org/0000-0002-5861-3024
https://orcid.org/0000-0003-4924-7322
https://orcid.org/0000-0003-4924-7322
https://orcid.org/0000-0003-4924-7322
https://orcid.org/0000-0001-7049-4438
https://orcid.org/0000-0001-7049-4438
https://orcid.org/0000-0001-7049-4438
https://orcid.org/0000-0002-3836-7751
https://orcid.org/0000-0002-3836-7751
https://orcid.org/0000-0002-3836-7751
https://orcid.org/0000-0002-9511-3846
https://orcid.org/0000-0002-9511-3846
https://orcid.org/0000-0002-9511-3846
https://orcid.org/0000-0002-6620-6672
https://orcid.org/0000-0002-6620-6672
https://orcid.org/0000-0002-6620-6672
https://orcid.org/0000-0003-3444-7807
https://orcid.org/0000-0003-3444-7807
https://orcid.org/0000-0003-3444-7807
https://orcid.org/0000-0001-7080-4176
https://orcid.org/0000-0001-7080-4176
https://orcid.org/0000-0001-7080-4176
https://orcid.org/0000-0001-5375-7494
https://orcid.org/0000-0001-5375-7494
https://orcid.org/0000-0001-5375-7494
https://orcid.org/0009-0003-6642-8974
https://orcid.org/0009-0003-6642-8974
https://orcid.org/0009-0003-6642-8974
https://orcid.org/0000-0002-2155-8092
https://orcid.org/0000-0002-2155-8092
https://orcid.org/0000-0002-2155-8092
https://orcid.org/0000-0001-7357-0889
https://orcid.org/0000-0001-7357-0889
https://orcid.org/0000-0001-7357-0889
https://orcid.org/0000-0002-4920-2784
https://orcid.org/0000-0002-4920-2784
https://orcid.org/0000-0002-4920-2784
https://orcid.org/0000-0002-3077-8951
https://orcid.org/0000-0002-3077-8951
https://orcid.org/0000-0002-3077-8951
https://orcid.org/0000-0003-3845-7586
https://orcid.org/0000-0003-3845-7586
https://orcid.org/0000-0003-3845-7586
https://orcid.org/0000-0003-2293-1554
https://orcid.org/0000-0003-2293-1554
https://orcid.org/0000-0003-2293-1554
https://orcid.org/0000-0003-3317-1036
https://orcid.org/0000-0003-3317-1036
https://orcid.org/0000-0003-3317-1036
https://orcid.org/0000-0001-5726-7150
https://orcid.org/0000-0001-5726-7150
https://orcid.org/0000-0001-5726-7150
https://orcid.org/0000-0001-9298-004X
https://orcid.org/0000-0001-9298-004X
https://orcid.org/0000-0001-9298-004X
https://orcid.org/0000-0003-1542-1791
https://orcid.org/0000-0003-1542-1791
https://orcid.org/0000-0003-1542-1791
https://orcid.org/0000-0002-8206-8089
https://orcid.org/0000-0002-8206-8089
https://orcid.org/0000-0002-8206-8089
https://orcid.org/0000-0003-2896-4218
https://orcid.org/0000-0003-2896-4218
https://orcid.org/0000-0003-2896-4218
https://orcid.org/0000-0001-8922-7794
https://orcid.org/0000-0001-8922-7794
https://orcid.org/0000-0001-8922-7794
https://orcid.org/0000-0001-6701-6515
https://orcid.org/0000-0001-6701-6515
https://orcid.org/0000-0001-6701-6515
https://orcid.org/0000-0002-9875-7700
https://orcid.org/0000-0002-9875-7700
https://orcid.org/0000-0002-9875-7700
https://orcid.org/0000-0001-8654-409X
https://orcid.org/0000-0001-8654-409X
https://orcid.org/0000-0001-8654-409X
https://orcid.org/0000-0002-2648-3835
https://orcid.org/0000-0002-2648-3835
https://orcid.org/0000-0002-2648-3835
https://orcid.org/0000-0002-3212-0475
https://orcid.org/0000-0002-3212-0475
https://orcid.org/0000-0002-3212-0475
https://orcid.org/0000-0002-8588-4794
https://orcid.org/0000-0002-8588-4794
https://orcid.org/0000-0002-8588-4794
https://orcid.org/0000-0003-4937-0769
https://orcid.org/0000-0003-4937-0769
https://orcid.org/0000-0003-4937-0769
https://orcid.org/0000-0002-6093-8063
https://orcid.org/0000-0002-6093-8063
https://orcid.org/0000-0002-6093-8063
https://orcid.org/0000-0003-0057-922X
https://orcid.org/0000-0003-0057-922X
https://orcid.org/0000-0003-0057-922X
https://orcid.org/0000-0001-8249-7425
https://orcid.org/0000-0001-8249-7425
https://orcid.org/0000-0001-8249-7425
https://orcid.org/0000-0003-0826-6164
https://orcid.org/0000-0003-0826-6164
https://orcid.org/0000-0003-0826-6164
https://orcid.org/0000-0002-1334-8853
https://orcid.org/0000-0002-1334-8853
https://orcid.org/0000-0002-1334-8853
https://orcid.org/0000-0002-8249-8070
https://orcid.org/0000-0002-8249-8070
https://orcid.org/0000-0002-8249-8070
https://orcid.org/0000-0001-8696-2435
https://orcid.org/0000-0001-8696-2435
https://orcid.org/0000-0001-8696-2435
https://orcid.org/0000-0003-2107-7536
https://orcid.org/0000-0003-2107-7536
https://orcid.org/0000-0003-2107-7536
https://orcid.org/0000-0002-5682-8750
https://orcid.org/0000-0002-5682-8750
https://orcid.org/0000-0002-5682-8750
https://orcid.org/0000-0003-1082-2844
https://orcid.org/0000-0003-1082-2844
https://orcid.org/0000-0003-1082-2844
https://orcid.org/0000-0002-4147-2560
https://orcid.org/0000-0002-4147-2560
https://orcid.org/0000-0002-4147-2560
https://orcid.org/0000-0002-9899-6357
https://orcid.org/0000-0002-9899-6357
https://orcid.org/0000-0002-9899-6357
https://orcid.org/0000-0001-5161-4617
https://orcid.org/0000-0001-5161-4617
https://orcid.org/0000-0001-5161-4617
https://orcid.org/0000-0003-4606-6526
https://orcid.org/0000-0003-4606-6526
https://orcid.org/0000-0003-4606-6526
https://orcid.org/0000-0001-7316-3239
https://orcid.org/0000-0001-7316-3239
https://orcid.org/0000-0001-7316-3239
https://orcid.org/0000-0001-9898-5597
https://orcid.org/0000-0001-9898-5597
https://orcid.org/0000-0001-9898-5597
https://orcid.org/0000-0001-9675-4584
https://orcid.org/0000-0001-9675-4584
https://orcid.org/0000-0001-9675-4584
https://orcid.org/0000-0001-8081-4888
https://orcid.org/0000-0001-8081-4888
https://orcid.org/0000-0001-8081-4888
https://orcid.org/0000-0002-9944-5573
https://orcid.org/0000-0002-9944-5573
https://orcid.org/0000-0002-9944-5573
https://orcid.org/0000-0001-9050-7515
https://orcid.org/0000-0001-9050-7515
https://orcid.org/0000-0001-9050-7515
https://orcid.org/0000-0003-0902-9216
https://orcid.org/0000-0003-0902-9216
https://orcid.org/0000-0003-0902-9216
https://orcid.org/0000-0002-2471-3828
https://orcid.org/0000-0002-2471-3828
https://orcid.org/0000-0002-2471-3828
https://orcid.org/0000-0003-0638-9670
https://orcid.org/0000-0003-0638-9670
https://orcid.org/0000-0003-0638-9670
https://orcid.org/0000-0002-3035-0947
https://orcid.org/0000-0002-3035-0947
https://orcid.org/0000-0002-3035-0947
https://orcid.org/0000-0001-8516-3324
https://orcid.org/0000-0001-8516-3324
https://orcid.org/0000-0001-8516-3324
https://orcid.org/0009-0003-7949-4911
https://orcid.org/0009-0003-7949-4911
https://orcid.org/0009-0003-7949-4911
https://orcid.org/0000-0002-5458-5206
https://orcid.org/0000-0002-5458-5206
https://orcid.org/0000-0002-5458-5206
https://orcid.org/0000-0003-2601-2264
https://orcid.org/0000-0003-2601-2264
https://orcid.org/0000-0003-2601-2264
https://orcid.org/0000-0002-4301-8281
https://orcid.org/0000-0002-4301-8281
https://orcid.org/0000-0002-4301-8281
https://orcid.org/0000-0001-8051-7883
https://orcid.org/0000-0001-8051-7883
https://orcid.org/0000-0001-8051-7883
https://orcid.org/0000-0003-3856-8534
https://orcid.org/0000-0003-3856-8534
https://orcid.org/0000-0003-3856-8534
https://orcid.org/0000-0002-1855-5966
https://orcid.org/0000-0002-1855-5966
https://orcid.org/0000-0002-1855-5966
https://orcid.org/0000-0002-3239-2921
https://orcid.org/0000-0002-3239-2921
https://orcid.org/0000-0002-3239-2921
https://orcid.org/0000-0003-4418-3366
https://orcid.org/0000-0003-4418-3366
https://orcid.org/0000-0003-4418-3366
https://orcid.org/0000-0003-0930-6930
https://orcid.org/0000-0003-0930-6930
https://orcid.org/0000-0003-0930-6930
https://orcid.org/0000-0002-8658-5753
https://orcid.org/0000-0002-8658-5753
https://orcid.org/0000-0002-8658-5753
https://orcid.org/0000-0002-8781-1273
https://orcid.org/0000-0002-8781-1273
https://orcid.org/0000-0002-8781-1273
https://orcid.org/0000-0003-4710-8548
https://orcid.org/0000-0003-4710-8548
https://orcid.org/0000-0003-4710-8548
https://orcid.org/0000-0002-5490-5302
https://orcid.org/0000-0002-5490-5302
https://orcid.org/0000-0002-5490-5302
https://orcid.org/0000-0002-6100-537X
https://orcid.org/0000-0002-6100-537X
https://orcid.org/0000-0002-6100-537X
https://orcid.org/0000-0003-1055-7980
https://orcid.org/0000-0003-1055-7980
https://orcid.org/0000-0003-1055-7980
https://orcid.org/0000-0003-0324-5735
https://orcid.org/0000-0003-0324-5735
https://orcid.org/0000-0003-0324-5735
https://orcid.org/0000-0001-8578-4665
https://orcid.org/0000-0001-8578-4665
https://orcid.org/0000-0001-8578-4665
https://orcid.org/0000-0003-3783-7448
https://orcid.org/0000-0003-3783-7448
https://orcid.org/0000-0003-3783-7448
https://orcid.org/0000-0001-7959-892X
https://orcid.org/0000-0001-7959-892X
https://orcid.org/0000-0001-7959-892X
https://orcid.org/0000-0003-1614-3922
https://orcid.org/0000-0003-1614-3922
https://orcid.org/0000-0003-1614-3922
https://orcid.org/0000-0003-3030-6599
https://orcid.org/0000-0003-3030-6599
https://orcid.org/0000-0003-3030-6599
https://orcid.org/0000-0002-3066-3601
https://orcid.org/0000-0002-3066-3601
https://orcid.org/0000-0002-3066-3601
https://orcid.org/0000-0002-6167-6149
https://orcid.org/0000-0002-6167-6149
https://orcid.org/0000-0002-6167-6149
https://orcid.org/0000-0002-1339-9167
https://orcid.org/0000-0002-1339-9167
https://orcid.org/0000-0002-1339-9167
https://orcid.org/0000-0003-1353-0441
https://orcid.org/0000-0003-1353-0441
https://orcid.org/0000-0003-1353-0441
https://orcid.org/0000-0001-8530-9178
https://orcid.org/0000-0001-8530-9178
https://orcid.org/0000-0001-8530-9178
https://orcid.org/0000-0003-0327-953X
https://orcid.org/0000-0003-0327-953X
https://orcid.org/0000-0003-0327-953X
https://orcid.org/0000-0003-0596-4397
https://orcid.org/0000-0003-0596-4397
https://orcid.org/0000-0003-0596-4397
https://orcid.org/0000-0003-1367-5149
https://orcid.org/0000-0003-1367-5149
https://orcid.org/0000-0003-1367-5149
https://orcid.org/0000-0001-6032-1330
https://orcid.org/0000-0001-6032-1330
https://orcid.org/0000-0001-6032-1330
https://orcid.org/0000-0001-9937-2557
https://orcid.org/0000-0001-9937-2557
https://orcid.org/0000-0001-9937-2557
https://orcid.org/0000-0001-8760-5421
https://orcid.org/0000-0001-8760-5421
https://orcid.org/0000-0001-8760-5421
https://orcid.org/0000-0002-8796-1992
https://orcid.org/0000-0002-8796-1992
https://orcid.org/0000-0002-8796-1992
https://orcid.org/0000-0001-8406-5183
https://orcid.org/0000-0001-8406-5183
https://orcid.org/0000-0001-8406-5183
https://orcid.org/0000-0003-3321-1018
https://orcid.org/0000-0003-3321-1018
https://orcid.org/0000-0003-3321-1018
https://orcid.org/0000-0003-4382-5507
https://orcid.org/0000-0003-4382-5507
https://orcid.org/0000-0003-4382-5507
https://orcid.org/0000-0002-4817-5606
https://orcid.org/0000-0002-4817-5606
https://orcid.org/0000-0002-4817-5606
https://orcid.org/0000-0002-4016-1955
https://orcid.org/0000-0002-4016-1955
https://orcid.org/0000-0002-4016-1955
https://orcid.org/0000-0002-4777-5087
https://orcid.org/0000-0002-4777-5087
https://orcid.org/0000-0002-4777-5087
https://orcid.org/0000-0002-3582-2587
https://orcid.org/0000-0002-3582-2587
https://orcid.org/0000-0002-3582-2587
https://orcid.org/0000-0003-3271-6436
https://orcid.org/0000-0003-3271-6436
https://orcid.org/0000-0003-3271-6436
https://orcid.org/0000-0002-0419-5517
https://orcid.org/0000-0002-0419-5517
https://orcid.org/0000-0002-0419-5517
https://orcid.org/0000-0003-2483-6710
https://orcid.org/0000-0003-2483-6710
https://orcid.org/0000-0003-2483-6710
https://orcid.org/0000-0003-1611-6625
https://orcid.org/0000-0003-1611-6625
https://orcid.org/0000-0003-1611-6625
https://orcid.org/0000-0002-1602-4176
https://orcid.org/0000-0002-1602-4176
https://orcid.org/0000-0002-1602-4176
https://orcid.org/0009-0008-9546-2035
https://orcid.org/0009-0008-9546-2035
https://orcid.org/0009-0008-9546-2035
https://orcid.org/0000-0001-9537-9698
https://orcid.org/0000-0001-9537-9698
https://orcid.org/0000-0001-9537-9698
https://orcid.org/0000-0001-9841-943X
https://orcid.org/0000-0001-9841-943X
https://orcid.org/0000-0001-9841-943X
https://orcid.org/0000-0002-8927-9014
https://orcid.org/0000-0002-8927-9014
https://orcid.org/0000-0002-8927-9014
https://orcid.org/0000-0002-7504-8258
https://orcid.org/0000-0002-7504-8258
https://orcid.org/0000-0002-7504-8258
https://orcid.org/0000-0002-4534-0485
https://orcid.org/0000-0002-4534-0485
https://orcid.org/0000-0002-4534-0485
https://orcid.org/0000-0002-0297-3661
https://orcid.org/0000-0002-0297-3661
https://orcid.org/0000-0002-0297-3661
https://orcid.org/0000-0001-8709-5118
https://orcid.org/0000-0001-8709-5118
https://orcid.org/0000-0001-8709-5118
https://orcid.org/0000-0001-5997-7148
https://orcid.org/0000-0001-5997-7148
https://orcid.org/0000-0001-5997-7148
https://orcid.org/0000-0001-5833-4052
https://orcid.org/0000-0001-5833-4052
https://orcid.org/0000-0001-5833-4052
https://orcid.org/0000-0002-5465-9607
https://orcid.org/0000-0002-5465-9607
https://orcid.org/0000-0002-5465-9607
https://orcid.org/0000-0001-7763-5758
https://orcid.org/0000-0001-7763-5758
https://orcid.org/0000-0001-7763-5758
https://orcid.org/0000-0002-4653-6156
https://orcid.org/0000-0002-4653-6156
https://orcid.org/0000-0002-4653-6156
https://orcid.org/0000-0001-5087-189X
https://orcid.org/0000-0001-5087-189X
https://orcid.org/0000-0001-5087-189X
https://orcid.org/0000-0002-6976-5576
https://orcid.org/0000-0002-6976-5576
https://orcid.org/0000-0002-6976-5576
https://orcid.org/0000-0002-9714-1904
https://orcid.org/0000-0002-9714-1904
https://orcid.org/0000-0002-9714-1904
https://orcid.org/0000-0003-3666-686X
https://orcid.org/0000-0003-3666-686X
https://orcid.org/0000-0003-3666-686X
https://orcid.org/0000-0001-8217-0764
https://orcid.org/0000-0001-8217-0764
https://orcid.org/0000-0001-8217-0764
https://orcid.org/0000-0002-2909-0471
https://orcid.org/0000-0002-2909-0471
https://orcid.org/0000-0002-2909-0471
https://orcid.org/0000-0002-9296-8603
https://orcid.org/0000-0002-9296-8603
https://orcid.org/0000-0002-9296-8603
https://orcid.org/0000-0001-9999-2027
https://orcid.org/0000-0001-9999-2027
https://orcid.org/0000-0001-9999-2027
https://orcid.org/0000-0002-0679-9074
https://orcid.org/0000-0002-0679-9074
https://orcid.org/0000-0002-0679-9074
https://orcid.org/0000-0003-0030-3653
https://orcid.org/0000-0003-0030-3653
https://orcid.org/0000-0003-0030-3653
https://orcid.org/0000-0003-2148-1694
https://orcid.org/0000-0003-2148-1694
https://orcid.org/0000-0003-2148-1694
https://orcid.org/0000-0001-6877-3278
https://orcid.org/0000-0001-6877-3278
https://orcid.org/0000-0001-6877-3278
https://orcid.org/0000-0003-4375-098X
https://orcid.org/0000-0003-4375-098X
https://orcid.org/0000-0003-4375-098X
https://orcid.org/0000-0003-3227-6055
https://orcid.org/0000-0003-3227-6055
https://orcid.org/0000-0003-3227-6055
https://orcid.org/0000-0003-4028-0054
https://orcid.org/0000-0003-4028-0054
https://orcid.org/0000-0003-4028-0054
https://orcid.org/0000-0002-5059-4033
https://orcid.org/0000-0002-5059-4033
https://orcid.org/0000-0002-5059-4033
https://orcid.org/0009-0006-0934-1014
https://orcid.org/0009-0006-0934-1014
https://orcid.org/0009-0006-0934-1014
https://orcid.org/0000-0003-2357-2338
https://orcid.org/0000-0003-2357-2338
https://orcid.org/0000-0003-2357-2338
https://orcid.org/0000-0003-1843-7545
https://orcid.org/0000-0003-1843-7545
https://orcid.org/0000-0003-1843-7545
https://orcid.org/0000-0002-7656-6882
https://orcid.org/0000-0002-7656-6882
https://orcid.org/0000-0002-7656-6882
https://orcid.org/0000-0001-5411-380X
https://orcid.org/0000-0001-5411-380X
https://orcid.org/0000-0001-5411-380X
https://orcid.org/0000-0003-2648-9759
https://orcid.org/0000-0003-2648-9759
https://orcid.org/0000-0003-2648-9759
https://orcid.org/0000-0003-1215-4552
https://orcid.org/0000-0003-1215-4552
https://orcid.org/0000-0003-1215-4552
https://orcid.org/0000-0002-6827-9509
https://orcid.org/0000-0002-6827-9509
https://orcid.org/0000-0002-6827-9509
https://orcid.org/0000-0003-0315-4091
https://orcid.org/0000-0003-0315-4091
https://orcid.org/0000-0003-0315-4091
https://orcid.org/0000-0002-0500-1286
https://orcid.org/0000-0002-0500-1286
https://orcid.org/0000-0002-0500-1286
https://orcid.org/0000-0002-6061-8131
https://orcid.org/0000-0002-6061-8131
https://orcid.org/0000-0002-6061-8131
https://orcid.org/0000-0003-4434-5353
https://orcid.org/0000-0003-4434-5353
https://orcid.org/0000-0003-4434-5353

THE ASTROPHYSICAL JOURNAL LETTERS, 970:L34 (39pp), 2024 August 1 Abac et al.

M. van der Sluys34’77 , A. Van de Walle37, J. van Dongen34’104 , K. Vandra® 4, H. van Haevermaet'’ s

J. V. van Heljmngeng4 104 , P. Van Hove®’ , M. VanKeuren”> , T Vanoskyz, M. H. P. M. van Putten'? , Z. van Ranst®>3*
N. van Remortel’ , M. Vardar033’34, A. F. Vargasl32, J. I Vargheseés, V. Varma'?® , M. VaSlith83’3lO, A. Vecchio''?
G. Vedovat09], J. Veitch?’ , P. 1. Veitch!''? . S. Venikoudislo, J. Venneberg‘“’42 , P. Verdier''° , D. Verkindt®’
B. Vermalz'(’, P. Verma”4, Y. Verma'® ,S. M. Vermeulen” , F. Vetranof’z, A. Veutro®%° , A. M. Vibhute® ,
A. Vicerg®>%3 . S. Vidyant79, A. D. Viets® , A Vijaykumar179 , A. Vilkha197, V. Villa—Ortega128 ,E. T. Vincent>® ,
J.-Y. Vinet*® , S. Viret116 A. Virtuoso*® 184 , S. Vitale®? , A Vives78, H. Vocca 8 , D. Voigt85 , E. R. G. von Reis3,
J.S. A. von Wrangel41 42 S P. Vyatchanin 105 , L. E. Wade75, M. Wade”® , K. J. Wagner197 , A. Wajid55’56, M. Walker!?°
G. S. Wallace”’, L. Wallace , H. Wang28 I Z. Wang89 W.H. Wang162 Z. Wangl43, G. Waratkar®®' @, J. Warner’, M. Was*’ @,
T. Washlmi22 JN. Y. Washmgton D. Wataral , K. E. Wayt7s B. R. Weaver'® , B. WeaverS, C.R. Weavingl%, S. A. Webster27,
M. Weinert*" 42’ , AL Weinstein? , R. Welss‘z, F. Wellmann*" 42, L. Wenzg, P. Wef;’)els41’42, K. Wette®! , ). T. Whelan'®’
B. F. Wh1t1ng44 , C. Whittle’®, J. B. Wildberger', O. S. Wilk”®, D. Wilken*'****@® A. T. Wilkin®**, D. J. Willadsen®*
K. Willetts'®, D. Williams®’ @, M. J. Williams'*°®, N. S. Williams''®, J. L. Willis*®, B. Willke*'****@®, M. Wils'?®
J. Winterflood*®, C. C. Wipt?, G. Woan®’ @, J. Woehler’***, J. K. Wofford'”’®, N. E. Wolfe’?, H. T. Wong'*®,
H. W. Y. Wong”'°®, I. C. F. Wong?'°®, J. L. Wright’', M. Wright?’ ®, C. Wu'**®, D. S. wu*'"*?®  H. Wu'**®, E. Wuchner””,
. [e
D. M. Wysockl8 , V. A. Xu?? , Y. Xu'?? , N. Yadav®* , H. Yamamoto” , K. Yamamoto'”® , T. S. Yamamoto>®
T. Yamamoto™®’ , S. Yamamura194, R. YamazakiZ** , S. Yan'® , T. Yam113 F. W. Yang'"! , F. Yan 160 , K. Z. Yan 96 s
g g g
Y. Yang146 A Yarbrough9 , H. Yasui49, S.-W. Yeh142, A. B. Yelikar'”’ , X. Y1n32 J Yokoyama28 307 , T. Yokozawa49,
J. Yoo'° , H. yu'# ., S. Yuanzg, H. Yuzurihara*® , A. ZadroZnylM, M. Zanolin®® , M. Zeeshan'®’ T Zelenova57
J.-P. Zendrigl, M. Zeoli'®! 15, M. Zerrad36, M. Zevin®® , A. C. Zhang](’o, L. Zhangz, R. Zhang44 , T. Zhang1 H, Y. Zhanggl
C. Zhao*® , Yue Zhaol91, Yuhang Zhao'! , Y. Zhenglo2 , H. Zhong96 , R. Zhou215, X.-J. Zhu?“® , Z.-H. Zhu?0%308
A. B. Zimmerman'*® , M. E. Zucker2’32, and J. Zweizig2
The LIGO Scientific Collaboration, the Virgo Collaboration, and the KAGRA Collaboration
!'Max Planck Institute for Gravitational Physics (Albert Einstein Institute), D-14476 Potsdam, Germany
2LIGO Laboratory, California Institute of Technology, Pasadena, CA 91125, USA
3 LIGO Hanford Observatory, Richland, WA 99352, USA
Dlpartlmento di Farmacia, Universita di Salerno, 1-84084 Fisciano, Salerno, Italy
INFN, Sezione di Napoli, I-80126 Napoli, Italy
Umversny of Warwick, Coventry CV4 7AL, UK
The Pennsylvania State University, University Park, PA 16802, USA
Umversnty of Wisconsin—-Milwaukee, Milwaukee, WI 53201, USA
? Louisiana State University, Baton Rouge, LA 70803, USA
O Université catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
Inter- Umversny Centre for Astronomy and Astrophysics, Pune 411007, India
Queen Mary University of London, London E1 4NS, UK
Depanment of Physics and Astronomy, Sejong University, 209 Neungdong-ro, Gwangjin-gu, Seoul 143-747, Republic of Korea
Instituto Nacional de Pesquisas Espaciais, 12227-010 Sao José dos Campos, Sdo Paulo, Brazil
'3 Stanford University, Stanford, CA 94305, USA
S Universita di Roma Tor Vergata, [-00133 Roma, Italy
INFN Sezione di Roma Tor Vergata, I-00133 Roma, Italy
I8 Cardiff University, Cardiff CF24 3AA, UK
® Universiteit Antwerpen, 2000 Antwerpen, Belgium
20 International Centre for Theoretlcal Sciences, Tata Institute of Fundamental Research, Bengaluru 560089, India
Unlversny College Dublin, Belfield, D4, Dublin, Ireland
%2 Gravitational Wave Science Project, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka City, Tokyo 181-8588, Japan
Advanced Technology Center, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka City, Tokyo 181-8588, Japan
2*INFN Sezione di Torino, I-10125 Torino, Italy
25 Theoretisch- -Physikalisches Institut, Friedrich-Schiller-Universitit Jena, D-07743 Jena, Germany
2 Dipartimento di Fisica, Universita degli Studi di Torino, I-10125 Torino, Italy
2 SUPA, University of Glasgow, Glasgow G12 8QQ, UK
OzGrav University of Western Australia, Crawley, Western Australia 6009, Australia
29 Univ. Savoie Mont Blanc, CNRS, Laboratoire d’Annecy de Physique des Particules—IN2P3, F-74000 Annecy, France
OUmver51ta di Napoli “Federico II,” I-80126 Napoli, Italy
OzGrav Australian National University, Canberra, Australian Capital Territory 0200, Australia
2 LIGO Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
3 Maastricht University, 6200 MD Maastricht, Netherlands
3 Nikhef, 1098 XG Amsterdam, Netherlands
5 Université Libre de Bruxelles, Brussels 1050, Belgium
© Aix Marseille Univ, CNRS, Centrale Med, Institut Fresnel, F-13013 Marseille, France
37 Universit¢ Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
38 University of Tokyo, Tokyo, 113-0033, Japan
° Institut de Ciéncies del Cosmos (ICCUB), Universitat de Barcelona (UB), c. Marti i Franques, 1, 08028 Barcelona, Spain
40 1nstitut de Fisica d’ Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Campus UAB, E-08193 Bellaterra (Barcelona), Spain
*I'Max Planck Institute for Gravitational Physics (Albert Einstein Institute), D-30167 Hannover, Germany
Leibniz Universitit Hannover, D-30167 Hannover, Germany
3 Gran Sasso Science Institute (GSSI), 1-67100 L’Aquila, Italy
4Umver51ty of Florida, Gainesville, FL 32611, USA
Dlpartlmento di Scienze Matematiche, Informatiche e Fisiche, Universita di Udine, I-33100 Udine, Italy

s

s

s

s

s

s

)

11


https://orcid.org/0000-0003-1231-0762
https://orcid.org/0000-0003-1231-0762
https://orcid.org/0000-0003-1231-0762
https://orcid.org/0000-0003-0964-2483
https://orcid.org/0000-0003-0964-2483
https://orcid.org/0000-0003-0964-2483
https://orcid.org/0000-0003-2386-957X
https://orcid.org/0000-0003-2386-957X
https://orcid.org/0000-0003-2386-957X
https://orcid.org/0000-0002-8391-7513
https://orcid.org/0000-0002-8391-7513
https://orcid.org/0000-0002-8391-7513
https://orcid.org/0000-0002-2431-3381
https://orcid.org/0000-0002-2431-3381
https://orcid.org/0000-0002-2431-3381
https://orcid.org/0000-0002-9212-411X
https://orcid.org/0000-0002-9212-411X
https://orcid.org/0000-0002-9212-411X
https://orcid.org/0000-0002-0460-6224
https://orcid.org/0000-0002-0460-6224
https://orcid.org/0000-0002-0460-6224
https://orcid.org/0000-0003-4180-8199
https://orcid.org/0000-0003-4180-8199
https://orcid.org/0000-0003-4180-8199
https://orcid.org/0000-0002-9994-1761
https://orcid.org/0000-0002-9994-1761
https://orcid.org/0000-0002-9994-1761
https://orcid.org/0000-0002-6254-1617
https://orcid.org/0000-0002-6254-1617
https://orcid.org/0000-0002-6254-1617
https://orcid.org/0000-0002-6508-0713
https://orcid.org/0000-0002-6508-0713
https://orcid.org/0000-0002-6508-0713
https://orcid.org/0000-0002-2597-435X
https://orcid.org/0000-0002-2597-435X
https://orcid.org/0000-0002-2597-435X
https://orcid.org/0000-0002-2508-2044
https://orcid.org/0000-0002-2508-2044
https://orcid.org/0000-0002-2508-2044
https://orcid.org/0000-0003-3090-2948
https://orcid.org/0000-0003-3090-2948
https://orcid.org/0000-0003-3090-2948
https://orcid.org/0000-0003-4344-7227
https://orcid.org/0000-0003-4344-7227
https://orcid.org/0000-0003-4344-7227
https://orcid.org/0000-0003-4147-3173
https://orcid.org/0000-0003-4147-3173
https://orcid.org/0000-0003-4147-3173
https://orcid.org/0000-0003-4227-8214
https://orcid.org/0000-0003-4227-8214
https://orcid.org/0000-0003-4227-8214
https://orcid.org/0009-0002-9160-5808
https://orcid.org/0009-0002-9160-5808
https://orcid.org/0009-0002-9160-5808
https://orcid.org/0000-0003-1501-6972
https://orcid.org/0000-0003-1501-6972
https://orcid.org/0000-0003-1501-6972
https://orcid.org/0000-0003-0624-6231
https://orcid.org/0000-0003-0624-6231
https://orcid.org/0000-0003-0624-6231
https://orcid.org/0000-0002-4241-1428
https://orcid.org/0000-0002-4241-1428
https://orcid.org/0000-0002-4241-1428
https://orcid.org/0000-0002-4103-0666
https://orcid.org/0000-0002-4103-0666
https://orcid.org/0000-0002-4103-0666
https://orcid.org/0000-0001-7983-1963
https://orcid.org/0000-0001-7983-1963
https://orcid.org/0000-0001-7983-1963
https://orcid.org/0000-0002-0442-1916
https://orcid.org/0000-0002-0442-1916
https://orcid.org/0000-0002-0442-1916
https://orcid.org/0000-0003-1837-1021
https://orcid.org/0000-0003-1837-1021
https://orcid.org/0000-0003-1837-1021
https://orcid.org/0000-0003-2700-0767
https://orcid.org/0000-0003-2700-0767
https://orcid.org/0000-0003-2700-0767
https://orcid.org/0000-0002-1200-3917
https://orcid.org/0000-0002-1200-3917
https://orcid.org/0000-0002-1200-3917
https://orcid.org/0000-0001-9075-6503
https://orcid.org/0000-0001-9075-6503
https://orcid.org/0000-0001-9075-6503
https://orcid.org/0000-0002-6823-911X
https://orcid.org/0000-0002-6823-911X
https://orcid.org/0000-0002-6823-911X
https://orcid.org/0000-0002-5703-4469
https://orcid.org/0000-0002-5703-4469
https://orcid.org/0000-0002-5703-4469
https://orcid.org/0000-0002-7255-4251
https://orcid.org/0000-0002-7255-4251
https://orcid.org/0000-0002-7255-4251
https://orcid.org/0000-0002-6589-2738
https://orcid.org/0000-0002-6589-2738
https://orcid.org/0000-0002-6589-2738
https://orcid.org/0000-0003-3630-9440
https://orcid.org/0000-0003-3630-9440
https://orcid.org/0000-0003-3630-9440
https://orcid.org/0000-0002-1890-1128
https://orcid.org/0000-0002-1890-1128
https://orcid.org/0000-0002-1890-1128
https://orcid.org/0000-0001-5792-4907
https://orcid.org/0000-0001-5792-4907
https://orcid.org/0000-0001-5792-4907
https://orcid.org/0000-0002-0928-6784
https://orcid.org/0000-0002-0928-6784
https://orcid.org/0000-0002-0928-6784
https://orcid.org/0000-0002-4394-7179
https://orcid.org/0000-0002-4394-7179
https://orcid.org/0000-0002-4394-7179
https://orcid.org/0000-0001-5710-6576
https://orcid.org/0000-0001-5710-6576
https://orcid.org/0000-0001-5710-6576
https://orcid.org/0000-0002-8501-8669
https://orcid.org/0000-0002-8501-8669
https://orcid.org/0000-0002-8501-8669
https://orcid.org/0000-0002-8833-7438
https://orcid.org/0000-0002-8833-7438
https://orcid.org/0000-0002-8833-7438
https://orcid.org/0000-0002-7290-9411
https://orcid.org/0000-0002-7290-9411
https://orcid.org/0000-0002-7290-9411
https://orcid.org/0000-0003-3772-198X
https://orcid.org/0000-0003-3772-198X
https://orcid.org/0000-0003-3772-198X
https://orcid.org/0000-0003-2198-2974
https://orcid.org/0000-0003-2198-2974
https://orcid.org/0000-0003-2198-2974
https://orcid.org/0000-0002-9929-0225
https://orcid.org/0000-0002-9929-0225
https://orcid.org/0000-0002-9929-0225
https://orcid.org/0000-0003-0524-2925
https://orcid.org/0000-0003-0524-2925
https://orcid.org/0000-0003-0524-2925
https://orcid.org/0000-0002-1544-7193
https://orcid.org/0000-0002-1544-7193
https://orcid.org/0000-0002-1544-7193
https://orcid.org/0000-0003-0381-0394
https://orcid.org/0000-0003-0381-0394
https://orcid.org/0000-0003-0381-0394
https://orcid.org/0000-0002-4301-2859
https://orcid.org/0000-0002-4301-2859
https://orcid.org/0000-0002-4301-2859
https://orcid.org/0000-0003-4145-4394
https://orcid.org/0000-0003-4145-4394
https://orcid.org/0000-0003-4145-4394
https://orcid.org/0000-0002-4027-9160
https://orcid.org/0000-0002-4027-9160
https://orcid.org/0000-0002-4027-9160
https://orcid.org/0000-0003-2166-0027
https://orcid.org/0000-0003-2166-0027
https://orcid.org/0000-0003-2166-0027
https://orcid.org/0000-0003-1829-7482
https://orcid.org/0000-0003-1829-7482
https://orcid.org/0000-0003-1829-7482
https://orcid.org/0000-0003-3191-8845
https://orcid.org/0000-0003-3191-8845
https://orcid.org/0000-0003-3191-8845
https://orcid.org/0000-0003-2849-3751
https://orcid.org/0000-0003-2849-3751
https://orcid.org/0000-0003-2849-3751
https://orcid.org/0000-0003-4813-3833
https://orcid.org/0000-0003-4813-3833
https://orcid.org/0000-0003-4813-3833
https://orcid.org/0000-0001-9138-4078
https://orcid.org/0000-0001-9138-4078
https://orcid.org/0000-0001-9138-4078
https://orcid.org/0000-0002-3020-3293
https://orcid.org/0000-0002-3020-3293
https://orcid.org/0000-0002-3020-3293
https://orcid.org/0000-0001-8697-3505
https://orcid.org/0000-0001-8697-3505
https://orcid.org/0000-0001-8697-3505
https://orcid.org/0000-0002-1423-8525
https://orcid.org/0000-0002-1423-8525
https://orcid.org/0000-0002-1423-8525
https://orcid.org/0000-0001-6919-9570
https://orcid.org/0000-0001-6919-9570
https://orcid.org/0000-0001-6919-9570
https://orcid.org/0000-0002-3033-2845
https://orcid.org/0000-0002-3033-2845
https://orcid.org/0000-0002-3033-2845
https://orcid.org/0000-0002-8181-924X
https://orcid.org/0000-0002-8181-924X
https://orcid.org/0000-0002-8181-924X
https://orcid.org/0000-0002-0808-4822
https://orcid.org/0000-0002-0808-4822
https://orcid.org/0000-0002-0808-4822
https://orcid.org/0000-0002-1251-7889
https://orcid.org/0000-0002-1251-7889
https://orcid.org/0000-0002-1251-7889
https://orcid.org/0000-0001-9873-6259
https://orcid.org/0000-0001-9873-6259
https://orcid.org/0000-0001-9873-6259
https://orcid.org/0000-0001-8083-4037
https://orcid.org/0000-0001-8083-4037
https://orcid.org/0000-0001-8083-4037
https://orcid.org/0000-0002-3780-1413
https://orcid.org/0000-0002-3780-1413
https://orcid.org/0000-0002-3780-1413
https://orcid.org/0000-0002-9825-1136
https://orcid.org/0000-0002-9825-1136
https://orcid.org/0000-0002-9825-1136
https://orcid.org/0000-0002-8065-1174
https://orcid.org/0000-0002-8065-1174
https://orcid.org/0000-0002-8065-1174
https://orcid.org/0000-0001-7127-4808
https://orcid.org/0000-0001-7127-4808
https://orcid.org/0000-0001-7127-4808
https://orcid.org/0000-0002-3251-0924
https://orcid.org/0000-0002-3251-0924
https://orcid.org/0000-0002-3251-0924
https://orcid.org/0000-0002-6011-6190
https://orcid.org/0000-0002-6011-6190
https://orcid.org/0000-0002-6011-6190
https://orcid.org/0000-0002-3710-6613
https://orcid.org/0000-0002-3710-6613
https://orcid.org/0000-0002-3710-6613
https://orcid.org/0000-0002-6494-7303
https://orcid.org/0000-0002-6494-7303
https://orcid.org/0000-0002-6494-7303
https://orcid.org/0000-0002-0147-0835
https://orcid.org/0000-0002-0147-0835
https://orcid.org/0000-0002-0147-0835
https://orcid.org/0000-0001-8095-483X
https://orcid.org/0000-0001-8095-483X
https://orcid.org/0000-0001-8095-483X
https://orcid.org/0000-0002-5756-7900
https://orcid.org/0000-0002-5756-7900
https://orcid.org/0000-0002-5756-7900
https://orcid.org/0000-0001-5825-2401
https://orcid.org/0000-0001-5825-2401
https://orcid.org/0000-0001-5825-2401
https://orcid.org/0000-0003-2542-4734
https://orcid.org/0000-0003-2542-4734
https://orcid.org/0000-0003-2542-4734
https://orcid.org/0000-0002-5432-1331
https://orcid.org/0000-0002-5432-1331
https://orcid.org/0000-0002-5432-1331
https://orcid.org/0000-0001-8324-5158
https://orcid.org/0000-0001-8324-5158
https://orcid.org/0000-0001-8324-5158
https://orcid.org/0000-0001-7049-6468
https://orcid.org/0000-0001-7049-6468
https://orcid.org/0000-0001-7049-6468
https://orcid.org/0000-0002-3567-6743
https://orcid.org/0000-0002-3567-6743
https://orcid.org/0000-0002-3567-6743
https://orcid.org/0000-0002-7453-6372
https://orcid.org/0000-0002-7453-6372
https://orcid.org/0000-0002-7453-6372
https://orcid.org/0000-0002-1521-3397
https://orcid.org/0000-0002-1521-3397
https://orcid.org/0000-0002-1521-3397

THE ASTROPHYSICAL JOURNAL LETTERS, 970:L34 (39pp), 2024 August 1 Abac et al.

INFN Sezione di Trieste, 1-34127 Trieste, Italy
Tecnologlco de Monterrey Campus Guadalajara, 45201 Zapopan, Jalisco, Mexico
“8 Université Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, Artemis, F-06304 Nice, France
“ Institute for Cosmic Ray Research, KAGRA Observatory, The University of Tokyo, 238 Higashi-Mozumi, Kamioka-cho, Hida City, Gifu 506-1205, Japan
0 INFN Sezione di Perugia, I-06123 Perugia, Italy
! Universita di Camerino, 1-62032 Camerino, Italy
Un1vers1ty of Washington, Seattle, WA 98195, USA
3 Cahforma State University Fullerton, Fullerton, CA 92831, USA
* Villanova University, Villanova, PA 19085, USA
55 INEN, Sezione di Genova, I-16146 Genova, Italy
Dlg)drtlrnento di Fisica, Universita degli Studi di Genova, I-16146 Genova, Italy
Euro;)ean Gravitational Observatory (EGO), 1-56021 Cascina, Pisa, Italy
SGeorgla Institute of Technology, Atlanta, GA 30332, USA
Chennai Mathematical Institute, Chennai 603103, India
Roya] Holloway, University of London, London TW20 0EX, UK
61 Astronomical course, The Graduate University for Advanced Studies (SOKENDAI), 2-21-1 Osawa, Mitaka City, Tokyo 181-8588, Japan
62 Unlverma degli Studi di Urbino “Carlo Bo,” I-61029 Urbino, Italy
53 INFN, Sezione di Firenze, I-50019 Sesto Fiorentino, Firenze, Italy
o4 LIGO L1v1ngst0n Observatory, Livingston, LA 70754, USA
INFN Sezione di Roma, I-00185 Roma, Italy
Universitd di Roma “La Sapienza,” I-00185 Roma, Italy
7 Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
68 Embry-Riddle Aeronautical University, Prescott, AZ 86301, USA
Dlpartlmento di Fisica “E.R. Caianiello,”Universita di Salerno, 1-84084 Fisciano, Salerno, Italy
0 Bar-Tlan University, Ramat Gan, 5290002, Israel
! Université Paris Cité, CNRS, Astroparticule et Cosmologie, F-75013 Paris, France
2 King’s College London, University of London, London WC2R 2LS, UK
Korea Institute of Science and Technology Information, Daejeon 34141, Republic of Korea
74 Université libre de Bruxelles, 1050 Bruxelles, Belgium
» Kenyon College, Gambier, OH 43022, USA
S International College, Osaka University, 1-1 Machikaneyama-cho, Toyonaka City, Osaka 560-0043, Japan
7 Institute for Gravitational and Subatomic Physics (GRASP), Utrecht University, 3584 CC Utrecht, Netherlands
8 University of Oregon, Eugene, OR 97403, USA
0 ° Syracuse University, Syracuse, NY 13244, USA
Northwestern University, Evanston, IL 60208, USA
Depanament de Fisica Quantica i Astrofisica (FQA), Universitat de Barcelona (UB), c. Marti i Franqués, 1, 08028 Barcelona, Spain
Dipartimento di Medicina, Chirurgia e Odontoiatria “Scuola Medica Salernitana,” Universita di Salerno, 1-84081 Baronissi, Salerno, Italy
HUN-REN Wigner Research Centre for Physics, H-1121 Budapest, Hungary
4Concordla University Wisconsin, Mequon, WI 53097, USA
85 Universitit Hamburg, D-22761 Hamburg, Germany
S Universita di Pisa, 1-56127 Pisa, Italy
INFN Sezione di Pisa, 1-56127 Pisa, Italy
8 Universita di Perugia, 1-06123 Perugia, Italy
Unlversny of Michigan, Ann Arbor, MI 48109, USA
90 Universita di Padova, Dipartimento di Fisica e Astronomia, I-35131 Padova, Italy
! INEN, Sezione di Padova, I-35131 Padova, Italy
2 Institute g(%r Plasma Research, Bhat, Gandhinagar 382428, India
~ Universiteit Gent, B-9000 Gent, Belgium
4 Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, 00-716, Warsaw, Poland
Dipartimento di Ingegneria, Universita del Sannio, I-82100 Benevento, Italy
University of Minnesota, Minneapolis, MN 55455, USA
o7 SUPA, University of Strathclyde, Glasgow G1 1XQ, UK
B 1AC3 —IEEC, Universitat de les Illes Balears, E-07122 Palma de Mallorca, Spain
Departamento de Matematlcas Universitat Autonoma de Barcelona, 08193 Bellaterra (Barcelona), Spain
RRCAT, Indore, Madhya Pradesh 452013, India
GRAPPA, Anton Pannekoek Institute for Astronomy and Institute for High-Energy Physics, University of Amsterdam, 1098 XH Amsterdam, Netherlands
102 M1ssour1 University of Science and Technology, Rolla, MO 65409, USA
03 Colorado State University, Fort Collins, CO 80523, USA
Department of Physws and Astronomy, Vrije Universiteit Amsterdam, 1081 HV Amsterdam, Netherlands
Lomonosov Moscow State University, Moscow 119991, Russia
Kathoheke Universiteit Leuven, Oude Markt 13, 3000 Leuven, Belgium
97 Universita di Trento, Dipartimento di Fisica, I-38123 Povo, Trento, Italy
INFNb Trento Institute for Fundamental Physics and Applications, 1-38123 Povo, Trento, Italy
INFN, Sezione di Napoli, Gruppo Collegato di Salerno, I-80126 Napoli, Italy
1% 0sGrav, University of Adelaide, Adelaide, South Australia 5005, Australia
Centre national de la recherche scientifique, 75016 Paris, France
Univ Rennes, CNRS, Institut FOTON—UMR 6082, F-35000 Rennes, France
University of Birmingham, Birmingham B15 2TT, UK
Washington State University, Pullman, WA 99164, USA
115 Université de Liege, B-4000 Liege, Belgium
Urll%versne Claude Bernard Lyon 1, CNRS, IP2I Lyon/IN2P3, UMR 5822, F-69622 Villeurbanne, France
Instituto de Flslca Teorica UAM-CSIC, Universidad Autonoma de Madrid, 28049 Madrid, Spain
INFN Laboratori Nazionali del Gran Sasso, I-67100 Assergi, Italy
Laboratoire Kastler Brossel Sorbonne Université, CNRS, ENS-Université PSL, College de France, F-75005 Paris, France
0, Christopher Newport University, Newport News, VA 23606, USA
Astronomical Observatory Warsaw University, 00-478 Warsaw, Poland

73

82

101

104

106

108

112

114

119

121



THE ASTROPHYSICAL JOURNAL LETTERS, 970:L34 (39pp), 2024 August 1 Abac et al.
122 University of Maryland, College Park, MD 20742, USA
Universita degli Studi di Milano-Bicocca, 1-20126 Milano, Italy
124 INEN, Sezione di Milano-Bicocca, 1-20126 Milano, Italy
L2IT, Laboratoire des 2 Infinis—Toulouse, Université de Toulouse, CNRS/IN2P3, UPS, F-31062 Toulouse Cedex 9, France
6University of Portsmouth, Portsmouth, PO1 3FX, UK
Université de Lyon, Unlversne Claude Bernard Lyon 1, CNRS, Institut Lumiere Matiere, F-69622 Villeurbanne, France
lGFAE Universidade de Santiago de Compostela, 15782, Spain
9Unlversny of Chicago, Chicago, IL 60637, USA
N3AISA Goddard Space Flight Center, Greenbelt, MD 20771, USA
Texas A&M University, College Station, TX 77843, USA
OZGI‘dV University of Melbourne, Parkville, Victoria 3010, Australia
INFN Laboratori Nazionali del Sud, [-95125 Catania, Italy
Niels Bohr Institute, Copenhagen University, 2100 Kgbenhavn, Denmark
Istituto di Astrofisica e Planetologia Spaziali di Roma, 00133 Roma, Italy
6Umversny of Massachusetts Dartmouth, North Dartmouth, MA 02747, USA
Depaﬁamento de Astronomia y Astrofisica, Universitat de Valencia, E-46100 Burjassot, Valencia, Spain
Observatori Astronomic, Universitat de Valencia, E-46980 Paterna, Valeéncia, Spain
139 Niels Bohr Institute, University of Copenhagen, 2100 Kébenhavn, Denmark
0 University of British Columbia, Vancouver, BC V6T 1Z4, Canada
Department of Physilciqj National Cheng Kung University, No. 1, University Road, Tainan City 701, Taiwan
Natlonal Tsing Hua University, Hsinchu City 30013, Taiwan
43 National Central University, Taoyuan City 320317, Taiwan
OzGrav, Charlgg Sturt University, Wagga Wagga, New South Wales 2678, Australia
Vanderbilt University, Nashville, TN 37235, USA
Department of Electrophysics, National Yang Ming Chiao Tung University, 101 Univ. Street, Hsinchu, Taiwan
Kamioka Branch, National Astronomical 1(4)8bservat0ry of Japan, 238 Higashi-Mozumi, Kamioka-cho, Hida City, Gifu 506-1205, Japan
University of Texas, Austin, TX 78712, USA
CaRT, Cahforma Institute of Technology, Pasadena, CA 91125, USA
© Cornell University, Ithaca, NY 14850, USA
Northeastern University, Boston, MA 02115, USA
OzGrav, School of Physics & Astronomy, Monash University, Clayton 3800, Victoria, Australia
Dipartimento d1 Ingegnerla Industriale (DIIN), Universita di Salerno, 1-84084 Fisciano, Salerno, Italy
INAF Osservatorio Astronomico di Padova, I-35122 Padova, Italy
OzGrav, Swinburne University of Technology, Hawthorn VIC 3122, Australia
INAF, Osservatorio Astronomico di Brera sede di Merate, 1-23807 Merate, Lecco, Italy
Departamento de Matemadticas, Universitat de Valencia, E-46100 Burjassot, Valeéncia, Spain
851(\)/Iontana State University, Bozeman, MT 59717, USA
Texas Tech University, Lubbock, TX 79409, USA
O Columbia University, New York, NY 10027, USA
Umver51ty of Rhode Island, Kingston, RI 02881, USA
The Umversuy of Texas Rio Grande Valley, Brownsville, TX 78520, USA
3 Universita degli Studi di Sassari, I-07100 Sassari, Italy
164 Université de Normandie, ENSICAEN, UNICAEN, CNRS /IN2P3, LPC Caen, F-14000 Caen, France
165 Laboratoire de Physique Corpusculaire Caen, 6 boulevard du maréchal Juin, F-14050 Caen, France
Université Claude Bernard Lyon 1, CNRS, Laboratoire des Matériaux Avancés (LMA), IP2I Lyon/IN2P3, UMR 5822, F-69622 Villeurbanne, France
167 Dipartimento di Scienze Matematiche, Fisiche e Informatiche, Universita di Parma, -43124 Parma, Italy
INEN, Sezione di Milano Bicocca, Gruppo Collegato di Parma, [-43124 Parma, Italy

123

125

127

130

132

134

141

144

146
147

149

151

152

153

155

156
157

16
162

166

169 University of Sannio at Benevento, [-82100 Benevento, Italy and INFN, Sezione di Napoli, I-80100 Napoli, Italy
70 Perimeter Institute, Waterloo, ON N2L 2Y5, Canada
1 Corps des Mmes Mines Paris, Université PSL, 60 Bd Saint-Michel, 75272 Paris, France
. 72 Indian Institute of Technology Madras, Chennai 600036, India

Graduate School of Sglence Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8551, Japan

National Center for Nuclear Research, 05-400 Swierk-Otwock, Poland
Institut d’ Astrophysu;ue de Paris, Sorbonne Université¢, CNRS, UMR 7095, 75014 Paris, France

Vrije Universiteit Brussel, 1050 Brussel, Belgium
177 Carleton College, Northfield, MN 55057, USA

Faculty of Science, University of Toyama, 3190 Gofuku, Toyama City, Toyama 930-8555, Japan
Canadian Institute for Theoretical Astrophysics, University of Toronto, Toronto, ON MS5S 3H8, Canada

80 University of Cambridge, Cambridge CB2 ITN, UK

Stony Brook University, Stony Brook, NY 11794, USA
Center for Computatlonal Astrophysics, Flatiron Institute, New York, NY 10010, USA
*Montclair State University, Montclair, NJ 07043, USA

Dipartimento di Fisica,Universita di Trieste, 1-34127 Trieste, Italy
HUN-REN Institute for Nuclear Research, H-4026 Debrecen, Hungary
Centre de Physique des Particules de Marseille, 163, avenue de Luminy, 13288 Marseille cedex 09, France

CNR-SPIN, 1-84084 Fisciano, Salerno, Italy
Scuola di Ingegneria, Universita della Basilicata, I-85100 Potenza, Italy

Western Washington University, Bellingham, WA 98225, USA
190 SUPA, University of the West of Scotland, Paisley PA1 2BE, UK
! The University of Utah, Salt Lake City, UT 84112, USA
103 192 Estves University, Budapest 1117, Hungary
Centro de Fisica das Universidades do Minho e do Porto, Universidade do Minho, PT-4710-057 Braga, Portugal
**Institute for Cosmic Ray Research, KAGRA Observatory, The University of Tokyo, 5-1-5 Kashiwa-no-Ha, Kashiwa City, Chiba 277-8582, Japan
Department of Physics, Graduate School of Science, Osaka Metropolitan University, 3-3-138 Sugimoto-cho, Sumiyoshi-ku, Osaka City, Osaka 558-8585, Japan
196 Université Cote d”Azur, Observatoire de la Cote d’Azur, CNRS, Lagrange, F-06304 Nice, France
7 Rochester Institute of Technology, Rochester, NY 14623, USA

175

178

179

182

184

185

186

188

195



THE ASTROPHYSICAL JOURNAL LETTERS, 970:L34 (39pp), 2024 August 1 Abac et al.
198 California State University, Los Angeles, Los Angeles, CA 90032, USA
University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
University of Szeged, Dom tér 9, Szeged 6720, Hungary
Indian Institute of Technology Bombay, Powai, Mumbai 400 076, India
School of Physics and Technology, Wuhan University, Bayi Road 299, Wuchang District, Wuhan, Hubei, 430072, People’s Republic of China
03 University of California, Riverside, Riverside, CA 92521, USA
INAF, Osservatorio Astronomico di Capodimonte, 1-80131 Napoli, Italy
S University of Nottingham NG7 2RD, UK
Ariel University, Ramat HaGolan St 65, Ari’el, Israel
The University of Mississippi, University, MS 38677, USA
8 Institute of Physics, Academia Sinica, 128 Sec. 2, Academia Rd., Nankang, Taipei 11529, Taiwan
Shanghai Astronomical Observatory, Chinese Academy of Sciences, 80 Nandan Road, Shanghai 200030, People’s Republic of China
The Chinese University of Hong Kong, Shatin, NT, Hong Kong
! Marquette University, Milwaukee, WI 53233, USA
212 American University, Washington, DC 20016, USA
Un1vers1ty of Nevada, Las Vegas, Las Vegas, NV 89154, USA
Department of Applied thymcs Fukuoka University, 8-19-1 Nanakuma, Jonan, Fukuoka City, Fukuoka 814-0180, Japan
University of California, Berkeley, Berkeley, CA 94720, USA
6 University of Lancaster, Lancaster LA1 4YW, UK
College of Industrial Technology, Nihon University, 1-2-1 Izumi, Narashino City, Chiba 275-8575, Japan
Faculty of Engineering, Niigata University, 8050 Ikarashi-2-no-cho, Nishi-ku, Niigata City, Niigata 950-2181, Japan
Depdrtment of Physics, Tamkang University, No. 151, Yingzhuan Rd., Danshui Dist., New Taipei City 25137, Taiwan
9 Rutherford Appleton Laboratory, Didcot OX11 ODE, UK
Department of Astronomy and Space Science, Chungnam National University, 9 Daehak-ro, Yuseong-gu, Daejeon 34134, Republic of Korea
222 Scuola Normale Superiore, I1-56126 Pisa, It:
cuola Normale Superiore, isa, Italy
Kavli Institute for Astronomy and Astrophysics, Peking University, Yiheyuan Road 5, Haidian District, Beijing 100871, People’s Republic of China
24 Department of Physical Sciences, Aoyama Gakuin University, 5-10-1 Fuchinobe, Sagamihara City, Kanagawa 252-5258, Japan
Nambu Yoichiro Institute of Theoretical and Experimental Physics (NITEP), Osaka Metropolitan University, 3-3-138 Sugimoto-cho, Sumiyoshi-ku, Osaka City,
Osaka 558-8585, Japan
Directorate of Construcnon Services & Estate Management, Mumbai 400094, India
Umversny of Biatystok, 15-424 Biatystok, Poland
Astronomical Observatory, Jagiellonian University, 31-007 Cracow, Poland
University of Southampton, Southampton SO17 1BJ, UK
Department of Physics, Ulsan National Institute of Science and Technology (UNIST), 50 UNIST-gil, Ulju-gun, Ulsan 44919, Republic of Korea
! Institute for Cosmic Ray Research, The University of Tokyo, 5-1-5 Kashiwa-no-Ha, Kashiwa City, Chiba 277-8582, Japan
2 Institute for High-Energy Physics, University of Amsterdam, 1098 XH Amsterdam, Netherlands
2 Chung-Ang University, Seoul 06974, Republic of Korea
Un1vers1ty of Washington Bothell, Bothell, WA 98011, USA
Aix Marseille Université, Jardin du Pharo, 58 Boulevard Charles Livon, 13007 Marseille, France
36 Laboratoire de Physique et de Chlmle de I’Environnement, Université Joseph KI-ZERBO, 9GH2+-3V5, Ouagadougou, Burkina Faso
237 Ewha Womans University, Seoul 03760, Republic of Korea
Seoul National University, Seoul 08826, Republic of Korea
° Korea Astronomy and Space Science Institute, Daejeon 34055, Republic of Korea
Sungkyunkwan University, Seoul 03063, Republic of Korea
Institute of Particle and Nuclear Studies (IPNS), High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba City, Ibaraki 305-0801, Japan
2 Division of Science, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka City, Tokyo 181-8588, Japan
23 Bard College, Annandale-On-Hudson, NY 12504, USA
Institute of Mathematics, Polish Academy of Sciences, 00656 Warsaw, Poland
Department of Phlsws Nagoya University, ES building, Furocho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan
Université de Montréal /Polytechnique, Montreal, QC H3T 1J4, Canada
Indian Institute of Science Education and Research, Kolkata, Mohanpur, West Bengal 741252, India
Inje University Gimhae, South Gyeongsang 50834, Republic of Korea
NAVIER, Ecole des Ponts, Univ Gustave Eiffel, CNRS, Marne-la-Vallée, France
2 Universita di Firenze, Sesto Fiorentino 1-50019, Italy

201
202

204

206
207

209

214

218

221

223

225

226

228

230

235

238

241

244

247

249

251 National Center for High-performance Computing, National Applied Research Laboratories, No. 7, R&D 6th Rd., Hsinchu Science Park, Hsinchu City 30076,
Taiwan
22 NASA Marshall Space Flight Center, Huntsville, AL 35811, USA
3 West Virginia University, Morgantown, WV 26506, USA
254 Institut fuer Theoretische Astrophysik, Zentrum fuer Astronomie Heidelberg, Universitaet Heidelberg, Albert Ueberle Str. 2, 69120 Heidelberg, Germany
255 School of Physics Science and Engineering, Tongji University, Shanghai 200092, People’s Republic of China
Institut d’Estudis Espacials de Catalunya, c. Gran Capita, 2-4, 08034 Barcelona, Spain
7 Institucio Catalana de Recerca i Estudis Avancats (ICREA), Passeig de Lluis Companys, 23, 08010 Barcelona, Spain
8 Tsinghua University, Beijing 100084, People’s Republic of China
259 INFN Cagliari, Physics Department, Universita degli Studi di Cagliari, Cagliari 09042, Italy
9 Saha Institute of Nuclear Physics, Bidhannagar, West Bengal 700064, India
Tata Institute of Fundamental Research, Mumbai 400005, India
2 Hobart and William Smith Colleges, Geneva, NY 14456, USA
263 Institut des Hautes Etudes Scientifiques, F-91440 Bures-sur-Yvette, France
264 Faculty of Law, Ryukoku University, 67 Fukakusa Tsukamoto-cho, Fushimi-ku, Kyoto City, Kyoto 612-8577, Japan
265 Department of Physics and Astronomg/ University of Notre Dame, 225 Nieuwland Science Hall, Notre Dame, IN 46556, USA
267 University of Stavanger, 4021 Stavanger, Norway

Physics Program, Graduate School of Advanced Science and Engineering, Hiroshima University, 1-3-1 Kagamiyama, Higashihiroshima City, Hiroshima 903-
0213, Japan
Laboratoire Univers et Théories, Observatoire de Paris, 92190 Meudon, France
Observatoire de Paris, 75014 Paris, France
0Université PSL, 75006 Paris, France

268



THE ASTROPHYSICAL JOURNAL LETTERS, 970:L34 (39pp), 2024 August 1 Abac et al.
27! Université de Paris Cité, 75006 Paris, France
National Institute for Mathematical Sciences, Daejeon 34047, Republic of Korea
%73 Graduate School of Science and Technology, Niigata University, 8050 Ikarashi-2-no-cho, Nishi-ku, Niigata City, Niigata 950-2181, Japan
4 Niigata Study Cente{bSThe Open University of Japan, 754 Ichibancho, Asahimachi-dori, Chuo-ku, Niigata City, Niigata 951-8122, Japan
CSIR-Central Glass and Ceramic Research Institute, Kolkata, West Bengal 700032, India
276 Consiglio Nazionale delle Ricerche—Istituto dei Sistemi Complessi, I-00185 Roma, Italy
277 Department of Physics, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
Department of Astronomy, Yonsei University, 50 Yonsei-Ro, Seodaemun-Gu, Seoul 03722, Republic of Korea
79 Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi,” I-00184 Roma, Italy
281 Dipartimento di Ingegneria Industriale, Elettronica e Meccanica, Universita degli Studi Roma Tre, 1-00146 Roma, Italy
Subatech, CNRS/IN2P3—IMT Atlantigile—sztes Université, 4 rue Alfred Kastler BP 20722 44307 Nantes CEDEX 03, France
282 Universidad de Antioquia, Medellin, Colombia
Departamento de Fisica—ETSIDI, Universidad Politécnica de Madrid, 28012 Madrid, Spain
Department of Electronic Control Enz%isneering, National Institute of Technology, Nagaoka College, 888 Nishikatakai, Nagaoka City, Niigata 940-8532, Japan
Universita Degli Studi Di Ferrara, Via Savonarola, 9, 44121 Ferrara FE, Italy
286 Facult%/ of Science, Toho University, 2-2-1 Miyama, Funabashi City, Chiba 274-8510, Japan
87 Indian Institute of Technology, Palaj, Gandhinagar, Gujarat 382355, India
288 Laboratoire MSME, Cité Descartes, 5 Boulevard Descartes, Champs-sur-Marne, 77454 Marne-la-Vallée Cedex 2, France
289 Institute of Sgystems and Information Engineering, University of Tsukuba, 1-1-1, Tennodai, Tsukuba, Ibaraki 305-8573, Japan
290 Institute for Quantum Studies, Chapman University, 1 University Dr., Orange, CA 92866, USA
Faculty of Information Science a%lzTechnology, Osaka Institute of Technology, 1-79-1 Kitayama, Hirakata City, Osaka 573-0196, Japan
INAF, Osservatorio Astrofisico di Arcetri, [-50125 Firenze, Italy
iTHEMS (Interdisciplinary Theoretical and Mathematical Sciences Program), RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
Scuola Internazionale Superiore di Studi Avanzati, Via Bonomea, 265, 1-34136, Trieste TS, Italy
295 Institut fiir Theoretische Physik, Johann Wolfgang Goethe-Universitit, Max-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany
INAF,207sservatorio di Astrofisica e Scienza dello Spazio, 1-40129 Bologna, Italy
Universidade Estadual Paulista, 01140-070 Sdo Paulo, Brazil
Faculty of Physics, University of Warsaw, Ludwika Pasteura 5, 02-093 Warszawa, Poland
299 Research Center for Space Science, Advanced Research Laboratories, Tokyo City University, 3-3-1 Ushikubo-Nishi, Tsuzuki-Ku, Yokohama, Kanagawa 224-
8551, Japan
Department of Physics, Kyoto University, Kita-Shirakawa Oiwake-cho, Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan
Yukawa Institute for Theoretical Physics (YITP), Kyoto University, Kita-Shirakawa Oiwake-cho, Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan
2University of Catania, Department of Physics and Astronomy, Via S. Sofia, 64, 95123 Catania CT, Italy
Dipartimento di Scienze Aziendali—Management and Innovation Systems (DISA-MIS), Universita di Salerno, I-84084 Fisciano, Salerno, Italy
4 National Institute of Technology, Fukui College, Geshi-cho, Sabae-shi, Fukui 916-8507, Japan
Department of Communications Eng%igeering, National Defense Academy of Japan, 1-10-20 Hashirimizu, Yokosuka City, Kanagawa 239-8686, Japan
Eindhoven University of Technology, 5600 MB Eindhoven, Netherlands
307 Kavli Institute for the Physics and Mathematics of the Universe, WPI, The University of Tokyo, 5-1-5 Kashiwa-no-Ha, Kashiwa City, Chiba 277-8583, Japan
308 Department of Astronomy, Beijing Normal University, Xinjiekouwai Street 19, Haidian District, Beijing 100875, People’s Republic of China
Received 2024 April 23; revised 2024 June 25; accepted 2024 June 25; published 2024 July 26

272

278

280

283
284

291

293

298

300
301

303

305

Abstract

We report the observation of a coalescing compact binary with component masses 2.5-4.5 M, and 1.2-2.0 M, (all
measurements quoted at the 90% credible level). The gravitational-wave signal GW230529_181500 was observed
during the fourth observing run of the LIGO-Virgo—-KAGRA detector network on 2023 May 29 by the LIGO
Livingston observatory. The primary component of the source has a mass less than 5 M, at 99% credibility. We
cannot definitively determine from gravitational-wave data alone whether either component of the source is a
neutron star or a black hole. However, given existing estimates of the maximum neutron star mass, we find the
most probable interpretation of the source to be the coalescence of a neutron star with a black hole that has a mass
between the most massive neutron stars and the least massive black holes observed in the Galaxy. We provisionally
estimate a merger rate density of 551}2” Gpc—3 yr~! for compact binary coalescences with properties similar to the
source of GW230529_181500; assuming that the source is a neutron star-black hole merger, GW230529_181500-
like sources may make up the majority of neutron star—black hole coalescences. The discovery of this system
implies an increase in the expected rate of neutron star—black hole mergers with electromagnetic counterparts and
provides further evidence for compact objects existing within the purported lower mass gap.

Unified Astronomy Thesaurus concepts: Gravitational wave astronomy (675); Gravitational wave detectors (676);
Gravitational wave sources (677); Stellar mass black holes (1611); Neutron stars (1108)

1. Introduction

In 2023 May, the fourth observing run (O4) of the Advanced
35 LIGO (Aasi et al. 2015), Advanced Virgo (Acernese et al.
210 Deceased, 2022 November. 2015), and KAGRA (Somiya 2012; Aso et al. 2013) observa-

Deceased, 2024 February. . .

tory network commenced following a series of upgrades to
increase the sensitivity of the network. The prior three
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Virgo, and KAGRA Collaboration (LVK) at the conclusion of
the third observing run (O3; Abbott et al. 2023a) and further
candidates found by external analyses (e.g., Mehta et al. 2023b;
Nitz et al. 2023; Wadekar et al. 2023). These included the first
observation of merging stellar-mass black holes (Abbott et al.
2016a), the first observation of a stellar-mass black hole
merging with a neutron star (Abbott et al. 2021a), and the first
observation of two merging neutron stars (Abbott et al. 2017a).
The first observation of two merging neutron stars was also a
multimessenger event accompanied by emission across the
electromagnetic (EM) spectrum (Abbott et al. 2017b; Margutti
& Chornock 2021). The continued discovery of CBCs by the
international GW detector network in O4 and beyond promises
to reveal new information about the formation pathways of
compact binaries and the physics of their evolution.

While GW observations have enabled detailed characteriza-
tion of the population of stellar-mass compact-object binary
mergers overall (e.g., Abbott et al. 2023b), the small number of
observed mergers at the low-mass end of the black hole mass
spectrum leads to considerable uncertainty in this region of the
mass distribution. Dynamical mass measurements of X-ray
binary systems within the Milky Way suggest a paucity of
compact objects with masses between ~3 and 5 M., and hence
a lower mass gap that divides the population of neutron stars
(with masses less than ~3 M.;Rhoades & Ruffini 1974;
Kalogera & Baym 1996) and stellar-mass black holes
(observed to have masses above 5 M ; Bailyn et al. 1998; Ozel
et al. 2010; Farr et al. 2011b). Although a number of recent
observations of noninteracting binary systems (Thompson et al.
2019; Jayasinghe et al. 2021), radio pulsar surveys (Barr et al.
2024), and GW observations (R. Abbott et al. 2020c; Abbott
et al. 2023b) have found hints of compact objects residing in
the lower mass gap, GW observations have yet to quantify the
extent and potential occupation of this gap (Fishbach et al.
2020; Farah et al. 2022; Abbott et al. 2023b).

Here we report on the compact binary merger signal
GW230529_181500, henceforth abbreviated as GW230529,
which was detected by the LIGO Livingston observatory on
2023 May 29 at 18:15:00 UTC; all other observatories either
were offline or did not have the sensitivity required to observe
this signal. We find that the compact binary source of
GW230529 had component masses of 3.6°%,M. and
14596 M, (all measurements are reported as symmetric 90%
credible intervals around the median of the marginalized
posterior distribution with default uniform priors, unless
otherwise specified). Although we cannot definitively deter-
mine the nature of the higher-mass (primary) compact object in
the binary system, if we assume that all compact objects with
masses below current constraints on the maximum neutron star
mass are indeed neutron stars, the most probable interpretation
for the source of GW230529 is the coalescence between a 2.5
to 4.5 M., black hole and a neutron star. GW230529 provides
further evidence that a population of compact objects exists
with masses between the heaviest neutron stars and lightest
black holes observed in the Milky Way. Furthermore, if the
source of GW230529 was a merger between a neutron star and
a black hole, its masses are significantly more symmetric than
the neutron star—black holes (NSBHs) previously observed via
GWs (Abbott et al. 2023a), which increases the expected rate of
NSBHs that may be accompanied by an EM counterpart.

We report on the status of the detector network at the time of
GW230529 in Section 2 and provide details of the detection in
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Section 3. In Section 4 we present estimates of the source
properties, along with a discussion of the inferred masses,
spins, tidal effects, and consistency of the signal with general
relativity. We provide updated constraints on merger rates and
the inferred properties of the compact binary and NSBH
populations, as well as population-informed posteriors on
source properties, in Section 5. Section 6 provides analysis and
interpretation of the physical nature of the source components.
Implications for multimessenger astrophysics and the formation
of low-mass black holes are discussed in Sections 7 and 8,
respectively. Section 9 summarizes our findings. Data from the
analyses in this work are available on Zenodo (Abbott et al.
2024).

2. Observatory Status and Data Quality

At the time of GW230529 (2023 May 29 18:15:00.7 UTC),
LIGO Livingston was in observing mode; LIGO Hanford was
offline, having gone out of observing mode 1.5 hr prior to the
detection. The Virgo observatory was undergoing upgrades and
was not operational at the time of the detection. The KAGRA
observatory was in observing mode, but its sensitivity was
insufficient to impact the analysis of GW230529. Hence, only
the data from the LIGO Livingston observatory are used in the
analysis of GW230529.

LIGO Livingston was observing with stable sensitivity for
~66 hr up to and including the time of the GW signal. At the
time of the detection, the sky-averaged binary neutron star
(BNS) inspiral range was ~150 Mpc. From the start of O4 until
this event, the LIGO Livingston BNS inspiral range (Chen et al.
2021a) varied between ~140-160Mpc, a 4.5%—19.4%
increase compared to the median BNS range in O3 (Buikema
et al. 2020; Abbott et al. 2023a). Additional details on upgrades
to the LIGO observatories for O4 can be found in Appendix A.

The Advanced LIGO observatories are laser interferometers
that measure strain (Aasi et al. 2015). The observatories are
calibrated via photon radiation pressure actuation. An ampl-
itude-modulated laser beam is directed onto the end test
masses, inducing a known change in the arm length from the
equilibrium position (Karki et al. 2016; Viets et al. 2018). For
the strain data used in the GW230529 analysis, the maximum
lo bounds on calibration uncertainties at LIGO Livingston
were 6% in amplitude and 6.5° in phase for the frequency range
20-2048 Hz.

Detection vetting procedures similar to those of past GW
candidates (Abbott et al. 2016b; Davis et al. 2021), when
applied to GW230529, find no evidence that instrumental or
environmental artifacts (Effler et al. 2015; Nguyen et al. 2021;
Helmling-Cornell et al. 2023) could have caused GW230529.
We find no evidence of transient noise that is likely to impact
the recovery of the GW signal in the 256 s LIGO Livingston
data segment containing the signal.

3. Detection of GW230529

GW230529 was initially detected in low latency in data from the
LIGO Livingston observatory. The signal was detected indepen-
dently by three matched-filter search pipelines: GSTLAL (Messick
et al. 2017; Sachdev et al. 2019; Hanna et al. 2020; Cannon et al.
2021; Ewing et al. 2024; Tsukada et al. 2023), MBTA (Adams et al.
2016; Aubin et al. 2021), and PYCBC (Allen 2005; Allen et al.
2012; Usman et al. 2016; Nitz et al. 2017; Davies et al. 2020; Dal
Canton et al. 2021). Although GW230529 occurred when only a
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Table 1
Properties of the Detection of GW230529 from Each Search Pipeline
GstLAL MBTA PyCBC
Online S/N 11.3 114 11.6
Online inverse FAR (yr) 1.1 1.1 160.4
Offline inverse FAR (yr) 60.3 >1000 >1000

Note. Significance is measured by the inverse of the FAR.

single detector was observing, it was detected by all three pipelines
with high significance, and stands out from the background
distribution of noise triggers. More details are given in Appendix B.

All three pipelines have a similar matched-filter-based
approach to identify GW candidates but differ in the details
of implementation. Each pipeline begins by performing a
matched-filtering analysis on the data from the observatory
with a bank of GW templates (Roy et al. 2019; Florian et al.
2024; Sakon et al. 2024). Times of high signal-to-noise ratio
(S/N) are identified, after which each pipeline performs its own
set of signal consistency tests, combines them with the S/N to
make a single ranking statistic for each candidate GW event,
and calculates a false alarm rate (FAR) by comparing the
ranking statistic of the candidate with the background
distribution. The FAR is the expected rate of triggers caused
by noise with a ranking statistic greater than or equal to that of
the candidate.

For each pipeline, this procedure can be done in two modes:
a low-latency or online mode, and an offline mode. In the
online mode, the pipelines only use the background informa-
tion available at the time of a candidate to estimate its
significance, along with low-latency data-quality information.
In the offline mode, pipelines use more background informa-
tion gathered from subsequent observing times to estimate the
significance of candidates and use more refined data-quality
information. The offline mode enables more robust and
reproducible results at the cost of greater latency.

In both cases, the background distribution is extrapolated to
higher significances. This enables the inverse FAR to be greater
than the time for which the background was collected.
Pipelines have differing extrapolation methods and differing
methods for calculating the FAR of single-detector GW
candidates, details of which can be found in Appendix C.
These differing methods can cause the FARs reported by
different pipelines for the same candidate to vary to a
significant degree, as seen in the case of GW230529. However,
all three pipelines recover a nearly identical S/N for
GW230529, as expected for an astrophysical signal with a
high match to the search templates. This, in concert with the
fact that the inverse FARs from the offline analyses of all
pipelines are much greater than the duration of the first half of
the fourth observing run (O4a), makes it highly likely that
GW230529 is of astrophysical origin. Table 1 shows the online
S /N, online inverse FAR, and offline inverse FAR for each
search pipeline.

4. Source Properties

The source properties of GW230529 are inferred using a
Bayesian analysis of the data from the LIGO Livingston
observatory. We analyze 128 s of data including frequencies in
the range of 20—1792 Hz in the calculation of the likelihood. To
describe the detector noise, we assume a noise power spectral
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Table 2
Source Properties of GW230529 from the Primary Combined Analysis (BBH
Waveforms, High-spin, Default Priors)

Parameter Value
Primary mass m; /M, 3-6f(1)f§
Secondary mass m, /M., 1.4%05
Mass ratio g = my/m, 0.397013
Total mass M/M., 51708

Chirp mass M /M,
Detector-frame chirp mass (1 + z) M /M,

Lo4 38!
2.026+0:002

Primary spin magnitude 0.444%3°
Effective inspiral-spin parameter Yt —0.105013
Effective precessing-spin parameter x,, 0.407030
Luminosity distance Dy /Mpc 20145¢
Source redshift z 0‘04f8.’8%

Note. We report the median values together with the 90% symmetric credible
intervals at a reference frequency of 20 Hz.

density (PSD) given by the median estimate provided by
BAYESWAVE (Cornish & Littenberg 2015; Littenberg &
Cornish 2015; Cornish et al. 2021). We use the BILBY (Ashton
et al. 2019; Romero-Shaw et al. 2020) or PARALLEL
BILBY (Smith et al. 2020) inference libraries to generate
samples from the posterior distribution of the source parameters
using a nested sampling (Skilling 2006) algorithm, as imple-
mented in the DYNESTY software package (Speagle 2020).

Given the uncertain nature of the compact objects of the
source, we analyze GW230529 using a range of waveform
models that incorporate a number of key physical effects. For
our primary analysis, we employ binary black hole (BBH)
waveform models that include higher-order multipole
moments, the effects of spin-induced orbital precession, and
allow for spin magnitudes on both components up to the Kerr
limit but do not include tidal effects on either component.

Systematic errors in inferred source properties due to
waveform modeling may be significant for NSBH systems
(Huang et al. 2021). We mitigate these effects by combining the
posteriors inferred using two different signal models: the
phenomenological frequency-domain model IMRPhenomXPHM
(Garcia-Quirds et al. 2020; Pratten et al. 2020, 2021), and a time-
domain effective-one-body (EOB) model SEOBNRvSPHM (Khalil
et al. 2023; Pompili et al. 2023; Ramos-Buades et al. 2023; van de
Meent et al. 2023). The posterior samples obtained independently
using the two signal models are broadly consistent. Unless
otherwise noted, we present results throughout this work obtained
by an equal-weight combination of the posterior samples from both
models under the default priors described in Appendix D. Our
measurements of key source parameters for GW230529 are
presented in Table 2.

Analysis details and results from other waveform models we
consider are reported in Appendix D; we find that the key
conclusions of the analyses presented here are not sensitive to
the choice of signal model. In particular, the use of BBH
models is validated by comparison to waveform models that
include tidal effects, finding no evidence that the BNS or
NSBH models are preferred, consistent with previous observa-
tions (Abbott et al. 2021a). This is expected given the moderate
S/N with which GW230529 was detected (Huang et al. 2021).



THE ASTROPHYSICAL JOURNAL LETTERS, 970:L.34 (39pp), 2024 August 1

[

mo [Mg)]

q = m .\
GW170817 i
GW190425 \\
= GW190814 ]

GW200105.162426
= GW200115_042309
= GW230529

20

;)

-

0 10

my [Mg]

Figure 1. The one- and two-dimensional posterior probability distributions for
the component masses of the source binary of GW230529 (teal). The contours in
the main panel denote the 90% credible regions, with vertical and horizontal lines
in the side panels denoting the 90% credible interval for the marginalized one-
dimensional posterior distributions. Also shown are the two O3 NSBH events
GW200105_162426 and GW200115_042309 (orange and blue, respectively;
Abbott et al. 2021a) with FAR < 0.25 yr’1 (Abbott et al. 2023a), the two
confident BNS events GW 170817 and GW 190425 (pink and green, respectively;
Abbott et al. 2017a, 2019a, 2020a, 2024b), and GW190814 (red; R. Abbott
et al. 2020c; Abbott et al. 2024b), where the secondary component may be a
black hole or a neutron star. Lines of constant mass ratio are indicated by dotted
gray lines. The gray shaded region marks the 3—-5 M, range of primary masses.
The NSBH events and GW 190814 use combined posterior samples assuming a
high-spin prior analogous to those presented in this work. The BNS events use
high-spin IMRPhenomPv2_NRTidal (Dietrich et al. 2019a) samples.

The analysis of GW230529 indicates that it is an asymmetric
compact binary with a mass ratio ¢ = m,/m; = 0.39f8jﬂ and
source component masses 7, = 3.6°05 M, and m, = 1.4 M.
The primary is consistent with a black hole that resides in the lower
mass gap (3 Mo, Smy <5 M; Ozel et al. 2010; Farr et al. 2011b),
with a mass <5M, at the 99% credible level. The posterior
distribution on the mass of the secondary is peaked around
~14 M. with an extended tail beyond 2M., such that
P(my >2 M) =5%. The mass of the secondary is consistent
with the distribution of known neutron star masses, including
Galactic pulsars (Antoniadis et al. 2016; Ozel & Freire 2016;
Alsing et al. 2018; Farrow et al. 2019) and extragalactic GW
observations (Landry & Read 2021; Abbott et al. 2023b). Figure 1
shows the component mass posteriors of GW230529 relative to
other BNSs (GW170817 and GW190425) and NSBHs
(GW200105_162426 and GW200115_042309, henceforth abbre-
viated as GW200105 and GW200115) observed by the LVK, as
well as GW190814 (Abbott et al. 2017a, 2020a; R. Abbott et al.
2020c; Abbott et al. 2021a).

To capture dominant spin effects on the GW signal, we
present constraints on the effective inspiral spin ., Which is
defined as a mass-weighted projection of the spins along the
unit Newtonian orbital angular momentum vector Ly
(Damour 2001; Racine 2008; Ajith et al. 2014),

m m A
Xeff = (—1X1 + —2X2) - Lx, (1)

M M
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High spin secondary
x1 < 0.99, x2 < 0.99

Low spin secondary
x1 < 0.99, x2 <0.05
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Figure 2. Selected source properties of GW230529. The plot shows the one-
dimensional (diagonal) and two-dimensional (off-diagonal) marginal posterior
distributions for the primary mass m;,, the mass ratio ¢, and the spin component
parallel to the orbital angular momentum x; , = Xx; - L. The shaded regions
denote the posterior probability, with the solid (dashed) curves marking the
50% and 90% credible regions for the posteriors determined using a high-spin
(low-spin) prior on the secondary of x, < 0.99 (x, < 0.05). The vertical lines
in the one-dimensional marginal posteriors mark the 90% credible intervals.

where the dimensionless spin vector x; of each component is
related to the spin angular momentum S; by x; = cS,-/ (Gm,-z). If
Xeff 18 negative, it indicates that at least one of the spin
component projections must be antialigned with respect to
the orbital angular momentum, ie., x;, = Xx; - Ly < 0. We

measure an effective inspiral spin of Y = 70.10f8j%%, which
is consistent with a binary in which one of the spin components
is antialigned or a binary with negligible spins. The measure-
ment is primarily driven by the spin component of the primary
compact object x; . = 0.1 17312, with a probability that X1.:<0
of 83%. However, there is a degeneracy between the measured
masses and spins of the binary components such that more
comparable mass ratios correlate to more negative values of
Xefr (Cutler & Flanagan 1994) for this system. We show the
correlation between x , and the mass ratio and primary mass in
Figure 2, with more negative values of ), corresponding to
more symmetric mass ratios and smaller primary masses. The
secondary spin is only weakly constrained and broadly
symmetric about 0, x, , = 0.037943. We find no evidence for
precession, with the posteriors on the effective precessing spin
Xp (Schmidt et al. 2015) being uninformative.

The presence of a neutron star in a compact binary imprints
tidal effects onto the emitted GW signal (Flanagan &
Hinderer 2008). The strength of this interaction is governed by
the tidal deformability of the neutron star, which quantifies how
easily the star will be deformed in the presence of an external tidal
field. In contrast, the tidal deformability of a black hole is
zero (Binnington & Poisson 2009; Damour & Nagar 2009;
Chia 2021), offering a potential avenue for distinguishing between
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a black hole and a neutron star. We investigate the tidal
constraints for both the primary and secondary components using
waveform models that account for tidal effects (Dietrich et al.
2019a; Matas et al. 2020; Thompson et al. 2020a), which do not
qualitatively change the mass and spin conclusions discussed
above. Irrespective of whether we analyze GW230529 with an
NSBH model that assumes only the tidal deformability of the
primary compact object to be zero or a BNS model that includes
the tidal deformability of both objects, we find the tidal
deformability of the secondary object to be unconstrained. The
dimensionless tidal deformability of the primary peaks at zero,
consistent with a black hole. The constraints on this parameter are
also consistent with dense matter equation of state (EOS)
predictions for neutron stars in this mass range.

We also perform parameterized tests of the GW phase
evolution to verify whether GW230529 is consistent with
general relativity and find no evidence of inconsistencies. More
detailed information on tidal deformability analyses and testing
general relativity can be found in Appendices E.3 and F,
respectively.

5. Impact of GW230529 on Merger Rates and Populations

We provide a provisional update to the NSBH merger rate
reported in our earlier studies (Abbott et al. 2021a, 2023b) by
incorporating data from the first 2 weeks of O4a using two
different methods. In the first, event-based approach, we
consider GW230529 to be representative of a new class of
CBCs and assume its contribution to the total number of NSBH
detections to be a single Poisson-distributed count (Kim et al.
2003; Abbott et al. 2021a) over the span of time from the
beginning of the first observing run (O1) through the first 2
weeks of O4a. We find the rate of GW230529-like mergers to
be Razs20 = 557427 Gpe =3 yr~!. When computing the rates of
the significant NSBH events in O3 detected with
FAR < 0.25yr ' (Abbott et al. 2021a, 2023a) using the same
method, we find a total event-based NSBH merger rate of
Ruspr = 857146 Gpe=3 yr—!. Using this selection criterion, the
same as used in Abbott et al. (2023b), the population of NSBH
mergers includes GW200105 and GW200115; we do not
include GW190814, as its source binary is most probably a
BBH (R. Abbott et al. 2020c; Abbott et al. 2023b; Essick &
Landry 2020).

For the second, broad population-based approach, we
consider GW200105, GW200115, and GW230529 to be
members of a single CBC class, together with an ensemble
of less significant candidates. The definition of this class is
determined by a simple cut on masses and spins resulting in an
NSBH-like region of parameter space. We aggregate data from
all the triggers found by GSTLAL from the beginning of Ol
through the first 2 weeks of O4a, assess their impact on the
estimated merger rates of NSBHs while also accounting for the
possibility that some of them are of terrestrial origin (Farr et al.
2015; Kapadia et al. 2020), and update the NSBH merger rate
obtained at the end of O3 (Abbott et al. 2023a) to
Ruser = 94743’ Gpe 2 yr~!. Further details regarding the
classification of triggers in the population-based rate method
can be found in Appendix G.

We show updates to both the event-based and population-
based NSBH rate constraints in Figure 3. The event-based rate
estimates highlight that GW230529-like systems merge at a
similar (or potentially higher) rate to the more asymmetric
NSBHs identified in GWTC-3. The population-based rate
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Figure 3. Posterior on the merger rates of NSBH systems. The solid and
dashed lines represent the broad population-based rate calculation and the
event-based rate calculation, respectively.

estimate is more representative of the full NSBH merger rate,
as it includes less significant GW events in the data. Both of
our updated estimates are consistent with the findings of Abbott
et al. (2021a) within the measurement uncertainties. Further
details about rate estimates can be found in Appendix G.

In addition to updates to the overall merger rate of NSBHs,
we also study the impact of GW230529 on the mass and spin
distributions of the compact binary population as inferred from
GWTC-3 (Abbott et al. 2023b). We employ hierarchical
Bayesian inference to marginalize over the properties of
individual events and infer the parameters of a given population
model (e.g., Mandel et al. 2019; Thrane & Talbot 2019; Vitale
et al. 2020). The updates to population model results in this
work are provisional because they only include one GW signal
from O4a, although the biases resulting from this selection will
not be severe since GW230529 occurred near the start of the
observing run. We quantify this by comparing the event-based
rate estimate (which accounts for O4a sensitivity to compute its
detectable time—volume) with the NSBH rates attained by the
various population analyses considered in this work, finding
that they are consistent with each other.

We use three different population models in our analysis.
The first two models consider the population of compact-object
binaries as a whole without distinguishing by source
classification, using either the parameterized POWER LAW +
DIP + BREAK model (Fishbach et al. 2020; Farah et al. 2022;
Abbott et al. 2023b) or the nonparametric BINNED GAUSSIAN
PROCESS model (Mohite 2022; Abbott et al. 2023b; Ray et al.
2023b). The POWER LAW + DIP + BREAK model is designed to
search for a separation in masses between neutron stars and
black holes by explicitly allowing for, but not enforcing, a dip
in the component mass distribution. The BINNED GAUSSIAN
PROCESS model is designed to capture the structure of the mass
distribution with minimal assumptions about the population.
The broad CBC population analyses include all candidates
reported in GWTC-3 with FAR < 0.25 yr ', the same selection
criterion used in Abbott et al. (2023b, see Table 1 therein). The
third model we investigate (NSBH-POP; Biscoveanu et al. 2022)
considers only the population of NSBH mergers with FAR
<0.25yr '. NSBH-POP is a parametric model designed to
constrain the population distributions of NSBH masses and
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Figure 4. The differential merger rate of NSBH systems as a function of black hole masses (solid curves: mean; shaded regions: 90% credible interval) and minimum
black hole mass (dashed lines: 90% credible interval) using the NSBH-POP model with (teal) and without (gray) GW230529. The minimum black hole mass mpp, min is
a parameter of the NSBH-POP population model; see Table 7. While the median rate is always inside the credible region, the mean can be outside the credible region.

black hole spin magnitudes. This model assumes that all
analyzed events have a black hole primary and neutron star
secondary; we do not include GW190814 in this analysis.
Further details regarding the population model parameteriza-
tions and priors can be found in Appendix H.

The inclusion of GW230529 in our population analyses has
several effects on the inferred properties of NSBH systems and
the CBC population as a whole.

The inferred minimum mass of black holes in the NSBH
population decreases with the inclusion of GW230529. The
mass spectrum of black holes in the NSBH population with and
without GW230529 inferred using the NSBH-POP model is
shown in Figure 4. As the source of GW230529 is the NSBH
with the smallest black hole mass observed to date, the
minimum mass of black holes in NSBH mergers shows a
significant decrease with the inclusion of this candidate:
Muingr = 34719 M., with GW230529 compared to My gy =
6.0718 M., without. In contrast, the parameter that governs the
lower edge of the dip feature in the POWER LAW + DIP +
BREAK model, which represents the minimum black hole mass
in the CBC population, does not shift significantly with the
inclusion of GW230529. This difference is because the POWER
LAW -+ DIP + BREAK model makes no assumptions about the
classification of the components and therefore does not enforce
sharp features at the edges of each subpopulation, meaning
that the source of GW230529 is not necessarily an NSBH in
this model. However, the BINNED GAUSSIAN PROCESS and
POWER LAW + DIP + BREAK models are designed to capture
the structure of the full compact binary mass spectrum; because
they do not assign a source classification to either of the binary
components, features present in these population models can
have differing astrophysical interpretations from the NSBH-POP
model.

GW?230529 increases the inferred rate of compact binary
mergers with a component in the 3-5 M, range. A region of
interest in the mass distribution is the border between the
masses of neutron stars and black holes. We choose 3-5 M, to
represent the nominal gap between these populations. In
Figure 5 we show the posterior on the rate of mergers with one
or both component masses in the 3-5 M, range, with and
without GW230529. For the POWER LAW + DIP + BREAK
model there is a small increase in the merger rate within this
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mass range, Rgap = 24128 Gpc3 yr! with GW230529 versus

Raap = 17773 Gpe =3 yr~! without. For the BINNED GAUSSIAN
PROCESS model there is a larger increase in the merger
rate, Rgap = 3375 Gpe3 yr~! with GW230529 versus Ry =
7.55¢%* Gpc 3 yr~! without. The differing degree of change
between the two models is due to different assumptions for the
mass ratio distribution of merging compact binaries, as well as
the potential dip in the merger rate at low black hole masses
built into the POWER LAW + DIP + BREAK model. BINNED
GAUSSIAN PROCESS does not fit for a specific pairing function,
while POWER LAW + DIP + BREAK assumes the same mass
ratio distribution throughout the whole population of CBCs. As
most observed BBHs favor equal masses, any population
model conditioned on those observations should also favor
equal masses in the BBH mass range. The implicit assumptions
within the POWER LAW + DIP + BREAK model require this
preference to be imposed for all masses, including relatively
low mass systems like GW230529. However, the assumptions
in BINNED GAUSSIAN PROCESS do not broadcast this
preference as strongly across different mass scales and
therefore may support more asymmetric mass ratios at lower
masses. Regardless of the mass ratio distribution assumptions
made by each model, we find that the inclusion of GW230529
provides further evidence that the ~3-5 M, region is not
completely empty.

GW230529 is consistent with the population inferred from
previously observed CBC candidates. In Figure 6, we show the
population distributions of the full black hole and neutron star
mass spectrum for the primary component of compact binary
mergers using the BINNED GAUSSIAN PROCESS (top panel) and
POWER LAW + DIP + BREAK (bottom panel) population
models. We qualitatively see that GW230529 is not an outlier
with respect to the masses of previously observed compact-
object binaries because the inclusion of GW230529 in the
population does not significantly alter the full-population
posterior constraints. This differs from the detection of
GW190814, which was an outlier with respect to the rest of
the observed BBH population at the time due to its small
secondary mass (Essick et al. 2022). The observation of
GW190814 strongly suggested that the region between the
masses of neutron stars and black holes was populated
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Figure 7. Posterior distributions of GW230529 under various prior assump-
tions. The solid teal curve shows the posterior distributions using the default
high-spin priors described in Appendix D. The various dashed and dotted
curves show posteriors obtained using population priors based on the NSBH-
POP model (orange), BINNED GAUSSIAN PROCESS (blue), and POWER LAW +
DIP + BREAK (red) models.

(Abbott et al. 2023b), a conclusion that is strengthened with the
detection of GW230529 (even though it is not an outlier).
The component masses inferred for GW230529 differ across
differing population-informed priors. In Figure 7, we show the
mass and spin posteriors obtained using priors informed by
each of the population models considered in this work. The
priors informed by the NSBH-POP model prefer unequal mass
ratios and small black hole spins; they suppress the extended
posterior tail out to equal masses and antialigned spins. The
BINNED GAUSSIAN PROCESS model also pulls the posteriors to
more asymmetric mass ratios and has less support for
antialigned spins. As shown in the top panel of Figure 6, the
merger rate density inferred using the BINNED GAUSSIAN
PROCESS model is nearly flat across the region of parameter
space covered by GW230529, meaning that the priors informed
by this population model have less of an impact on the shape of
the posterior compared to the parameterized models consid-
ered. Unlike the NSBH-POP model, the POWER LAW + DIP +
BREAK model has a sharp drop in the merger rate above 3 M.
This sharp feature results in the posterior on the primary
component being pulled below 3 M, and the posterior on the
secondary being pulled to higher masses. The BINNED
GAUSSIAN PROCESS model has a similar feature, although it
is closer to 2 M, and therefore too low to significantly affect
the mass estimates for this system. The POWER LAW + DIP +
BREAK model also assumes the same preference for equal-mass
systems across the entire mass spectrum and thus, given that
the majority of the CBC population is consistent with
symmetric mass ratios, infers that the GW230529 binary
components are more similar in mass. The combination of the
drop in the differential merger rate and the preference for
symmetric mass ratios increases the support for more extreme
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spins oriented in the hemisphere opposite the orbital angular
momentum. From these models we find that the binary source
of GW230529 either has asymmetric components with low
values of x.g or has components that are similar in mass with
Xetr ~ —0.3. These results highlight that the choice of prior has
a significant impact on the inferred masses and spins of the
GW230529 source and hence the inferred nature of the binary
components. We assess the nature of the components further in
Section 6. More details on the population prior reweighting are
given in Appendix H.4.

We assess whether any of our population models are favored
as priors for GW230529 by calculating Bayes factors. Given
that the population models consider different sets of GW
events, Bayesian evidences for each population model are not
directly comparable. However, we may compare the evidence
for the single event GW230529 under different models. In this
calculation we only consider the effect of the different shapes
of the population models, not their overall normalization over
the broader mass parameter space considered by each model.
Thus, we normalize each of the population models over the
same range of component masses as the original parameter
estimation priors. We find no significant preference between
the population models, with Bayes factors between all three
models of log,, B < 1.0.

6. Nature of the Compact Objects in the GW230529 Binary

Without clear evidence for or against tidal effects in the
signal, the physical nature of the compact objects in the
GW230529 source binary can be assessed by comparing the
measured masses and spins of each component with the
maximum masses and spins of neutron stars allowed by
previous observational data. However, statistical uncertainties
in component masses make it especially difficult to determine
whether compact objects with masses between ~2.5 and 5 M,
are consistent with being black holes or neutron stars (Hannam
et al. 2013; Littenberg et al. 2015). Nevertheless, we assess the
nature of the source components by marginalizing over our
uncertainties in the masses and spins of GW230529, in the
population of merging binaries, and in the supranuclear EOS,
to compute the posterior probability that each component had a
mass and spin less than the maximum mass and spin supported
by the EOS. We follow the procedure introduced in the context
of GW190814 (R. Abbott et al. 2020c; Essick & Landry 2020),
which relied on only the maximum neutron star mass and has
subsequently been extended to include the effects of spin (R.
Abbott et al. 2020c; Abbott et al. 2021a, 2023b). Our analysis
provides only an upper limit on the probability that an object is
a neutron star, as it assumes that all objects consistent with the
maximum mass and spin of a neutron star are indeed neutron
stars (Essick & Landry 2020).

To assess the nature of the component masses of the
GW230529 source, we consider two versions of an astrophysi-
cally agnostic population model that is uniform in source-frame
component masses and spin magnitudes and isotropic in spin
orientations: one with component spin magnitudes y; = |x;| that
are allowed to be large (x1, x2 < 0.99), and one where they
are restricted a priori to be small (y;, x2 <0.05). We also
consider the POWER LAW + DIP + BREAK population model
(Appendix H.2) fit to the GW candidates from GWTC-3 (Abbott
et al. 2023a); including GW230529 in the population model does
not significantly affect the results. For each population, we
marginalize over the uncertainty in the maximum neutron star

16

Abac et al.

Table 3
Probabilistic Source Classification Based on Consistency of Component
Masses with the Maximum Neutron Star Mass and Spin

POWER LAW + DIP +

X1 X2 <099 X1, x2 <0.05 BREAK
P(m; is NS) 2.9% + 0.4% <0.1% 8.8% + 2.8%
P(m, is NS 96.1% + 0.4% >99.9% 98.4% + 1.3%

Note. All estimates marginalize over uncertainty in the masses, spins, and
redshift of the source as well as uncertainty in the astrophysical population and
the EOS. We consider three population models: two distributions that use
astrophysically agnostic priors and consider either large spins (x1, X2 < 0.99)
or small spins (xi, x2 < 0.05), and a population prior using the POWER LAW +
DIP + BREAK model fit with only the events from GWTC-3 (Abbott et al.
2023b). We use an EOS posterior conditioned on massive pulsars and GW
observations (Landry et al. 2020). All errors approximate 90% uncertainty from
the finite number of Monte Carlo samples used with the exception of the low-
spin results, for which we only place an upper or lower bound.

mass conditioned on the existence of massive pulsars and
previous GW observations (Landry et al. 2020) using a flexible
Gaussian process (GP) representation of the EOS (Landry &
Essick 2019; Essick et al. 2020b). More information on the EOS
choices can be found in Appendix I.

Table 3 reports the probability that each component of the
merger is consistent with a neutron star. In general, we find that
the secondary is almost certainly consistent with a neutron star,
and the primary is most probably a black hole. However, when
incorporating information from the POWER LAW + DIP +
BREAK population model, we find that there is a ~1 in 10
chance that the primary is consistent with a neutron star. If we
further relax the fixed spin assumptions implicit within the
POWER LAW + DIP + BREAK model for objects with masses
<25 M, from x; < 0.4 to x; <0.99 (see Appendix H.2), we
can find probabilities as high as P(m; is NS) =27.3% + 3.8%.
This ambiguity is similar to the secondary component of
GW190814 (2.50 < my /M, < 2.67), which is consistent with a
neutron star if it was rapidly spinning (e.g., R. Abbott et al.
2020c; Essick & Landry 2020; Most et al. 2020a).

The differences observed between population models
primarily reflect the uncertainty in the mass ratio and spins of
the GW230529 source. For example, incorporating the POWER
LAW + DIP + BREAK population model as a prior updates the
posterior for m, from 3.670% M, to 2.7°0 M.. Additional
observations of compact objects in or near the lower mass gap
may clarify the composition of GW230529 by further
constraining the exact shape of the distribution of compact
objects below ~5 M, or the supranuclear EOS.

7. Implications for Multimessenger Astrophysics

In NSBH mergers, the neutron star can either plunge directly
into the black hole or be tidally disrupted by its gravitational
field. Tidal disruption would leave some remnant baryonic
material outside the black hole that could potentially power a
range of EM counterparts, including a kilonova (Lattimer &
Schramm 1974; Li & Paczynski 1998; Tanaka & Hotokezaka
2013; Tanaka et al. 2014; Kawaguchi et al. 2016; Ferndndez
et al. 2017) or a gamma-ray burst (Mochkovitch et al. 1993;
Janka et al. 1999; Paschalidis et al. 2015; Shapiro 2017; Ruiz
et al. 2018). The conditions for tidal disruption are determined
by the mass ratio of the binary, the component of the black hole
spin aligned with the orbital angular momentum, and the
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compactness of the neutron star (Pannarale et al. 2011;
Foucart 2012; Foucart et al. 2018; Kriiger & Foucart 2020).
While the disruption probability
of the neutron star in GW230529 can be inferred based on
the binary parameters, we are unlikely to directly observe
the disruption in the GW signal without next-generation
observatories (Clarke et al. 2023).

We use the ensemble of fitting formulae collected in
Biscoveanu et al. (2022), including the spin-dependent properties
of neutron stars (Cipolletta et al. 2015; Breu & Rezzolla 2016;
Foucart et al. 2018; Most et al. 2020b), to constrain the remnant
baryon mass outside the final black hole following GW230529,
assuming that it was produced by an NSBH merger. We
additionally marginalize over the uncertainty in the GP-EOS
results obtained using the method introduced in Section 6
(Legred et al. 2021, 2022). Using the high-spin combined
posterior samples obtained with default priors, we find a
probability of neutron star tidal disruption of 0.1, corresponding
to an upper limit on the remnant baryon mass produced in the
merger of 0.052 M, at 99% credibility. The low secondary spin
priors (x> <0.05) yield a tidal disruption probability and
remnant baryon mass upper limit of 0.042 and 0.011 M,
respectively. A rapidly spinning neutron star is less compact than
a slowly spinning neutron star of the same gravitational mass
under the same EOS. This decrease in compactness leads to a
larger disruption probability and a larger remnant baryon mass
following the merger, explaining the trend we see when
comparing the results obtained under the low secondary spin
and high-spin priors. The source binary of GW230529 is the
most probable of the confident NSBHs reported by the LVK to
have undergone tidal disruption because of the increased
symmetry in its component masses. However, the exact value
of the tidal disruption probability and the remnant baryon mass
for this system are prior dependent.

We can also gauge how the inclusion of GW230529 impacts
estimates of the fraction of NSBH systems detected in GWs that
may be accompanied by an EM counterpart, fem.brigh- Using the
mass and spin distributions inferred under the NSBH-POP
population model described in Section 5, we find a 90% credible
upper limit on the fraction of NSBH mergers that may be EM
bright of fen_prigne < 0.18 when including GW230529, an increase
relative to fenpright < 0.06 obtained when excluding GW230529
from the analysis. When including GP-EOS constraints addition-
ally conditioned on NICER observations (Legred et al. 2021,
2022), the posterior on the EM-bright fraction further increases to
peak away from zero, fen_prigne = 0.137017. Additional details
on analyses with this alternative choice of EOS constraint are
given in Appendix 1. These estimates assume that any remnant
baryon mass Mr';m!mm > 0 could power a counterpart, although
the actual threshold value is astrophysically uncertain. Figure 8
shows the posterior for fenm.brigh With and without the inclusion of
GW230529. While the exact value of fem.brigne depends on the
assumed population model, the increase in fim.brigne for NSBHs
upon the inclusion of GW230529 in the population is robust
against modeling assumptions.

Using these updated multimessenger prospects, we can infer
the contribution of NSBH mergers to the production of heavy
elements (Biscoveanu et al. 2022) and the generation of
gamma-ray bursts (Biscoveanu et al. 2023). Assuming that all
remnant baryon mass produced in NSBH mergers is enriched
in heavy elements via r-process nucleosynthesis (Lattimer &
Schramm 1974, 1976), we infer that NSBH mergers contribute
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Figure 8. Posterior on the fraction of NSBH systems detected with GWs that
may be EM bright, fem.brign. depending on the threshold remnant mass
required to power a counterpart, f (M2, > Mrl;m.mm). The solid and dashed
curves represent different values of the minimum remnant mass Mr[;m,min. The
teal and gray curves show the analysis results with and without GW230529,
respectively.

at most 1.1 M, Gpc > yr ! to the production of heavy elements
and that the rate of gamma-ray bursts with NSBH progenitors is
at most 23 Gpc > yr ! at 90% credibility. This likely represents
a small fraction of all short gamma-ray bursts, for which
astrophysical beaming-corrected rate estimates are in the range
of O(10-1000) Gpc—3 yr~! (Mandel & Broekgaarden 2022),
and of the total r-process material produced by compact-object
mergers (Coté et al. 2018; Chen et al. 2021b).

No significant counterpart candidates have been reported for
GW230529 (IceCube Collaboration 2023; Karambelkar et al.
2023; Lesage et al. 2023; Lipunov et al. 2023; Longo et al.
2023; Savchenko et al. 2023; Sugita et al. 2023a, 2023b;
Waratkar et al. 2023). This is unsurprising given that it was
only observed by a single detector and hence was poorly
localized on the sky.

8. Astrophysical Implications

Since the late 1990s, there have been claims about the
existence of a mass gap between the maximum neutron star
mass and the minimum black hole mass (~3-5 M) based on
dynamical mass measurements of Galactic X-ray binaries
(Bailyn et al. 1998; Ozel et al. 2010; Farr et al. 2011b). The
lower edge of this purported mass gap depends on the
maximum possible mass with which a neutron star can form
in a supernova explosion, which cannot exceed the maximum
allowed neutron star mass given by the EOS. Some EOSs
support masses up to ~3 M. for nonrotating neutron stars
(Mueller & Serot 1996; Godzieba et al. 2021) and even larger
masses for rotating neutron stars (Friedman & Ipser 1987;
Cook et al. 1994), although such large values are disfavored by
the tidal deformability inferred for GW170817 (Abbott et al.
2019b) and Galactic observations (Alsing et al. 2018; Farr &
Chatziioannou 2020). The upper edge and extent of the mass
gap depend on the minimum black hole mass that can form
from stellar core collapse. However, it remains an open
question whether observational or evolutionary selection
effects inherent to the detection of Galactic X-ray binaries
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can lead to the observed gap in compact-object masses (Fryer
& Kalogera 2001; Kreidberg et al. 2012; Siegel et al. 2023).
In recent years, new EM observations have unveiled a few
candidates in the ~3 M. region, mostly from noninteracting
binary systems (Thompson et al. 2019, 2020b; van den Heuvel &
Tauris 2020) and radio surveys for pulsar binary systems (Barr
et al. 2024). Microlensing surveys do not support the existence of
a mass gap but cannot exclude it either (Wyrzykowski et al.
2016; Wyrzykowski & Mandel 2020). The LVK has already
observed one component of a merger whose mass falls between
the most massive neutron stars and least massive black holes
observed in the Galaxy: the secondary component of GW190814
(2.5-2.7 M, at the 90% credible level; R. Abbott et al. 2020c;
Abbott et al. 2024b). The secondary components of the
GW200210_092254 and GW190917_114630 source binaries
also have support in the lower mass gap (Abbott et al.
2023a, 2024b), although their mass estimates are also consistent
with a high-mass neutron star. Unlike GW230529, the primary
components of all three of these binaries can be confidently
identified as black holes. Overall, the existence of a mass gap
between the most massive neutron stars and least massive black
holes still stands as an open question in astrophysics.
GW230529 is the first compact binary with a primary
component that has a high probability of residing in the lower
mass gap. Hence, GW230529 reinforces the conclusion that the
3-5M.range is not completely empty (see Figure 5 in
Section 5). However, the 3-5 M range may still be less
populated than the surrounding regions of the mass spectrum.
This conclusion is consistent with previous population analyses
and rate estimates based on GWTC-3 (Abbott et al. 2023Db).
The formation of GW230529 raises a number of questions.
Given our current understanding of core collapse in massive
stars (O’Connor & Ott 2011; Janka 2012; Ertl et al. 2020), it is
unlikely that the primary component formed via direct collapse
because of its low mass, although stochasticity in the physical
mechanisms that determine remnant mass may populate the
low-mass end of the black hole mass spectrum (Mandel &
Miiller 2020; Antoniadis et al. 2022). Formation by fallback is
a viable scenario: recent numerical models of core-collapse
supernovae suggest that the formation of 3-6 M, black holes
via substantial fallback is rare but still possible (e.g., Sukhbold
et al. 2016; Ertl et al. 2020; Vigna-Gémez et al. 2021). One-
dimensional hydrodynamical simulations of core collapse
adopting pure helium star models predict that there is no
empty gap, only a less populated region between 3 and 5 M.,
with the lowest mass of black holes produced by prompt
implosions starting at ~6 M. (Ertl et al. 2020). Another
relevant parameter is the timescale for instability growth and
launch of the core-collapse supernova; if this is long enough
(2200 ms), the proto—neutron star might accrete enough mass
before the explosion to become a mass-gap object (Fryer &
Kalogera 2001; Fryer et al. 2012). Compact binary population
synthesis models that allow for longer instability growth
timescales naturally produce merging NSBH systems with the
primary component in the lower mass gap (Belczynski et al.
2012; Zevin et al. 2020; Broekgaarden et al. 2021; Chatto-
padhyay et al. 2021; Olejak et al. 2022). It may also be possible
to form mass-gap objects through accretion onto a neutron star.
If the first-born neutron star in the binary accretes enough
material prior to the formation of the second-born compact
object, it can trigger an accretion-induced collapse into a black
hole, yielding a mass-gap object (Siegel et al. 2023). This
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scenario may be aided by super-Eddington accretion onto the
first-born neutron star, which has been proposed to explain
NSBHs with mass-gap black holes like the source of
GW230529 (Zhu et al. 2024). Considering the large number
of uncertainties about the outcome of core-collapse supernovae
(e.g., Burrows & Vartanyan 2021), the primary mass of
GW230529 provides a piece of evidence to inform and
constrain future models. Overall, astrophysical models in the
past have preferentially adopted prescriptions that enforce the
presence of a lower mass gap (e.g., Fryer et al. 2012), and the
inferred rate of GW230529-like systems urges a change of
paradigm in such model assumptions.

Alternatively, the primary component of GW230529 might
be the result of the merger of two neutron stars. For instance,
the 90% credible intervals for the remnant mass of GW 190425
and the primary mass of GW230529 overlap (Abbott et al.
2020a). This may hint at a scenario where the primary
component could be either the member of a former triple or
quadruple system (Fragione et al. 2020; Lu et al. 2021;
Vynatheya & Hamers 2022; Gayathri et al. 2023) or the result
of a dynamical capture in a star cluster (Clausen et al. 2013;
Arca Sedda 2020, 2021; Gupta et al. 2020; Rastello et al. 2020)
or an active galactic nucleus disk (Yang et al. 2020; Tagawa
et al. 2021). This scenario was proposed for the formation of a
compact object discovered in a binary with a pulsar in the
globular cluster NGC 1851, which is measured to have a mass
of 2.09-2.71M. at 95% confidence (Barr et al. 2024).
However, dynamically induced BNS mergers are predicted to
be rare in dense stellar environments (O(1072) Gpc =3 yr—};
e.g., Ye et al. 2020; Samsing & Hotokezaka 2021). Thus, the
rate of mergers between a BNS merger remnant and a neutron
star may be at least several orders of magnitude lower than the
rate we infer for GW230529-like mergers, making this scenario
improbable.

Non-stellar-origin black hole formation scenarios such as
primordial black holes (e.g., Clesse & Garcia-Bellido 2022)
remain a possibility. However, there are significant uncertainties
in the predicted mass spectrum and merger rate of primordial
black hole binaries, thus making it difficult to attribute a
primordial origin to compact objects that have masses consistent
with predictions from massive-star core collapse. Furthermore,
results from microlensing surveys indicate that primordial black
hole mergers cannot be a dominant source of GWs in the local
universe (Mroz et al. 2024).

It has also been suggested that mergers apparently involving
mass-gap objects could instead be gravitationally lensed BNSs
(Bianconi et al. 2023; Magare et al. 2023), with the lensing
magnification making them appear heavier and closer (Wang
et al. 1996; Dai et al. 2017; Hannuksela et al. 2019). This
scenario is difficult to explicitly test in the absence of tidal
information (Pang et al. 2020) or EM counterparts (Bianconi et al.
2023), but the expected relative rate of strong lensing is low at
current detector sensitivities (Abbott et al. 2023c; Magare et al.
2023; Smith et al. 2023).

Finally, we also find mild support for the possibility that the
primary component is a neutron star rather than a black hole
when considering the population-based POWER LAW + DIP +
BREAK prior that incorporates the potential presence of a gap at
low black hole masses. In this case, GW230529 would be the
most massive neutron star binary yet observed, with both
components >2.0M., and have nonzero spins that are
antialigned with the orbital angular momentum. The effective
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inspiral spin of the BNSs in this scenario would differ
significantly from BNS sources previously observed in
GWs (Abbott et al. 2017a, 2020a), as well as those inferred for
Galactic BNSs if they were to merge (Zhu et al. 2018). Spins
oriented in the hemisphere opposite the binary orbital angular
momentum could be the result of supernova natal kicks
(Kalogera 2000; Farr et al. 2011a; O’Shaughnessy et al. 2017;
Chan et al. 2020) or spin-axis tossing (Tauris 2022) at birth. For
example, one of the neutron stars in the binary pulsar system
J0737-3039 is significantly misaligned with respect to both the
spin of its companion and the orbital angular momentum of the
binary system, which may require off-axis kicks (Farr et al.
2011a). Alternatively, isotropically oriented component spins
that result from random pairing in dynamical environments could
lead to the significant spin misalignment (e.g., Rodriguez et al.
2016).

9. Summary

GW230529 is a GW signal from the coalescence of a
2.5-4.5 M, compact object and a compact object consistent with
neutron star masses. The more massive component in the merger
provides evidence that compact objects in the hypothesized
lower mass gap exist in merging binaries. Based on mass
estimates of the two components in the merger and current
constraints on the supranuclear EOS, we find the most probable
interpretation of the GW230529 source to be an NSBH
coalescence. In this scenario, the source binary of GW230529
is the most symmetric-mass NSBH merger yet observed, and the
primary component of the merger is the lowest-mass primary
black hole observed in GWs to date. Because NSBHs with more
symmetric masses are more susceptible to tidal disruption, the
observation of GW230529 implies that more NSBHs than
previously inferred may produce EM counterparts. However, we
cannot rule out the contrasting scenario that the source of
GW230529 consisted of two neutron stars rather than a neutron
star and a black hole. In this case, the source of GW230529
would be the only BNS coalescence observed to have strong
support for nonzero and antialigned spins, as well as the highest-
mass BNS system observed to date. Regardless of the true nature
of the GW230529 source, it is a novel addition to the growing
population of CBCs observed via their GW emission and
highlights the importance of continued exploration of the CBC
parameter space in O4 and beyond.

Strain data containing the signal from the LIGO Livingston
observatory are available from the Gravitational Wave Open
Science Center.”'! Specifically, we release the L1:GDS-
CALIB_STRAIN_CLEAN_AR channel, where the AR designa-
tion means that the strain data are analysis ready; this strain
channel was also released at the end of O3. Samples from the
posterior distributions of the source parameters, hyperposterior
distributions from population analyses, and notebooks for
reproducing all results and figures in this Letter are available on
Zenodo (Abbott et al. 2024). The software packages used in our
analyses are open-source.

Acknowledgments

This material is based on work supported by NSF’s LIGO
Laboratory, which is a major facility fully funded by the
National Science Foundation. The authors also gratefully

31110.7935 /6k89-7q62

19

Abac et al.

acknowledge the support of the Science and Technology
Facilities Council (STFC) of the United Kingdom, the Max-
Planck-Society (MPS), and the State of Niedersachsen/
Germany for support of the construction of Advanced LIGO
and construction and operation of the GEO 600 detector.
Additional support for Advanced LIGO was provided by the
Australian Research Council. The authors gratefully acknowl-
edge the Italian Istituto Nazionale di Fisica Nucleare (INFN),
the French Centre National de la Recherche Scientifique
(CNRS), and the Netherlands Organization for Scientific
Research (NWO) for the construction and operation of the
Virgo detector and the creation and support of the EGO
consortium. The authors also gratefully acknowledge research
support from these agencies, as well as by the Council of
Scientific and Industrial Research of India, the Department of
Science and Technology, India, the Science & Engineering
Research Board (SERB), India, the Ministry of Human
Resource Development, India, the Spanish Agencia Estatal de
Investigaciéon (AEI), the Spanish Ministerio de Ciencia,
Innovacién y Universidades, the European Union NextGener-
ationEU/PRTR (PRTR-C17.11), the ICSC - CentroNazionale
di Ricerca in High Performance Computing, Big Dataand
Quantum Computing, funded by the European Union Next-
GenerationEU, the Comunitat Autonoma de les Illes Balears
through the Direccid6 General de Recerca, Innovacié i
Transformacié Digital with funds from the Tourist Stay Tax
Law ITS 2017-006, the Conselleria d’Economia, Hisenda i
Innovacié the FEDER Operational Program 2021-2027 of the
Balearic Islands, the Conselleria d’Innovacié Universitats,
Ciencia i Societat Digital de la Generalitat Valenciana and
the CERCA Programme Generalitat de Catalunya, Spain, the
National Science Centre of Poland and the European Union—
European Regional Development Fund; Foundation for Polish
Science (FNP), the Polish Ministry of Science and Higher
Education, the Swiss National Science Foundation (SNSF), the
Russian Science Foundation, the European Commission, the
European Social Funds (ESF), the European Regional Devel-
opment Funds (ERDF), the Royal Society, the Scottish
Funding Council, the Scottish Universities Physics Alliance,
the Hungarian Scientific Research Fund (OTKA), the French
Lyon Institute of Origins (LIO), the Belgian Fonds de la
Recherche Scientifique (FRS-FNRS), Actions de Recherche
Concertées (ARC) and Fonds Wetenschappelijk Onderzoek—
Vlaanderen (FWO), Belgium, the Paris Ile-de-France Region,
the National Research, Development and Innovation Office
Hungary (NKFIH), the National Research Foundation of
Korea, the Natural Science and Engineering Research Council
Canada, Canadian Foundation for Innovation (CFI), the
Brazilian Ministry of Science, Technology, and Innovations,
the International Center for Theoretical Physics South Amer-
ican Institute for Fundamental Research (ICTP-SAIFR), the
Research Grants Council of Hong Kong, the National Natural
Science Foundation of China (NSFC), the Leverhulme Trust,
the Research Corporation, the National Science and Technol-
ogy Council (NSTC), Taiwan, the United States Department of
Energy, and the Kavli Foundation. The authors gratefully
acknowledge the support of the NSF, STFC, INFN, and CNRS
for provision of computational resources. This work was
supported by MEXT, JSPS Leading-edge Research Infrastruc-
ture Program, JSPS Grant-in-Aid for Specially Promoted
Research 26000005, JSPS Grant-in-Aid for Scientific Research
on Innovative Areas 2905: JP17H06358, JP17H06361 and


https://doi.org/10.7935/6k89-7q62

THE ASTROPHYSICAL JOURNAL LETTERS, 970:L.34 (39pp), 2024 August 1

JP17H06364, JSPS Core-to-Core Program A. Advanced
Research Networks, JSPS Grant-in-Aid for Scientific Research
(S) 17H06133 and 20H05639, JSPS Grant-in-Aid for Trans-
formative Research Areas (A) 20A203: JP20H05854, the joint
research program of the Institute for Cosmic Ray Research,
University of Tokyo, National Research Foundation (NRF),
Computing Infrastructure Project of Global Science exper-
imental Data hub Center (GSDC) at KISTI, Korea Astronomy
and Space Science Institute (KASI), and Ministry of Science
and ICT (MSIT) in Korea, Academia Sinica (AS), AS Grid
Center (ASGC) and the National Science and Technology
Council (NSTC) in Taiwan under grants including the Rising
Star Program and Science Vanguard Research Program,
Advanced Technology Center (ATC) of NAOJ, and Mechan-
ical Engineering Center of KEK. We thank the anonymous
journal referee for helpful comments.

Software: Calibration of the LIGO strain data was performed
with a GSTLAL-based calibration software pipeline (Viets et al.
2018). Data-quality products and event-validation results were
computed using the DMT (Zweizig 2006), DQR (LIGO Scientific
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et al. 2021), gwdetchar (Urban et al. 2021), hveto (Smith et al.
2011), iDQ (Essick et al. 2020a), Omicron (Robinet et al. 2020),
and PythonVirgoTools (Virgo Collaboration 2021) software
packages and contributing software tools. Analyses in this catalog
relied on software from the LVK Algorithm Library Suite (LIGO
Scientific, Virgo, & KAGRA Collaboration 2018). The detection
of the signals and subsequent significance evaluations were
performed with the GSTLAL-based inspiral software pipeline
(Messick 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), and with the PYCBC (Usman et al. 2016; Nitz
et al. 2017; Davies et al. 2020) packages. Estimates of the noise
spectra and glitch models were obtained using BAYESWAVE
(Cornish & Littenberg 2015; Littenberg et al. 2016; Cornish et al.
2021). Low-latency source localization was performed using
BAYESTAR (Singer & Price 2016). Source-parameter estimation
was primarily performed with the BILBY and PARALLEL BILBY
libraries (Ashton et al. 2019; Romero-Shaw et al. 2020; Smith
et al. 2020) using the DYNESTY nested sampling package
(Speagle 2020). SEOBNRvSPHM waveforms used in parameter
estimation were generated using pySEOBNR (Mihaylov et al.
2023). FIT and TIGER waveforms used for testing general
relativity were generated using BILBY TGR (Ashton et al. 2024).
PESUMMARY was used to post-process and collate parameter
estimation results (Hoy & Raymond 2021). The various stages
of the parameter estimation analysis were managed with the
ASIMOV library (Williams et al. 2023). Plots were prepared with
MATPLOTLIB (Hunter 2007), SEABORN (Waskom 2021) and
GWPY (Macleod et al. 2021). NUMPY (Harris et al. 2020) and
SCIPY (Virtanen et al. 2020) were used for analyses in the
manuscript.

Appendix A
Upgrades to the Detector Network for O4

The Advanced LIGO, Advanced Virgo, and KAGRA
detectors have all undergone a series of upgrades to improve
the network sensitivity in preparation for O4. In this appendix we
focus on upgrades made to the LIGO Livingston observatory, as
it was the only detector to observe GW230529; similar upgrades
were made at LIGO Hanford. Some of these improvements are a
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part of the Advanced LIGO Plus (A+) detector upgrades (Abbott
et al. 2020b).

The principal commissioning work done in preparation for
04 was to enhance the optics systems in the detector. The pre-
stabilized laser was redesigned for O4 with amplifiers allowing
input power up to 125 W (Bode et al. 2020; Cahillane &
Mansell 2022). LIGO Livingston operated at 63 W in O4a.
Both end test masses at LIGO Livingston were replaced
because their mirror coatings contained small, pointlike
absorbers that limited detector sensitivity by degrading the
power-recycling gain (Brooks et al. 2021). For O4, frequency-
dependent squeezing was implemented with the addition of a
300 m filter cavity to rotate the squeezed vacuum quadrature
across the bandwidth of the detector (McCuller et al. 2020;
Dwyer et al. 2022). With frequency-dependent squeezing,
uncertainty is reduced in both the amplitude and phase
quadratures, allowing for a broadband reduction in quantum
noise (Ganapathy et al. 2023). Squeezing was implemented
independently of frequency in O3, which only reduced the
quantum noise at high frequencies (Tse et al. 2019).

Other commissioning work was done to improve data quality
and reduce noise at low frequencies. For O4, scattered-light
noise was mitigated by removing some problematic scattering
surfaces and improving the resonant damping of other
scatterers (Soni et al. 2020; Davis et al. 2021). Low-frequency
technical noise (i.e., noise that is not intrinsic to the detector
design but can limit the detector sensitivity and performance)
was reduced with the commissioning of feedback control loops,
noise subtraction, and better electronics. Overall, the upgrades
made during the commissioning period for O4 led to a
broadband reduction in noise and improvement in detector
sensitivity and performance.

Appendix B
Detection Time Line and Circulars

The LVK issues low-latency alerts to facilitate prompt
follow-up of GW candidates (Chaudhary et al. 2023).
GW230529 was initially identified in a low-latency search
using data from the LIGO Livingston observatory. The
candidate was given the name S230529ay in the Gravita-
tional-Wave Candidate Event Database (GRACEDB).312

After the detection of GW230529, an initial notice was sent out
to astronomers through NASA’s General Coordinates Network
(GCN; LIGO Scientific, Virgo, & KAGRA Collaboration 2023a).
The sky localization computed in low latency by BAYESTAR
(Singer & Price 2016; Singer et al. 2016) had a 90% credible area
of ~24,200 degz; the large credible area was due to GW230529
only being observed by a single detector. The initial alert also
included low-latency estimates of the mass-based source
classification (BNS, BBH, and NSBH) produced by the PYCBC
pipeline (Villa-Ortega et al. 2022). Additional estimates that the
source binary of GW230529 contained at least one neutron star
(> 99.9%), contained at least one compact object in the lower
mass gap 3-5 M., (98.5%), and had neutron star matter ejected
outside the final compact object (12.1%) were produced by a
machine-learning method trained to infer source properties from
the search pipeline results (Chatterjee et al. 2020).

Low-latency parameter estimation was performed with
BILBY (Ashton et al. 2019; Romero-Shaw et al. 2020) and
used to produce an updated sky localization and estimates of

312 https://gracedb.ligo.org/


https://gracedb.ligo.org/

THE ASTROPHYSICAL JOURNAL LETTERS, 970:L.34 (39pp), 2024 August 1

source properties sent out in another alert (LIGO Scientific,
Virgo, & KAGRA Collaboration 2023c). The updated sky
localization had a 90% credible area of ~25,600 degz. The
updated estimate of source properties led to decreases in the
probabilities that the source binary included at least one
neutron star (98.5%), one compact object in the mass gap
(69.4%), and ejected matter outside the remnant object (1.1%).

Appendix C
Quantifying Significance for a Single-detector Candidate
Event

Each search pipeline has its own method for calculating the
FAR of a single-detector GW candidate. In this appendix we
will summarize these methods.

C.1. GSTLAL

The GSTLAL pipeline assigns a likelihood ratio to all of its
candidate signals as the ranking statistic to estimate their
significance. The likelihood ratio is the ratio of the probability
of obtaining the candidate under the signal hypothesis to
the probability of obtaining the candidate under the noise
hypothesis. The latter probability is largely calculated by
collecting S/N and & statistics of noise triggers during the
analysis, where & is a signal consistency test statistic (Messick
et al. 2017). Similar templates in the template bank are grouped
together on the basis of the post-Newtonian (PN) expansion of
their waveforms (Morisaki & Raymond 2020; Sakon et al.
2024). Each template bin collects its own S/N and & statistics,
which get used to rank candidates recovered by templates in
that bin. Further details about the calculation of the probability
of obtaining the candidate under the noise hypothesis, as well
as the GSTLAL likelihood ratio in general, can be found in
Tsukada et al. (2023). The S /N—f2 statistics collected from
noise triggers from the same template bin as GW230529 with
GW230529 superimposed are shown in Figure 9. GW230529
clearly stands out from the back§r0und, and there are no noise
triggers at its position in S/N-£~ space.

Since nonstationary noise transients known as glitches
(Nuttall 2018) are not expected to be correlated across detectors,
single-detector GW candidates, whether during times when a
single or multiple detectors are observing, are more likely to be
glitches than coincident GW candidates. To account for this, the
GSTLAL pipeline downweights the logarithm of the likelihood
ratio of single-detector candidates by subtracting an empirically
tuned factor of 13, which is optimized to maximize the recovery
of candidates with an astrophysical origin while minimizing the
recovery of glitches (Abbott et al. 2020a). The FAR of the
GSTLAL pipeline for GW230529 quoted in Table 1 is calculated
after the application of this penalty.

Finally, the FAR for a candidate in the search is computed
by comparing its likelihood ratio with the likelihood ratios of
noise triggers not found in coincidence, after accounting for the
live time of the analysis. These noise triggers not found in
coincidence allow the pipeline to extrapolate the background
distribution of likelihood ratios to large values, enabling the
inverse FAR of a candidate to be greater than the duration of
the analysis. While in the low-latency mode, the GSTLAL FAR
calculation uses the background from the start of the analysis
period until the time of the candidate. In contrast, for its offline
analysis, the GSTLAL pipeline uses background collected from
the full analysis period, including the entirety of O4a, to rank
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Figure 9. The noise background for the LIGO Livingston observatory collected
by the GSTLAL pipeline in offline mode, with the S/ N-£? values of GW230529
overlaid. The test statistic £ measures signal consistency. The background is
collected from templates that are part of the same bin as the template that
recovered GW230529 and is consequently the background used to rank
GW230529 and calculate its significance. The background distribution has
effectively no support at the position of GW230529. The color bar represents
the probability of producing a certain S/N and £ from noise triggers.

candidates. This differs from the other search pipelines
presented in this work, which only use background from the
first 2 weeks of O4a for their offline search results presented
here. The GSTLAL offline analysis was performed using the
same template bank as the online analysis (Ewing et al. 2024;
Sakon et al. 2024). Details are liable to change for future offline
GSTLAL analyses in O4a. However, for such a significant
candidate as GW230529, we do not expect these changes to
impact its interpretation as highly likely being of astrophysical
origin.

C.2. MBTA

The MBTA single-detector candidate search for O4a focuses
on a subset of the full MBTA parameter space. The goal is to
focus on BNS and NSBH signals, which are most interesting
because of their rarity and possible EM counterparts. Their
long signal duration also makes them easier to identify and
allows for a better sensitivity to be reached when compared to a
single-detector candidate search using the whole MBTA
parameter space. The parameter space for the O4a online
single-detector search was defined based on the detector-frame
(redshifted) primary mass and chirp mass of the templates and
motivated by the computation of the probability for whether a
nonzero amount of neutron star material remained outside the
final remnant compact object (Chatterjee et al. 2020) intro-
duced in Appendix B. The considered space is (1 + z)m; <
50 Mg, and (1 + 2)M < 5 M, (Juste 2023). For the offline
analysis, this space was adapted and we consider only
1+ z)M <7 M,. MBTA online also applied selection
criteria based on data-quality tests to its single-detector
candidates (Juste 2023). This was changed to a reweighting
of the ranking statistic for the offline analysis.

The ranking statistic for MBTA single-detector triggers is a
reweighted S/N. The reweighting is based on the computation
of a quantity called auto x> (Aubin et al. 2021), which tests the
consistency of the time evolution of the S/N time series. The
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Figure 10. Ranking statistic distribution of MBTA single-detector triggers in the
LIGO Livingston observatory during the first 2 weeks of O4, excluding
significant public alerts aside from GW230529.

additional reweighting used in the offline analysis relies on the
computation of a quantity that identifies an excess of S/N for
single-detector triggers. The excess of S/N is larger for triggers
that have a noise origin compared to astrophysical signals or
injections and therefore allows for discrimination between
astrophysical signals and noise. The ranking statistic distribu-
tion of the MBTA offline analysis for single-detector triggers
during the first 2 weeks of O4a is shown in Figure 10. Other
triggers that produced significant public alerts have been
removed from the plotted distribution. GW230529 stands out
from the background with a high ranking statistic that reflects
the auto x> value being completely consistent with a signal
origin.

The FAR in MBTA is a function of p,4., (Andres et al. 2022),
the probability of astrophysical origin of the candidate. It is
derived from the combined parameterizations of the FAR as a
function of the ranking statistic and of p,, as a function of the
ranking statistic. Inverting the latter gives the ranking statistic
as a function of p,y,, and eventually the FAR as a function of
Paswo- Lhe background estimation for MBTA single-detector
triggers was computed differently during the online and offline
analyses. The online analysis relies on the computation of
simulated single-detector triggers obtained through random
combinations of single frequency band data (Juste 2023). O4a
online analysis and the method of randomly combining single
frequency band data showed that the background for MBTA
single-detector triggers follows an exponential distribution and
is stable in time beyond statistical fluctuations. This prompted
us to update the model we use for the offline (and future)
analyses to reach greater sensitivity. This new model involves
extrapolating the observed distribution of single-detector
triggers and removing the significant triggers. A safety margin
is used in the extrapolation such that the FAR is overestimated
relative to the best-fit extrapolated distribution. This change in
methods, in addition to the difference in handling of single-
detector triggers online and offline, explains the difference in
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inverse FAR for the online (1.1yr) and offline (>1000 yr)
analyses.

C.3. PYCBC

In PYCBC, each GW candidate is assigned a ranking statistic,
and then a FAR is calculated by comparing the ranking statistic
of the candidate with the background distribution. The details
of this procedure differ between the online and offline versions
of the PYCBC search.

In the online pipeline, we consider single-detector candidates
only from templates with duration greater than 7s above a
starting frequency of 17 Hz, corresponding to a range of masses
and spins for which EM emission due to neutron star ejecta
might be expected. Low-latency data-quality time series
produced by iDQ, a machine-learning framework for autono-
mous detection of noise artifacts using only auxiliary data
channels insensitive to GWs (Essick et al. 2020a), are used to
veto candidates at times when a glitch is likely to be present in
the data. The remaining single-detector candidates are ranked
by the reweighted S/N (Nitz 2018). Only candidates with a x>
statistic (Allen 2005) <2.0 and reweighted S/N > 6.75 are
kept. The rate density of single-detector triggers above the
reweighted S/N threshold is fit with a decreasing exponential.

In offline PYCBC, we only consider single-detector candi-
dates from templates with duration greater than 0.3 s above a
starting frequency of 15 Hz. We also require that candidates
have a x statistic <10.0, a reweighted S/N > 5.5, and a PSD
variation statistic (Mozzon et al. 2020) <10.0, in order to
exclude high-amplitude noise transients. Each candidate is
assigned a ranking statistic equal to the logarithm of the ratio of
astrophysical signal likelihood to detector noise likelihood. The
PYCBC O4 offline search introduced two changes to the ranking
statistic relative to the O3 calculation. First, an explicit model
of the signal distribution covering the space of binary masses
and spins is included (Kumar & Dent 2024). The model is
designed to maximize the number of detected signals from the
known compact binary distribution, while also maintaining
sensitivity to signals in previously unpopulated regions.
Second, the model of the rate density of events caused by
detector noise now includes a term describing the variation in
rate during times of heightened detector noise (Davis et al.
2022). The rate density of single-detector candidates above a
ranking statistic threshold of 0 is fit with a decreasing
exponential.

In both the online and offline versions of PYCBC, the
exponential fit of trigger rate density above the relevant ranking
statistic threshold is used to extrapolate the FAR of single-
detector candidates beyond the observing time of the
search (Cabourn Davies & Harry 2022). The FAR calculations
for GW230529 used triggers from the first 2 weeks of O4 at the
LIGO Livingston observatory. The distribution of ranking
statistics for offline single-detector candidates at the LIGO
Livingston observatory is shown in Figure 11. Similar to the
other searches, GW230529 clearly stands out from the
background distribution.
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Figure 11. Ranking statistic distribution of PYCBC offline single-detector
triggers in the LIGO Livingston observatory during the first 2 weeks of O4.
The plotted distribution may include triggers from other less significant signals
arriving during the period analyzed.

Appendix D
Priors, Waveform Systematics, and Bayes Factors

Given the uncertain nature of the compact objects, we
analyze GW230529 with a suite of models that incorporate a
number of key physical effects. The choices of data duration
(128 s) and frequency bandwidth (20-1792 Hz) analyzed were
informed by comparing waveforms spanning the mass range
recovered in preliminary analyses with the detector noise PSD
at the time of the event. The high-frequency cutoff is chosen to
avoid loss of power at high frequencies due to low-pass
filtering of the data. For a subset of the signal models below,
we employ a range of techniques to speed up the evaluation of
the likelihood, including heterodyning (also known as relative
binning; Cornish 2010, 2021; Zackay et al. 2018; Krishna et al.
2023), multibanding (Garcia-Quir6és et al. 2021; Morisaki
2021), and reduced-order quadratures (Canizares et al. 2015;
Smith et al. 2016; Morisaki et al. 2023).

The physical effects included and the spin prior ranges for
each waveform model considered in this work are shown in
Table 4. All analyses use mass priors that are flat in the
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redshifted component masses with chirp masses M =
(mymy)*3 /(my + my)'/> € [2.0214, 2.0331] M., and mass
ratios g € [0.125, 1]. The luminosity distance prior is uniform
in comoving volume and source-frame time in the range
Dy €[1, 500]Mpc. The priors on the tidal deformability
parameters are chosen to be uniform in the component tidal
deformabilities over A &[0, 5000]. Standard priors (e.g.,
Romero-Shaw et al. 2020; Abbott et al. 2024b) are used for
all the other extrinsic binary parameters. Below we provide
further motivation for considering this suite of waveform
models.

The primary analysis in this work uses the IMRPhe-
nomXPHM and SEOBNRv5SPHM BBH waveform models
(corresponding to the third and fourth rows in Table 4), which
provide an accurate description of BBHs but do not incorporate
tidal effects or the potential tidal disruption of a companion
neutron star. We did not consider an extension of IMRPhe-
nomXPHM that incorporates additional physics beyond the
two precessing higher-order multipole moment BBH models
used here, as these effects only enter at high frequencies and
are not relevant for this event (Thompson et al. 2024). In order
to quantify the impact of neglecting tidal physics, we analyze
GW230529 with NSBH and BNS waveform models that
incorporate different tidal information. The NSBH models only
incorporate tidal information from the less massive compact
object, are restricted to spins aligned with the orbital angular
momentum, and only model the dominant £ = m = 2 multipole
moment. However, they do model the possible tidal disruption
of the neutron star, which occurs when tidal forces of the black
hole dominate over the self-gravity of the neutron star.

We use two NSBH models, a frequency-domain phenomen-
ological model IMRPhenomNSBH (Thompson et al. 2020a) and a
frequency-domain EOB surrogate model SEOBNRv4_ROM_
NRTidalv2_NSBH (Matas et al. 2020). IMRPhenomNSBH uses
the BBH models IMRPhenomC (Santamaria et al. 2010) and
IMRPhenomD (Husa et al. 2016; Khan et al. 2016) as baselines
for the amplitude and phase, respectively, incorporating correc-
tions to the phase due to tidal effects following the NRTidal
model (Dietrich et al. 2017, 2019a, 2019b) and to the amplitude
following Pannarale et al. (2013, 2015). SEOBNRv4_ROM_NR-
Tidalv2_NSBH uses the SEOBNRv4 BBH model as a baseline
(Bohé et al. 2017) and applies the same corrections to account for
tidal deformability and disruption as IMRPhenomNSBH but is

Table 4
Summary of Parameter Estimation Analysis Choices for GW230529, and the Physical Content of Each Waveform Model Used

Waveform Model Precession Higher Multipoles Tides Disruption Spin Prior

IMRPhenomNSBH v v X1 < 0.50, x, <0.05
IMRPhenomPv2_NRTidalv2 v v x1 < 0.99, x» < 0.05
IMRPhenomXPHM v x1 < 0.99, x> <0.99
SEOBNRvS5PHM v x1 < 0.99, x2 <0.99
SEOBNRv4_ROM_NRTidalv2_NSBH . v v x1 < 0.90, x2 < 0.05
IMRPhenomXPHM v x1 < 0.99, x» < 0.05
IMRPhenomXP v x1 < 0.99, x» <0.99
IMRPhenomXHM X1 < 0.99, x, <0.99
IMRPhenomXAS X1 < 0.99, x, <0.99
IMRPhenomXAS x1 < 0.50, x2 < 0.05
IMRPhenomPv2_NRTidalv2 v v X1 < 0.05, x» < 0.05
IMRPhenomXPHM v x1 < 0.05, x» < 0.05
SEOBNRv5PHM v X1 < 0.99, x» < 0.05

Note. Here tides refers to modeling of neutron star tidal deformability and disruption when tidal forces overcome the self-gravity of the neutron star. The spin prior

denotes any restrictions on the spin magnitude of the binary components.
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Figure 12. The two-dimensional g—x. posterior probability distributions for GW230529 using various BBH, NSBH, and BNS signal models. The vertical dotted
lines indicate primary masses that have been mapped to the mass ratio given the median chirp mass estimated from the IMRPhenomXPHM high-spin analysis.

additionally calibrated against numerical relativity (NR) simula-
tions of NSBH mergers (Kyutoku et al. 2010, 2011; Foucart et al.
2013, 2014, 2019). As the NSBH waveform models do not
capture spin-induced orbital precession, we analyze GW230529
with the aligned-spin BBH waveform models IMRPhenomXAS
(Pratten et al. 2020), which only contains the dominant harmonic,
and IMRPhenomXHM (Garcia-Quirés et al. 2020), which
includes higher-order multipole moments. Models for NSBH
binaries that contain both higher-order multipole moments and
precession are under active development (Gonzalez et al. 2023)
and could potentially allow for a more consistent model selection
between the different source categories.

Given that the mass of the primary overlaps with current
estimates of the maximum known neutron star mass (Landry &
Read 2021; Romani et al. 2022), we also analyze GW230529
with a BNS waveform model that allows for tidal interactions on
both the primary and the secondary components of the binary.
We use IMRPhenomPv2_NRTidalv2 (Dietrich et al. 2019a),
which adds a model for the tidal phase that is calibrated against
both EOB and NR simulations to the underlying precessing-spin
point-particle waveform model IMRPhenomPv2 (Hannam et al.
2014). A limitation is that IMRPhenomPv2_NRTidalv2 is
calibrated against a suite of equal-mass, nonspinning BNS NR
simulations, where the maximum neutron star mass is only
1.372 M,,. Nevertheless, the model has been validated against a
catalog of EOB-NR hybrid waveforms that includes asymmetric
configurations and heavier neutron star masses (Dietrich et al.
2019a; Abac et al. 2024). Because of large uncertainties in BNS
postmerger waveform modeling, IMRPhenomPv2_NRTidalv2
includes an amplitude taper from 1 to 1.2 times the estimated
merger frequency (Dietrich et al. 2019b). The resulting suppres-
sion of S/N at these frequencies may be responsible for the
posterior differences between IMRPhenomPv2_NRTidalv2 and
the BBH and NSBH waveform models we consider (Figure 12).
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From the mass estimates alone, the secondary object is
consistent with being a neutron star. As such, we follow earlier
analyses and analyze GW230529 with two spin priors (Abbott
et al. 2021a): an agnostic high-spin prior and an astrophysically
motivated low-spin prior. The high-spin prior assumes that the
spins on both objects are isotropically oriented and have
dimensionless spin magnitudes that are uniformly distributed
up to X1, X2 < 0.99. The low-spin prior, on the other hand, is
inspired by the extrapolated maximum spin observed in
Galactic BNSs that will merge within a Hubble time (Burgay
et al. 2003; Stovall et al. 2018) and restricts the spin magnitude
of the secondary to be x, < 0.05 while keeping x; < 0.99. As
the nature of the primary as a black hole or neutron star is
uncertain, we also use a third choice of prior where both spins
are restricted to xq, X2 < 0.05 for the IMRPhenomPv2_NRTi-
dalv2 and IMRPhenomXPHM waveform models (rows 11 and
12 of Table 4, respectively). The purpose of using multiple
priors is to help gauge whether astrophysical assumptions on
the neutron star spin impact any of the statements on the
probability that the primary object lies in the lower mass gap.
In Figure 12, we show the impact of waveform systematics and
prior assumptions on the strongly correlated mass ratio
effective inspiral spin distribution.

The degree to which a given waveform model under certain
assumptions matches the data can be gauged using the Bayes
factor. However, Bayes factors penalize extra degrees of
freedom in models that do not improve the fit when those extra
degrees of freedom are constrained by the data (Mackay 2003).
We find no significant preference (log,, 8 < 0.5) between the
high-spin and low-spin prior on the secondary; we similarly do
not find a statistical preference for or against the effects of
precession, higher-order multipole moments, or tidal deforma-
tion or disruption of the secondary object.
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Appendix E
Additional Source Properties

E.1. Component Spins and Precession

Assuming a high-spin prior, the posteriors for the primary
spin magnitude are only weakly informative, disfavoring zero
and extremal spins with y; = 0.07-0.85. For the secondary, the
posteriors are even less informative. Under the low-spin prior,
the primary spin magnitude posterior is peaked at slightly
higher values, with zero and extremal spins being disfavored
to a larger degree, x; =0.10-0.84. The secondary spin is
completely uninformative over the restricted range of spin
magnitudes. The joint two-dimensional posterior probability
distribution of the dimensionless spin magnitude and the spin
tilt are shown in Figure 13. Regions of high (low) probability
are denoted by a darker (lighter) shade.

When the spins are misaligned with the orbital angular
momentum, relativistic spin—orbit and spin—spin couplings
drive the evolution of the orbital plane and the spins
themselves (Apostolatos et al. 1994; Kidder 1995). The
leading-order effect can be captured by an effective precession
spin parameter, 0 < X, < 1, which approximately measures the
degree of in-plane spin and can be used to parameterize the rate
of precession of the orbital plane (Schmidt et al. 2015)

3+ 4q
4 + 3q

X, = max [X1 sin 6, ( )q X, sin 92]. (E1)

We find the constraints on X, to be uninformative, and we are
not able to make any significant statements on precession. The
uninformative nature of these results is corroborated by the
Bayes factor between the precessing and nonprecessing
phenomenological waveform models, log,, Bk = 0.22.

o06

o08T o081

Figure 13. Two-dimensional posterior probability distributions for the spin
magnitude x; and the spin-tilt angle 6; for the primary (left) and secondary
(right) compact objects at a reference frequency of 20 Hz. A spin-tilt angle of
0° (180°) indicates a spin that is perfectly aligned (antialigned) with the orbital
angular momentum L. The pixels have equal prior probability, and shading
denotes the posterior probability of each pixel of the high-spin prior analysis,
after marginalizing over azimuthal angles. The solid (dashed) contours denote
the 90% credible region for the high-spin (low-spin) prior analyses. The
probability distributions are marginalized over the azimuthal spin angles.
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E.2. Source Location and Distance

As GW230529 was a single-detector observation, the sky
localization is poor and covers a sky area of ~24,100 deg*
at the 90% credible level. The luminosity distance is inferred
to be Dy = 201322 Mpc, corresponding to a redshift of
z = 0.047093 computed using the Planck 2015 cosmological
parameters (Ade et al. 2016). The luminosity distance has a
degeneracy with the inclination angle of the binary’s total
angular momentum with respect to the line of sight, Oy (e.g.,
Cutler & Flanagan 1994; Nissanke et al. 2010; Aasi et al. 2013;
Vitale & Chen 2018). The posterior distribution on 6yy is
broadly unconstrained, showing no preference for a total
angular momentum vector that is pointed toward or away from
the line of sight.

E.3. Tidal Deformability
The tidal deformability of a neutron star is defined by

2

A= 5/c2R5, (E2)

where k; is the gravitational Love number of the object and R is
its radius (Damour et al. 1992; Mora & Will 2004; Flanagan &
Hinderer 2008; Damour & Nagar 2009). However, it is often
convenient to introduce a dimensionless tidal deformability

2
A = % == gkzc 5, (E3)
where C=m/R is the compactness of the neutron star in
geometrized units.

Using the IMRPhenomPv2_NRTidalv2 model, which allows
for tidal deformability on both objects but does not model tidal
disruption, we infer A; < 1462 at 90% credibility with the
X1 < 0.99, x> < 0.05 spin prior; the posterior peaks at A; =0.
We do not constrain A, relative to the prior. Constraints on the
tidal deformability A of both components of GW230529 are
shown in Figure 14. We also show the tidal deformability
predicted by the A(m) relation of the specific neutron star EOS
model BSK24 (Goriely et al. 2013; Pearson et al. 2018)
weighted by the m, posterior distribution. BSK24 is chosen as
an illustrative EOS that is thermodynamically consistent and
falls within the range of support of constraints from nuclear
physics and astrophysics, including GW170817 (Perot et al.
2019). Even under the assumption that the EOS is known
(BSK24), A, is not well constrained, due to the relatively wide
my posterior. The A, prediction of the set of GP-EOS
constraints (red; Section 6) is consistent with both the inferred
value of A, (green solid) and the BSK24 value of A, (navy).
In addition to the tidal deformability posteriors, we use
two distinct likelihood interpolation schemes (Landry &
Essick 2019; Ray et al. 2023a) to directly constrain the neutron
star EOS using both spectral (Lindblom 2010; Lindblom &
Indik 2012, 2014) and GP (Landry & Essick 2019; Essick et al.
2020b) representations. Both methods incorporate consistency
with the observed heavy pulsars PSR J0740+4-6620 (Fonseca
et al. 2021) and PSR J03484-0432 (Antoniadis et al. 2013) as
priors on the EOS and enforce thermodynamic stability and
causality. Unlike other analyses where the GP representations
are conditioned on both GW and pulsar data, here we only
include the pulsar constraints in the prior, in order to
distinguish the EOS information provided by GW230529
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Figure 14. Constraints on dimensionless tidal deformability A for the primary
(green dashed) and secondary (green solid) components of GW230529. We
also show tidal deformabilities predicted for the secondary object under the
BSK24 neutron star EOS (navy; Goriely et al. 2013; Pearson et al. 2018; Perot
et al. 2019) and constraints obtained from BNS and pulsar observations using
the GP model (GP-EOS; red).

alone. These direct EOS inferences are also uninformative,
returning their respective priors.

Appendix F
Testing General Relativity

We perform several analyses to verify whether GW230529 is
consistent with general relativity (Sdnger et al. 2024). Specifi-
cally, we perform parameterized tests searching for deviations in
the PN coefficients that determine the phase evolution of the GW
signal (Blanchet & Sathyaprakash 1994, 1995; Arun et al.
2006b, 2006a; Yunes & Pretorius 2009; Mishra et al. 2010; Li
et al. 2012a, 2012b). We search for parametric deviations to the
GW inspiral phasing applied to the frequency-domain waveform
models IMRPhenomXP_NRTidalv2 (Colleoni et al. 2023) and
IMRPhenomXPHM (Garcia-Quirds et al. 2020; Pratten et al.
2020, 2021) using the TIGER framework (Agathos et al. 2014;
Meidam et al. 2018) and SEOBNRv4_ROM_NRTidalv2_NSBH
(Matas et al. 2020) and SEOBNRv4HM_ROM (Bohé et al.
2017; Cotesta et al. 2018, 2020) using the FTI framework (Mehta
et al. 2023a). These waveform models each capture different
physical effects (precession, higher-order multipole moments,
and neutron star tidal deformability) to determine whether their
absence in the model leads to inferred inconsistencies with
general relativity.

For all waveform models and PN orders whose analyses have
been completed, we find that GW230529 is consistent with
general relativity within the inferred uncertainties on the
deviation parameters. We do not yet include results about OPN
deviations, which are being examined separately owing to
technical issues related to the degeneracy between the OPN
deviation parameter and the chirp mass (Payne et al. 2023). The
constraints obtained at —1PN are an order of magnitude tighter
than previously reported bounds for NSBH and BBH (Abbott
et al. 2021b). The previously reported bounds using GW170817
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remain the tightest constraints on — 1PN deviations obtained with
GWs (Abbott et al. 2019c¢).

Appendix G
Compact Binary Merger Rate Methods

A key component of the event-based rate estimation
described in Section 5 is the sensitive time—volume of our
GW searches. The sensitivities to GW200105-, GW200115-,
and GW230529-like events are computed from O1 through the
first 2 weeks of O4a according to the corresponding mass and
spin posteriors from the IMRPhenomXPHM high-spin analyses
of these signals. The posterior samples chosen for this analysis
are consistent with previous event-based rate estimates
presented for NSBH mergers (Abbott et al. 2021a). Simulated
signals, whose binary parameters are drawn from the mass and
spin posteriors for each signal, are distributed uniformly in
comoving volume and following the other extrinsic parameter
distributions given in Appendix D, and they are added to
simulated detector noise characterized by representative PSDs
for each observing run. The detectability of these injections is
then calculated semianalytically to determine the sensitive
time—volume by calculating network responses to the simulated
signals and applying a threshold on the network optimal S/N of
>10. This choice of threshold was previously tuned to the
results of matched-filter searches (Abbott et al. 2021¢) and is
comparable to threshold statistics calculated for semianalytic
sensitivity estimates (Essick 2023).

For the population-based approach, we estimate the merger
rate of three astrophysical populations (BBH, BNS, and
NSBH) by aggregating triggers found by GSTLAL from Ol
through the first 2 weeks of O4, while accounting for the
possibility that some of these triggers are of terrestrial origin.
Our population analyses do not, however, include data from the
engineering run preceding the start of O4, during which another
NSBH candidate was identified (LIGO Scientific, Virgo, &
KAGRA Collaboration 2023b). As outlined and implemented
in previous LVK results (Abbott et al. 2021a, 2023b), we
construct the joint likelihood on the Poisson parameters of the
astrophysical populations (Agpy, Apns, Ansgn) and of the
terrestrial triggers (Apackerouna; Farr et al. 2015; Kapadia et al.
2020). We then extrapolate the sensitive time—volume to each
astrophysical population ((VI)ggu, (VT)Bns. (VT)nsen)
obtained at the end of O3 (Abbott et al. 2023b) to account
for the additional 2 weeks of observation time during O4
during which GW230529 was detected. Using a uniform prior
on the merger rates R, = A,/(VT),, we infer their posterior
distributions. The three astrophysical populations are defined
by dividing up the space of compact binary component masses
and spins into disjoint regions. We consider all components
with masses between 1 and 3 M to be neutron stars and
assume a maximum dimensionless spin of 0.05 for such
components; all components that are more massive are
assumed to be black holes with a maximum dimensionless
spin of 0.99. The distribution of component masses within each
region is assumed to be a power law in primary mass with
index —2.35 and uniform in secondary mass.

Even though we infer the posterior distributions of the
merger rates of all three populations, we only present Rysgu
given that GW230529 contributes negligibly to Rppy
and RBNS'
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Appendix H
Additional Details of Population Analyses

We use three different models to analyze the population of
compact-object binaries with and without GW230529.

H.1. BINNED GAUSSIAN PROCESS

The BINNED GAUSSIAN PROCESS method models the merger
rate density per log component masses as a piecewise constant
function. By inferring the merger rate density in each bin, we
reconstruct the shape of the CBC mass spectrum up to the
resolution limit imposed by our choice of binning. A GP prior
with an exponential quadratic kernel is imposed on the
logarithmic rate densities to smooth out the inferred shapes
over sparse regions of the parameter space. To assess the
impact of GW230529 on the shape of the CBC mass spectrum,
we use the same bin locations and priors on the GP
hyperparamters as the GWTC-3 analysis (Abbott et al.
2023b). The means (i), correlation length (/), and covariance
amplitude (o) of the GP are drawn from normal, lognormal, and
half-normal priors, respectively. Further details of these priors
are summarized in Table 5.

Unlike more recent implementations of the BINNED GAUS-
SIAN PROCESS model that also fit for the redshift
distribution (Ray et al. 2023b), we assume a redshift distribu-
tion such that the overall merger rate of compact binaries is
uniform in comoving volume and source-frame time. This
facilitates a direct comparison with the findings of the GWTC-3
analysis (Abbott et al. 2023b) and avoids any systematic biases
in BINNED GAUSSIAN PROCESS-based redshift distribution
models originating from the inclusion of low-mass events,
which remains an active area of study. As in previous
analyses (Abbott et al. 2023b; Ray et al. 2023b), we fix the
spin distributions for each component to be isotropic in
direction and uniform in spin magnitude.

H.2. POWER LAW + DIP + BREAK

The POWER LAW + DIP + BREAK model is designed to
search for a separation in masses between neutron stars and
black holes by employing a broken power law with a dip at the
location of the power-law break. The dip is modeled by a notch
filter with depth A, which is fit along with other model
parameters in order to determine the existence and depth of a
potential mass gap (Farah et al. 2022). A value A=0
corresponds to no gap, whereas A =1 corresponds to zero
merger rate over the interval of the gap, i.e., a maximally deep
gap. POWER LAW + DIP + BREAK also employs a low-pass

Table 5
Summary of BINNED GAUSSIAN PROCESS Model Parameters (Mandel et al.
2017; Mohite 2022; Ray et al. 2023b)

Parameter Description Prior
N(O, 10
K Mean log % in each bin ¢ )
Gpe 3 yr ' Mg
o Amplitude of the covariance kernel HN(0, 10)
Length scal —
log(l) o ength scale of the covariance N(-0.085, 0.93)
log(M /M)
kernel

Note. Arguments in the priors specify the mean and standard deviation in a
normal (N) or half-normal (HN) distribution.
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filter at high black hole masses to allow for a tapering of the
mass spectrum, which has the effect of adding a smooth second
break to the power law.

The component mass distributions in this model are both fit
by the same broken power law with exponents «; between
Mmin and MEP and «a, between MEY and my,,. The model
additionally includes a power-law pairing function in mass
ratio (Fishbach & Holz 2020), assumed to be the same for all
component masses. The parameters for this mass model are
summarized in Table 6. Like the BINNED GAUSSIAN PROCESS
model, the POWER LAW + DIP + BREAK model additionally
assumes that CBCs are uniformly distributed in comoving
volume and source-frame time and that component spins are
isotropically oriented and uniformly distributed in magnitude.
These assumptions are made for simplicity and consistency
with GWTC-3 analyses (Abbott et al. 2023b). Components
with m < 2.5 M, are limited to spin magnitudes <0.4, while
components with m >2.5 M, can have spin magnitudes up
to 0.99.

H.3. NSBH-POP

The NSBH-POP model (Biscoveanu et al. 2022) is designed to
capture the mass and spin distributions of the NSBH
population. The black hole mass distribution is fit by a
truncated power law, and the conditional mass ratio distribution
p(g|my) is fit by a truncated Gaussian between g,,, = 1 My /my
and g, = min(mys,max/M, 1). The black hole spin magni-
tude distribution is modeled as a Beta distribution (including
singular distributions that peak at the edges of the x; € [0,
0.99] space), while the neutron star spin magnitude distribution
is assumed to be uniform over x, € [0, 0.7] to encapsulate the
effect of the neutron star breakup spin at the mass-shedding
limit (Most et al. 2020a; Shao et al. 2020). We assume that the
redshift distribution is uniform in comoving volume and
source-frame time and that spins are isotropically oriented. The
parameters for this model are summarized in Table 7.

H.4. Population Reweighting

We use the population-level mass and spin distributions
inferred using all three population models to reweight (e.g.,
Payne et al. 2019) the high-spin combined parameter estima-
tion samples from the default priors described in Appendix D
to three different astrophysically motivated priors given by the
one-left-out posterior predictive distributions (Galaudage et al.
2020; Callister 2021; Essick & Fishbach 2021) inferred for
each model. A comparison of the posteriors under the default
and astrophysically motivated priors is shown in Figure 7.

Because of the g—x.; degeneracy, the spin distribution
assumptions also impact the inferred component masses, and
hence classification, for this source. However, the fact that the
BINNED GAUSSIAN PROCESS and NSBH-POP model priors
recover similar mass posteriors indicates that the different spin
distribution assumptions have a subdominant effect compared
to the different mass distribution assumptions.

H.5. Selection Effects

For our population analyses, we account for search selection
bias to measure the underlying astrophysical mass and spin
distributions of the NSBH and CBC populations (Loredo 2004;
Farr 2019; Mandel et al. 2019; Vitale et al. 2020). To estimate
the sensitivity of the searches over the data recorded by the
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Table 6

Summary of POWER LAW + DIP + BREAK Model Parameters (Farah et al. 2022)
Parameter Description Prior
Q) Spectral index for the power law of the mass distribution below M U(-8, 2)
ap Spectral index for the power law of the mass distribution above M5 U(-3,2)
A Lower mass-gap depth U@, 1)
MEY (M) Location of the lower end of the mass gap U(l.4,3)
MES (Mo) Location of the upper end of the mass gap U(34,9)
Now Parameter controlling how the rate tapers at the low end of the mass gap 50
Thigh Parameter controlling how the rate tapers at the high end of the mass gap 50
n Parameter controlling tapering the power law at high black hole mass U(—4, 12)
15} Spectral index for the power law-in-mass ratio pairing function U(-2,7)
Mppin (M) Minimum mass of the mass distribution U, 1.4)
Mmax (M) Maximum mass of the mass distribution U(35, 100)
Ximax.NS Maximum allowed component spin for objects with mass <2.5 M, 0.4
Xmax. BH Maximum allowed component spin for objects with mass >2.5 M, 0.99

Note. Arguments in the Prior column specify the lower and upper bounds of a uniform (U) distribution. The first several entries describe the mass distribution

parameters, and the last two entries describe the spin distribution parameters.

Table 7

Summary of NSBH-POP Model Parameters (Biscoveanu et al. 2022)
Parameter Description Prior
« Black hole mass power-law index U (-4, 12)
mpH,min (M)  Minimum black hole mass U@, 10)
mpH,max (M)  Maximum black hole mass U8, 20)
mns,max (M») ~ Maximum neutron star mass U

(1.97, 2.7)
n Mass ratio mean U(0.1, 0.6)
o Mass ratio standard deviation U(.1, 1)
oy Beta distribution shape parameter (o) for U(0.1, 10)
black hole spin distribution

By Beta distribution shape parameter (3) for U(0.1, 10)

black hole spin distribution

Note. Arguments in the Prior column specify the lower and upper bounds of a
uniform (U) distribution.

detector network across the binary parameter space, we use a
large suite of injections and impose a significance threshold on
the FAR. In contrast to the two methods for calculating merger
rates described in Appendix G, we use the same set of
injections used for GWTC-3 population studies recovered
using matched-filter searches (Abbott et al. 2023b). By using
the combined injection sets from the first three observing
runs (Abbott et al. 2021c), we are effectively assuming that
GW230529 occurred at the end of O3. Without accounting for
the extra time—volume provided by the first 2 weeks of O4, this
introduces a bias in our inferred estimates of the merger rate in
the mass gap (Figure 5), rate of gamma-ray bursts with NSBH
progenitors, and total contribution of NSBH mergers to the
production of heavy elements (Section 7). However, this effect
is negligible given that GW230529 occurred in the first 2
weeks of O4a and the detector sensitivity during this period
was not drastically different from that during O3 (see
Section 2), meaning that the additional time—volume unac-
counted for in the injection sets is small.

To generate samples from the hierarchical likelihood for
our population analyses, we use the DYNESTY nested sampler
(Speagle 2020) as implemented in GWPOPULATION (Talbot et al.
2019) for the POWER LAW + DIP + BREAK and NSBH-POP
analyses and the Hamiltonian Monte Carlo sampler implemented
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in the PYMC package (Salvatier et al. 2016) for the BINNED
GAUSSIAN PROCESS analysis.

Appendix I
Equation of State

To assess the effect of the EOS constraint used for source
classification (Section 6) and calculation of fen-brigh: (Section 7),
we repeat these analyses using GP-EOS constraints additionally
conditioned on NICER observations (Legred et al. 2021, 2022)
of JO030+0451 (Miller et al. 2019; Riley et al. 2019; Vinciguerra
et al. 2024) and JO740+-6620 (Miller et al. 2021; Riley et al.
2021; Salmi et al. 2022, 2023).

We find that including the NICER observations only changes
the source classification results by at most a few percent. This
is because the constraint on the maximum neutron star mass
used in the source classification analysis is primarily driven by
the observation of massive pulsars. Changing the information
included within the EOS constraint leads to a smaller effect
than the choice of astrophysical mass and spin distribution, as
discussed in Section 6.

The inference on the fraction of NSBH systems that may have
EM counterparts changes more significantly when NICER
observations are included in the EOS constraint. This is because
the GW and pulsar-only results provide much more support for
compact neutron stars, which inhibits the probability that the
neutron star is disrupted and suppresses the probability of an EM
counterpart. The constraints including the NICER observations
favor stiffer EOSs, enhancing the inferred EM-bright fraction,
JEM —bright = 0.13f8_}?, and pulling the posterior peak away
from zero.
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