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Searches for continuous gravitational waves from young supernova remnants
in the early third observing run of Advanced LIGO and Virgo

R. AssotrT,! T. D. ABBOTT,? S. ABRAHAM,® F. ACERNESE,*® K. ACKLEY,® A. ApAMS,” C. ApAMS,® R. X. ADHIKARI,!
V. B. Apva,® C. ArreLDT,'® ! D. AGARWAL,> M. AcaTHOs,'? 3 K. AGATSUMA,' N. AGGARWAL,"” O. D. AGUIAR,'®
L. AreLLo,' " 119 A AN 2 PO AgTH, 2 T. Akutsu,?®2! K. M. ALEMAN,? G. ALLEN,?® A. ALLocca,?”® P. A. ALtiN,®
A. AMATO,® S. ANAND,! A. ANANYEVA,' S. B. ANDERSON,! W. G. ANDERSON,?” M. ANDO,*"3! S. V. ANGELOVA,*

S. AnsoLpr,®# J. M. ANTELIS,” S. ANTIER,* S. ApPERT,! Kova ARAL®" Koir ARAL' Y. ARAL®" S. Arakr,™®
A. ArRAYA,* M. C. ArRAYA,' J. S. AREEDA,?” M. ArENE,*® N. Arrromr,*® N. ArNaUD,*** S, M. ARONSON,*?

K. G. ARUN,®® H. Asapa,* Y. AsaLr,® G. AsuToN,® Y. As0,%47 S. M. AstoN,® P. AsToNE,*® F. AuBIN,*

P. Aurmuts,'®!! K. AULTONEAL,*® C. AusTIN,? S. BABAK,*® F. BADARACCO,'™ ' M. K. M. BADER,” S. Bag,>
Y. BAg,%2 A. M. BAER,” S. BacNasco,”® Y. Bar! L. Batortr,’ J. BARD,*® R. Baspar,® M. BaLr,’® G. BALLARDIN,"
S. W. BALLMER,”” M. BaLs,* A. BaLsamo,” G. Bartus,”® S. BANAGIRL D. BANKAR,® R. S. BANKAR,®
J. C. BARAYOGA,' C. BARBIERL® 162 B, C. Barisy,! D. BARKER,” P. BARNEO,® F. BARONE,%® B. BARR,%

L. BARSOTTLS" M. BARSUGLIA,*® D. BARTA,®® J. BARTLETT,® M. A. BARTON,* % I. BARTOS,*? R. BAssIr,®?

A. BasTr,22 M. Bawaj,”™ J. C. BavyLeEYy,®® A. C. BaYLoR,? M. Bazzan,”>™ B. BEcsy,” V. M. BEDAKIHALE,”

b b 9 b 9 b b
M. BEJGER,”® 1. BELAHCENE,” V. BENEDETTO,”” D. BENIWAL,”® M. G. BENJAMIN,? T. F. BENNETT,”” J. D. BENTLEY,!
M. BENYAALA,*? F. BERGAMIN,'® ! B. K. BERGER,%® S. BErNUzzL,'® D. BERSANETTL®® A. BERTOLINI,?® J. BETZWIESER,®
R. BHANDARE,® A. V. BHANDARI,® D. BHATTACHARJEE, S. BHAUMIK,*? J. BIDLER,?® I. A. BILENKO,® G. BILLINGSLEY,'
9 b b b b 9 b
R. BIRNEY,™ O. BirnHOLTZ,* S. Biscans,' % M. Biscur,® %" S. Biscoveanu,”” A. Bisat,'”!! B. Biswas,?
M. Brrosst, 2 M.-A. Bizouarp,®® J. K. BLACKBURN,! J. BLackMAN,% C. D. BLar,””® D. G. BLar,” R. M. BLAIr,%
F. BosBa,’?2 N. Bopg,!*!! M. Borr,*® G. BoGAERT,*® M. BoLbrIN,*** F. Bonpu,” E. BoniLLa,® R. BONNAND,*
P. Booker,'>!! B. A. Boom,” R. Bork,' V. Boscur,?’ N. Bosg,” S. Bosg,® V. BossiLkov,” V. BoupArt,*®
Y. Bourranals,”®™ A. Bozz1,*! C. Brabascuia,?® P. R. BrRaDpY,? A. BRAMLEY,® A. Branch,® M. BraNcHEs], !5 1
J. E. BrRAU,”® M. BrescH1,'® T. BrianT,”® J. H. Bricas,®® A. BRILLET,®® M. BrRINKMANN,'" ! P. BrRocKILL,?
b b b b b 9 9
A. F. Brooks,' J. BRooks,*! D. D. BRowN,”® S. BRUNETT,! G. BRUNO,”” R. BRUNTZ,” J. BRYANT,* A. BUIKEMA,Y
T. BuLik,” H. J. BuLten,’®% A. Buonanno,'%% 1% R Busciccnio,'* D. Buskuric,? R. L. BYER,* L. Caponarr,'??
M. CAESAR,'® G. CaceNoLL?® C. CAHILLANE," H. W. CaIN III,> J. CALDERON BusTILLO,'** J. D. CALLAGHAN,

T. A. CALLISTER, 1% E. CarLont,>”® J. B. Camp,'%7 M. CaNEPA,!%%8 M. Cannavacciuoro,” K. C. CANNON,?!
H. Ca0,® J. Ca0,'%° Z. Ca0,M% E. Carocasa,?® E. CAPOTE,” G. CARAPELLA,’H 92 F. CarBoGNANLY! J. B. CARLIN,!!!
M. F. CARNEY,* M. CARPINELLL %3 G. CaruLLO,??® T. L. CARVER,” J. CASANUEVA Diaz,* C. CASENTINI, 1P

G. CasTALDLM® S. CAuDILL,™ M7 M. CAvAGLIA,*? F. CAVALIER,’ R. CavaLIERL*! G. CELLA,?® P. CERDA-DURAN,

E. CEsARINL'® W. CHAIBL® K. CHAKRAVARTI,®> B. CHAMPION,'? C.-H. CHaAN,'?° C. CuaN,*! C. L. Cuan,*

M. CHAN,'?' K. CHANDRA,” P. CHANIAL,*' S. CHAO,'® P. CHARLTON,'?? E. A. CHASE,"” E. CHASSANDE-MOTTIN,?

D. CHATTERJEE,” M. CHATURVEDL®' A. CHEN,'™ C. CHEN,'?*!* H. Y. CreN,'? J. CHEN,'® K. CHEN,'? X. CHEN,”"
Y.-B. CHEN,® Y .-R. CHEN,'®* Z. CuEN,'” H. CueNG,*? C. K. CuEoNG,'™ H. Y. CuEuNg,!™ H. Y. CHia,*?

F. CHIADINL 2792 C-Y. CHiaNg,'® R. Cuiericr,'? A. CHINCARINL®® M. L. CHioFaLO,?b? A. CHiummo,* G. Cuo,*°
H. S. CHO,™ S. CHOATE,'” R. K. CHOUDHARY,” S. CHOUDHARY,® N. CHRISTENSEN,®® H. CHU,'*® Q. Cuu,”
Y-K. Cuu,'?® S. Crua,” K. W. CuunGg,'®? G. Cian;,”>™ P. CIeciELAG,” M. CIESLAR,® M. CiraLpy,tt4 115

A. A. CioBaNU,” R. CIoLFL'®* ™ F. C1pr1ANO,*® A. CIRONE,!" % F. CLARA,% E. N. CLARK,™ J. A. CLARK,*?
L. CLARKE,'® P. CLEARWATER,'"' S. CLESSE,"® F. CLEVA,®® E. Coccia,'® ! P.-F. CoHapon,”® D. E. CorEN,

L. CoHneN,> M. CoLLeoNI,'®" C. G. CoLLETTE,'*® M. Corp1,®% C. M. CompTON,%® M. Constancio Jr.,* L. Cont1,™
S. J. CooPER,* P. CorBaAN,® T. R. CorBITT,? I. CORDERO-CARRION,*® S. Corezz1,""'™ K. R. CorLEY,* N. CornisH,”™
D. Correg,* A. CorsL,'® S. CorTESE," C. A. CosTa,'® R. CoTESTA,'™ M. W. CouGHLIN,” S. B. COUGHLIN, '™ 7
J.-P. CouLon,®® S. T. CouNTRYMAN,* B. Cousins,'*! P. Couvargs,' P. B. Covas,’*” D. M. CowarD,”

M. J. Cowarr,® D. C. CoyNE,! R. CoyNE,**? J. D. E. CREIGHTON,? T. D. CREIGHTON,'*® A. W. CRISWELL,”

M. CROQUETTE,” S. G. CROWDER,* J. R. CUDELL,”® T. J. CULLEN,? A. CuMmMING,% R. Cummings,®® E. Cuoco, 14520
M. Curyro,”® T. DAL CANTON,'%1%0 G. DALyA,™® A. DaNa,® L. M. DANESHGARANBAJAsTANI,” B. D’ANGELO, %%
S. L. DANILISHIN, 7 S. D’ANTONIO,'® K. DANzZMANN,!% ! C. Darsow-FromMm,'*® A. DasaqupTa,” L. E. H. DATRIER,%
V. DartiLo,™ I. Dave,®! M. Davier,”’ G. S. Davies,'"? 1% D. Davis,! E. J. Daw,'™ R. DEaN,'®” D. DEBRaA,%®
M. DEENADAYALAN,? J. DEGALLAIX,'® M. DE LAURENTIS,?”® S. DELEGLISE,” V. DEL Favero,''® F. DE LiLLo,%"

N. DE LiLLo,’® W. DEL Pozzo,2%?° L. M. DEMAaRcHL ' F. DE MatTTEIs,**1® V. D’EmiLio,!” N. DEmos,*” T. DeNT,'*
A. DEPassg,”” R. DE PieTRL %% R. DE Rosa,’™® C. DE Ross,*' R. DESALvO,!'® R. DE SIMONE,'?” S. DHURANDHAR,?
M. C. Diaz,'*3 M. Diaz-Orriz JRr.,*> N. A. Dip10,%” T. DieTrICH,'” L. D1 FioRE,” C. DI FrRONZO,* C. DI GI0RGIO,*??
F. D1 Girovanng,'*® T. D1 GiroLamo,?”® A. D1 Liero,?'® B. Ding,®® S. D1 Pacg,”®* 1. D1 PaLma,’ 48
F. D1 RENZO,2?% A. K. DivakARLA,"? A. DMITRIEV,' Z. DoCTOR,*® L. D’ONOFRIO,?"® F. DoNovaN,’” K. L. DoOLEY, "
S. DoravarlL?® I. DorrINGTON,!” M. DrAGO,*® 1 J. C. DriGGERS,® Y. Dror1,! Z. Du,'® J.-G. Ducoin,* P. DupEJ,%
O. DURANTE,”"?2 D. D’Urso,'? 3 P._A. DuvERNE,*’ S. E. DwYER,* P. J. EASTER,® M. EBERSOLD,"”® G. EppoLLs,%

118

2105.11641v1 [astro-ph.HE] 25 May 2021

arxXiv



ABBOTT ET AL.

B. EDEL 56
) MAN,” T 1,151
M. EISENMANN 497R A BE Epo,™™ O EDY7150 A. EFF s
D. ESTEVEZ 156 Z’ ETI.E ’ g?ENSTEIva A. EjLL1 17.Y ELER7 S. EGUCHI'ul J. EICHHOL 9
b . N . . 30 ? . B
S. FAIRHURST,'” X NIE’ o0 ErzeL,' M. Evaxs,® TNO1\I>[/IOTO’ L. ErRrICO,7" R CZ7ES' > %EKENBERRY,“
E. J. FAUCHO’N—J ! AIII% * A. M. FARAH," S 7FA : '£VANS>8 B. E. EwING 141 V ssick,'® H. ESTELLES,""
E. FE 68,16 ONEs,”" M. Fa \RAH, ™ 5. FARINON,™ B. 56 i . FAFONE, !/ 11218 ’
NYVESLS 190 D 1. FERG 102VATA’ M. FAvs.SS DL M. F ARR,” W. M. FaRg,'%>1% N J H. FaIr,”
P. FIGURA.%® - USON A 2 . Fazio,'™ ) . W. F 6
: rA,% 1. FioR1,* ’ . FERNANDEZ- 67 1% J. Ferenr,! W FARROW
E. FLODEN,” ERIf? M. E‘ISHBACH,”' 15 R. P FIC;SLIAI;IA’ I. FERRANTE,?!?0 71“1\11; 1\111‘. FEJER,”™ F. FENG 56
. 5 . . . ’ . . ’
S. FRASCA %8 | LyNN,? H. Fong,* J. A ER, R. FITTIPALDI 161,92 ERREIRA,'® F. FIDECARO,?! %
5 . Frascont.?’ C ) . A. FonT, 118163 B ) V. FIUMARA 16292 ARO,™™
G. G. FroNZE,® Y ; 1'67FREDERICK7165 Z FR];I 146 . FornAL,'™ P. W. F. Fo ' R. FLAMINIO, 2
A e [FJUJII, Y. Fusikawa, '™ M. Fu A. FRE%ISE,]66 R. FrEY, P ;SYTH» A. FRANKE,#
. 1 ) . 37 . 67
D. GANAPATH7 o . GADRE,'! S. M. GAEBEL," KUNAGA,”" M. FUKUSHI]\/;A 24 RITSCHEL,"” V. V. FROLOV,”
C. Garct v, A. GaNGULY,* EL,' J. R. GAR,'" 4 P.Fuwpa,” M )
. GARCIA-QUIRGS,PT F. G SULY, D. Gr0,' S. G. G R J. GA1s,'" S. GaL s FYFFE,®
O -GEARUFI, B, GATELEY,% S. GA AONKAR,® B. GARAVENTA 50,108 %UDAG& 'R. GamBa,"
SHAON GHOSH,? oy SH.RO RGELY,' P. GEWECKE,'** S GUDIO, lx. GAYATHRL* G 7GE 1602 GARCIA-NUNEZ,%
. P ) . A
K. D. GIARDINAS D RBéNA GHgCiSH’” SOURATH GHOSH HONGE, ABHIRUP. Grosn, "l A G. GEMME,* A. GENNAL?
P. 141 . R. GiBson,™ C. 32 ;7% B. Giacom 60.61.62 1 RCHISMAN GH 171 )
ODWIN E 73 IER,**> M. G 59 AZZO .62 1, OSH
M. G ;' B. Goerz,'™* R. G R’ M. GIester,™ P. Girr,”*! : - Gracorpo,”* ’
. GosseLIN," R. Gouary,* 0ETZ,** N. GOHLKE,* ! RI, F. Gisst,”” J. GL Py J. A. Gramvg,>®
. ’ . . )
P. Grassia,! C GRY’ mB Grace,” A. GRADO 1715 MB' GONCHAROV,® G. éONZALEAI\;ZER’ A. E. GLECKL,”
E. M. GRETARéS “ap AY,% R. Gray,’® G GREC’ o . GRANATA,'®? V. GRAN LI z,> A. GOPAKUMAR,'™
E. GRIMES 35 S. J é)N’ Dlg 9RIFFITH71 W GF.{IFFIT 0717 A C. GREEN,Q R. GREEN ﬁTA’ A GRANT’SG S GR/AS 67
5 . . s . . . o
A. R. GUIMARAES,? gIMM’ 964H- GRrOTE,'" S GRU;I;’ H'llgl' Grices,'"” G GRIGNA A7'11\7/£' GRETARSSON,” '
P GupTA T B K. Guixé,™ H. K. Gurar,” H KWALD> 16P~ GRUNING, ™ J. G GNI, ' A. GRIMALDI, 176
S. HAINO,!28 ] . K. Gustarson,' R ’ ~-K. Guo,"" Y. Guo,” - G. GUERRERO,” G. M
0, O. HALIM 181,34 s . GUSTAFSON 178 F s S Uo, ANCHAL GU 1 ’ . . GUuIDI 86,87
C. Hanna, M M. D. H B D. HALLY E. 7. HAMI '17GUZMAN’M4 S. Ha'™ L. H PTA, ANURADHA GupTa, T
’ . D. . L. . . 36
T. HarbwWICK,? K HANNAS%’H?O- A. HANNUKSELA 117?5(31\{64 G. HAMMOND, ™ W -B HAEGigzL’ A. HacIwara,*" 150
B. H : . Hagris 2011722 g 1 ’ ' H. HaN 63 ~B. Han,'®* M. HanEy,' ’ .
. ASKELL,76 R. K. HASSK g o HARMS, 819 (3. M. HARRY.'S? SEN,”” T. J. HANSEN 5 3 H E\g, J. HaNks,%
F. J. Haves,% J. HEAL e’ C.-J. HASTER,” K. HATT ey L W. HARRY,™ D. HARTY Ay T. Haroor,™
F. HELLMAN,'™ P. HELL v, oA HEIDMANN, M. C. H oRl, K. HAuGHIAN,® H. HA WIG, " K. HASEGAWA i
J. Hennig, ' M. H. H o {%'nF' HELMLING- CORNELL N J. Hemze, 't g HE A e * K. Havama,'”
A. S. Hies,™ Y. H ENNIG, " F'. HERNANDEZ VIVA & HEMMING,!! M. HENDRY EINZEL,  H. HEITMANN 55’
A. M. HOL’GADO. 26 E{AIXUNIA’ 9 N. HIRATA.?®> E HI§§O>27NI- HEeurs,'®!! S. HiLp 147 5oI'PS' HENG,” E. HEN;\IES 50
’ . < . ? 3 )
P. Hopkins,'" J HouGw. 6 Horranp,’ I. J. HoLLow ot ! S. Hocuuem, '™ D Ho '1}5121LL’ ® Y. HiMEMOTO, ™
Q-7 : UGH,”® E. J. H 90 S, Z. J. HoL 78 ) FMAN, ** J. N. H ’
. Huang,'? H-Y. Huang,'?® owerr,” C. G. Hov,'” D. H MEs,™ K. Horr,® D. E. H 125 OHMANN, ' **
A.D. H 5 ,°* P. Hu 169 < ,'T D. HoyranD,"* » D. E. Horz,”™ Z. H 190
. D. HupDART, ' : ANG, ™ Y- 1 4 AL Hrer, U ) . HonG
R. HUxroRrD,'"! TRTﬁUy o S’ HuerTa,” B. ﬁUGHES'SsH]gA%G’ 21 Y.-J. Huang,'® ;BI{N HB_H' Esten,” Y. Hsu, 2
H. INCH P 4o NH-DINH,® S. IDE,'?? ) . C. Y. Hur,™! ’ -~-W. HuANG,”" M - ’ 6
: AUSPE,"? C. 1 . S. Ipg, ™ B. 1 9 L' V. Hur,® ANG,”” M. T. HUBNER,"
. INGRAM,"™® i . IpzKkowsk1,™ A 114,115 0S. Husa, "’ R,
B. R. IYER.2 Y. INOUE, 26 B AL Tmss, 14115 ;" S. H. H 66
. R.IYER,” K. T 198 E,'?% G. INTINI, 48 ) B. IKEN 24 . HUTTNER
A 7. Jan19 K 311\12?102 V. JABERIANHAMEDAN 90LT J » IOKAQ’GM M. Is1,*" K I(;ILJE{F ¥ D, K. INavosir,'”
A C. JENKINS. 132 C J7E Igf)ZJANSSEN&?UO N. N 7JAN’[.‘H ACQMllglg., S. J. JapHAV,'™ S f’ K. ITO;”" Y. IToH 196,197
) . - * . . : )
D. 1. JoNes.2® J. D ON, 1\£ JEUNON,” W. Jia,57 JALUR’ D JARANOWSKL,2' D. J. JADHAV,® A. L. JAMES, !
J. JUNKER710,11’K K'A : JONElsg, P. JonEes," R JOf\IE s Jiang,*”” H.-B. JIN 203,204 (3 ’RARIWALA742 R. JAUME 137
. 5 . )
M. Ka 185 HOTSU, ~ T. KAJ 206 $,% R. J. G. JONKER,* 00— Jouns,” A. W T 90
MizuMmL '®® N, KANDA, 9% 197 1A, M. Kakizaxr,'®! Er,” L. Ju,” K. Jung,'™ - JONES,
D P. Kapasi® S. Ka NDA, S KANDHAS AMY 3 GKI, C. V. KALAGHATCI 7y ung,'™ P. Jung,'
S. KATSANEVAS. ! E ;AT, C. KARATHANASIS,? S. KARK I§2ANG»"1 J. B. KANNER.! Y. KAII%GERA71° B. Kamar,!
T. Ka VAS,” %, BATSAVOUNIDI 67 ’ - KARKL™ R. KA WL Nr e r e Kao, ™ 8. J. K 2"
WASAKI, F. KEFEL 88 5, W. KATZMAN 8 T 90 SHYAP, M. KASPR 1 APADIA,
E. A. Knazanov,** N I%N, D. KerreL,®7 J. S K 20 é(AUR, K. KAWABE,® K KA?}?CK, Wé KASTAUN, 1011
K. Ki2H ) . KHETAN,'" M. KH : ) . KHADKA,% F ! : WAGUCHI TN, KAWALZ28
. 5 . UR! 81 ) . Y. K 83 ’ - IKAWAIL
R. K ’ W. S. KIM7°2 Y-M. K 179 SHEED,”" N. KIJBUN 9 HALILL,> I. KHAN 18,115 ’
IRCHHOFF71‘)"11 1S K P M, C. KIMBALL 15 CHOO, C. Kim 211,202 J ) S. KHAN 17
T. D. KNOWLES 157 E K ISSEL, N. KITA,:SU H. Kita ’ NiQKINIURA7180 P.J KH’\IG 63 M - G KIM7212 J. Kim 213,
. . 95 : . ?
P. KOLITSIDOU. Y 1\’ . NYAZEV7(’7 P. Kocpm 1011 ZAWA, L. KLEYBOLTE,™® ! . KINLEY-HANLON, %6
) 1. KOoLSTEIN,?"” K ? G. KOEKOEK, % 17 ’ S. KLIMENKO,*? )
M. KOROBKO. 148 )  KOMORLS"30 Vv ) Y. KOJiMA.215 2 A. M. KnEE,'™
N ) K. KOTAKE. 2! ) . KONDRASHOV,! ) K. KOKEYAMA,'® i
. V. KrisHNENDU, 'O 1! ;28 M. Kovaram,” v,' A. K. H. Kong,'*! %S, KoLey,”
U, A. KROLAK 218219 Y D. B. Kozak,' C ) a,"”" A. Konros,”'? ’
RAKESH KUMAR.™ J. K K G. KUgan. 1011 | o KozakarL*® R. Kozu,2\ 216 N. KopEr,!!
K. Kusavanacr,™ K. K e Kuns," C. Kuo,'2® Kuer, ' A. Kuvar,™ P. K v Krineee,
C . ) . ]
M. LANDRY.® B. B. La WAK, ™ S. KwaNg,? D. LAGH et Kuo," Y. KuromIva 19?\%“{’ RAHUL KUMAR,”
P D Lasky® M. L NE, R. N. LANG,% J. LAN AL E. LALANDE,?2 T. L Ly 104 KUROYANAGI,??! ’
H K LeEe2” H. M. L AXEN,® A. LA 1 ce, 41 B Lantz,” - L. Lam, ™" A La 88, 22:
. LeE,2? H. M. Leg, 2 H 2ZARINL,' C. LAzZARO,™® ™ NTZ,%° 1. LA Rosa,™ A MBERTS,* 223
M. LEO 23 ’ . W. LEg,*"” 1: ;2™ P, Leact,? 8 X - LARTAUX-V 40
NARDI,”® N. LEROY 0 N ) J. LEE, 0 K. LEE. K17 S. LEAVEY. 011 OLLARD,
T. G. F. LI 104 X ’89 . LETENDRE"‘Q Y. LEVI .6 ; R. LEE,124 7. LEHMANN 10,’11 Y. K. LECOEUCHE 63
< D L7 ,79L1’ C-Y. LN F-K. L, 121;17 J. N. LEVITON.'® A. K. Y v A. LEMAITRE,?*® E I: 25
M . - LINKER, J. N. Lin 66 - LIN, F-L. LIN 190 H 4 " o6 . LI7 B. L1 120 J 1’5 - LEON,
. LLORENS-MONTEA 118 LEY,” T. B. LITTENB 29 .L.LIN,'® L. C.-C g L,"” K. L. L1,'*
cupo,'® R. K. L. Lo,! A. Lo ERG, 'QG. C. Liu,'» J LI[} o LIN,'™ F. LinDE, 22850 ’
. . : 1 ,
; CKWOOD, 30 M. L. LOLLIE 2 L’T LK LIU,z20 X. LIU’QQ
) . . 7
ONDON,”" A. LONGO’231,232



SEARCH FOR GRAVITATIONAL WAVES FROM YOUNG SNRS 3
D. LopEz,'® M. rLORENZINI,lM"HS V. LORIETTE,?? M. LorMAND,® G. Losurpo,? J. D. Loucn,!®!! C. O. Lousto,'*?
G. LovELACE,® H. LUck,'!! D. Lumaca,""*1* A P. LunpGrEN,"™ L.-W. Luo,'? R. Macas,!” M. MACINNIS 67
D. M. M/;OCLEOD,W I. A. O. MACMILLAN," A. MACQUET,*® 1. MAGANA HERNANDEZ,” F. MAGANA—SANDOVAL,é
C. MaGazzU,®® R. M. MAGEE,'! R. MAGGIORE,' E. MAJORANA,®% C. MAKAREM,! I. MAKSIMOVIC,?*® S. MALIAKAL,'
A. MaLik,®' N. Man,%® V. Manpic,” V. Mancano,”® J. L. Manco,?* G. L. MaNsELL,% 67 M. MaNSKE,?
M. M:ANTOXFANI,"” M. MAPELLI,">™ F. MARCHESONL*> ™ M. MARcHIO,?® F. MARION,* Z. MARK,SQ S. MARKA,®
Z. MARKA," C. MARKAKIS,"? A. S. MARKOSYAN,” A. MarkowiTz,' E. MaRros," A. MARQUINA,'™ S. MARSAT,
F. MARTELLL 3" I. W. MARTIN,%® R. M. MARTIN,'” M. MARTINEZ, 2" V. MARTINEZ,®® K. MARTINOVIC, 32
D. V. MarTYNOV,' E. J. MARX,%” H. MASALEHDAN,™® K. Mason,*” E. I\/IASSERA,’H)] A. MasSEROT, ™
T. J. MASSINGER,” M. MAssO-REID,® S. MASTROGIOVANNI,*® A. Matas,'®" M. MATEU-LUCENA,"" F. MATICHARD, " &7
M. MATIUSHECHKINA,'!® ! N. Mavarvara,®” J. J. McCaNN,” R. McCarTHY,” D. E. MOCLELLAND,? P. MoCLINGY, !
S. McCormick,® L. McCULLER,’” G. I. McGHEE,® S. C. McGUIRE,?® C. MclIsaac,'™® J. McIVER 172 3. McManus,’
T. MCRAE,“"rS. T. McWiLLiAmS, ™" D. MEACHER,* M. MEnMET,'” " A. K. MEHTA,'"! A. MeLatos, ! 7
D. A. MEL5§HOR,2° G. MENDELL,*® A. MENENDEZ-VAZQUEZ,?" C. S. MENONI, ' R. A. MERCER,” L. ME7RENI,152
K. MERFELD,”® E. L. MErILH,% J. D. MERRITT,”® M. MERzZOUGUL® S. MESHKOV," * C. MESSENGER,® C. Mgssick,?*!
P. M. MEYERs,""" F. MEYLARN,'" " A Muaske,” A. Miang,'™ "% H. Mrao,"* I. MICHALOLIAKOS,* C. MICHEL 152
Y. MicHIMURA,* H. MIpDDLETON,''! L. MiLaNo,?” A. L. MiLLER,”"*? M. MiLLHOUSE,!'! J. C. Miris,' E. Mo, '8h 3
M. C. MiLovicH-GoFF,” O. MiNAzzoLL®® 27 Y. MINENKOV,'® N. M10,?*® LL. M. MIr,?" A. MisukIN,” C. MisHRA, %
T. MisHra,*” T. MisTRy,'”" S. MITRA,® V. P. MITROFANOV,* G. MITSELMAKHER, "’ R. MITTLEMAN, O. MivAKAwA 'S
A. MryaMoT0,*® Y. Mrvazakr,® K. Mrvo,'® S. Mivokr,'® GeorrreEy Mo,% K. MocusH1,®? S. R. P. MOHAPATRA,"
S. R. MOHI”I;()E,ZQ I. MoLiNA,* M. MoLINA-Ru1z,"®" M. MONDIN,™ M. MONTANL**" C. J. MOORE,"" D. MORARU 63
F. MorawskI,® A. Morg,® C. MORENO,* G. MORENO,* Y. MoORL' S. MoRrISAKL,*"37 Y. MoORIwAKL,'®* B MOURS, %
C. M. Mow-Lowry,"* S. Mozzon,'" F. Muctaccia,”® 4 ARUNAVA MUKHERJEE, 20 % D, MUKHERJEE, 14! ’
SoMA MUKHERJEE,'*> SUBROTO MUKHERJEE,”” N. MUKUND,'"!'" A. MuLLAVEY,” J. MUNCH,”™ E. A. Mufiz,™
P. G. MURRAY,” R. MusenicH,*>'" S, L. Napjr,'”'" K. Nacano,'™ S. Nacano,”! A. NaGar,”**# K. NAKAMURA,
H. NAKANO,?*3 M. NAKANO,*” R. NAKASHIMA,?® Y. NakayaMma,'® 1. NaArRDECCHIA, ! 1P T. NARIKAWA, > 7
L. NaTiccHion,*® B. Navak,” R. K. Navak,?** R. Necisur,'® B. F. New,” J. Newson, "% G. NELEMANS, 245
T. J. N. NEO;?SON,8 M. NERy, " /{}46 Neunzerr,”” K. Y. NG,” S. W. S. NG, C. NGUyeN,” P. NGUYEN,576
T. N(ﬂJYEN, L.I%IGUYEN QUYNH, 6 W.-T. N1, 203169247 g - A NicHors,? A. NisHIzawa,*' S. NIssaNKE, 4820
F. NOCERA, M.24N0H7 M. N(?RMAN,” C. Norrh,'" S. Nozakr,' L. K. NutTaLL,'™ J. OBERLING,” B. D. O’BRIEN,*
Y. OEigCHI, J. O’DELL,"” W. Ocak1” G. OGANEsYAN,'' J. J. O, K. On,'”" S. H. On,” M. Onasnr,'® ’
N. OuisHr,*® M. OH{(SAWA,“’8 F. Oume,'" " H. OnTa,? M. A. OkaDA,'S Y. OkuTant,'®® K. Oxuromr,'® C. OLIVETTO,*!
7K. OOHARA, 911(9]. 0Oo1,* R. (2)2(1]1AM,8 B. O’R]::ILLY,8 R. G. OrmiIsTON,” N. D. OrRMSBY,” L. F. ORTEGA,*? ’
R. O SHAUGHNESSY,S * E. O’SHEA,* S. OsHINO,'™ S. OssokiNg,"” C. OSTHELDER,' S. OTABE,*” D. J. OTTAWAY,™
H. OVERMIE_PE, A. E. Pacg,"! G. PAcan0,?"?° M. A. Pace,” G. PAacLiaroLL'® ! A, Par,® S. A. Par® 7
J. R. PAll:)AMos,‘) 0. PAL/}EESV,HO C. PaLoMmBA,*® K. Pan,'?* P. K. PanDpA,'® H. Panc,' P. T. H. Pang,’% 17
C. PANKOW,S‘%E‘. PANNARALE,”** B. C. PANT,®! F. PAOLETTI,?® A. PaoLl,*t A. PAOLONE,*® 2% A Parist,'?® J. Park,?"
W. PARKER,>?3¢ D. Pascuccr,® A. PasQUALETTL ! R. PassaQuieTs,>?° D. PassureLLo,?® M. PATEL,” B. PATRICELLI 41,20
E. PAYNE,® T. C. PecHSIRL*? M. PEDRAZA,! M. PEGORARO,™ A. PELE,® F. E. PENA ARELLANO,'® S. PENN,2%0
A. PEREGO,!™ 17 A PEREIRA,?® T. PEREIRA,®! C. J. PEREZ,% C. PERrIGOIS, A. PERRECA 175,176 PrrRiis, 2
J. PETERMANN,'® D. PETTERSON,! H. P. PFEIFFER,'"! K. A. Puam,” K. S. PHUKON,50'228?3 0. J. Procinn,
M. PICHOT,giM. PIENDIBENEF{" 20 F. PIERGIOVANNL,®® 87 L. PIERINL? *® V. PIERRO, "2 G. PILLANT,! F. P1L0,2°
L. PIN?SRE, 2 I. M. PiNTO, 92225 B_ ] Prorrzkowsk1,” K. ProTrzkowsk1,”” M. PIRELLO,” M. Prrkin, >
E. Pracin,”® % W. Prastino, 1232 C. PLucHAR,'* R. Poccian,?® E. Pouin,” D. Y. T. Pong,'™ S. PONRATHNAM,®
P. PoproLizio,*! E. K. PORTER,*® J. POWELL,?*> M. PraccHIa,* T. PRADIER,'®® A. K. PRAJAPA7TI775 K. PRASAL™
R. PRASANNAl,llngCG}. PRATTEN, 1T PRESTEGARD,?” M. PrINCIPE, 2292 G. A. Prop1,?%170 T, PROKHOROV,“{
P. l;ROSPOSITO, 1 11443‘ PrupENZL'"" A. PUECHER,”"''" M. PunTURO,” F. PUOSL*"*! P. PUPPO,” M. PURRER,'"!
H. QL'" V. QueTscrkE,'® P. J. QuiNoNez,” R. Quitzow-JaMEs,* F. J. RaaB,” G. RAALIMAKERS,”* " H. RADKINS, %
N. RADULESCO,® P. RAFFAL™® S. X. RaIL,?*? S. Rasa,® C. Rajan,® K. E. RamIREz, ' T. D. RAMIREZ,” 7
A. RaMos-BuaDEs,'?! J. Rana,'"! P. RaracNant,®®*® U. D. Rapor,?” B. RarTo,® V. RAYMOND,' N. Raza,'™
M. RAZZANofo“ J. READ,” L. A. Regs,'™ T. RecimBau,” L. Rer,* S. Rem,* D. H. REITZE L2 b Rerron, !
P. RETTEGNO,?% % F. Ricor,® % C. J. RICHARDSON,* J. W. RICHARDSON,' L. RICHARDSON,134’ P. M. RICKER,®
G. RIEMENSCHNEIDER,?*® % K. RILES;”S M. Ri1zzo,"” N. A. RoBerTsoN," % R. RoBig,! F. RoBINET,"’ A. RoccHr, s
J. A. RocHa,® S. RobRrIGUEZ,? R. D. RODRIGUEZ-S0T0,* L. RoLLaND,*® J. G. RoLLINs,! V. J. Roma, 7
M. ROM/}NELLQIB,M R. Romano,*’ C. L. RoMeL,” A. RomERO,”" I. M. RoMERO-SHAW,® J. H. RomIE,® C. A. RosE,??
D. Rosn\f%Kﬁ,g S. G. R04s0FSKY,26 M. P. Ross,?®® S. Rowan,® S. J. RowLinson,!* SaNTosH Roy,®> SOUMEN ROY,2’59
D. Rozza, " P. Rucar,® K. Ryan,%® S. Sacupev,'*! T. Sapeck1,®® J. SapiQ,'*® N. Saco,%° S. Sarro,?* Y. Sarro,®
K. Sakar* Y. SAKAL™ M. SAKELLARIADOU,'®? Y. SaAkUNO,'® O. S. SavLaFia,52 5160 T, Sarcont,* M. SALEEM,®
F. SALEMIZ;;;‘"”G A. SAI\gIAJDAR,E’O’“? E. J. SancuEgz,! J. H. SancuEZ,? L. E. SancHEZ,' N. SAI\;CHIS—GUAL,%Q’
J. R. SANDQEG}}& A. S/?NUY, 4 T. R. SARAVANAN,®> N. SARIN,® B. Sassoras,'®? H. SaTar1,” B. S. SATHYAPRAKASH, 4117
S. SAToO, 1;1;. SAT0,'% O. SAUTER,*?>* R. L. SAvaGE,% V. SavanT,® T. SawaDA,'% D. SawanT,” H. L. SAWANT,?
S. SAyaH," D. ScuaETZL,! M. SCcHEEL,* J. SCHEUER,'® A. SCHINDLER-TYKA,*? P. ScamipT,' R. SCHNABEL,]487



4 ABBOTT ET AL.

M. SCHNEEWIND,'®!! R. M. S. ScHOFIELD,*® A. ScHONBECK,'®® B. W. Scuurrg,'®!! B. F. Scuurz,'"1% E. Scnwarrz,”

J. ScorT,® S. M. ScorT,” M. SEGLAR-ARROYO,* E. SEIDEL,?® T. SEkicucHL® Y. SEkicucHI,?®® D. SELLERS,®

A. S. SENGUPTA,? N. SENNETT,'”! D. SENTENAC,!! E. G. SE0,'™ V. SEQUINO,*"® A. SERGEEV,?'’ Y. SETYAWATI, " 1!

T. SHAFFER,* M. S. SHAHRIAR,' B. Snawms,'® L. SHa0,'® S. SHARIFL,? A. SHARMA,'® Y P. SHARMA,%! P. SHAWHAN,!?
N. S. SHCHEBLANOV,??® H. SHEN,? S. SHiBAGAKI,'* M. SHikaucHI,*' R. SHiMIZU,?* T. SHIMODA,

30 K. SuimMmoDE,'®
R. SHINK,???> H. SHINKAL?%® T. Suisuipo,*”

A. SnoDA,” D. H. SHOEMAKER,"” D. M. SHOEMAKER,?*! K. SHUKLA,'®"
S. SHYAMSUNDAR, M. SiENIAWSKA,” D. S16G,% L. P. SINGER,'" D. Sineh,'*! N. SineH,” A. SingHa, 14750
A. M. SINTES, " V. Srpara,!'%13 V. SkLIr1s,!” B. J. J. SLAGMOLEN,? T. J. SLAVEN-BLAIR,” J. SMETANA,™
J. R. Smite,?® R. J. E. SMrtH,® S. N. Somara,?” K. Somiva,?®® E. J. Son,*? K. Soni,® S. Soni,? B. Sorazu,®
V. SOrRDINI,'* F. SORRENTINO,% N. SORRENTINO,?"'? H. SoTaNI,?>® R. SouLARD,®® T. SoURADEEP,?"? E. SOWELL,
V. SPaGNUOLO, 7% A P. SPENCER,® M. SPERA,">™ A. K. SRIVASTAVA,” V. SRIVASTAVA,”” K. STAATS,"® C. STACHIE,®®
D. A. STEER,*® J. STEINLECHNER,*"%° S. STEINLECHNER,"*" D. J. STops,* M. STOVER,'% K. A. STRAIN,
L. C. STRANG,'™ G. STRATTA,?**87 A. STRUNK,% R. STURANI,>®! A. L. STUVER,'*® J. SUDBECK,'® S. SUDHAGAR,?
V. SubHIR, R. SucimMoTo,?% 1% H. G. Sun,? T. Z. SUMMERscALEs,?™t H. Sun,” L. Sun,>! S. SuniL,” A. SuUr,™
J. SuresH,*%" P. J. SuTTON,'” TaAKAMASA SuzUK,'®® Tosnikazu Suzukl,®*” B. L. SWINKELS,?® M. J. SzczEPANCZYK,*?
P. Szewcozyk,” M. Tacca,” H. Tacosur,*” S. C. Tarr,% H. Takanasui, > R. TAKAHASHI,?>> A. TAKAMORI,
S. TakANO,* H. TAKEDA,* M. TAKEDA,'® C. TaLBoT,! H. TANAKA,?™ KAzZUYUKI TANAKA,'® KENTA TANAKA,Z™
TAIKI TANAKA,3” TAKAHIRO TANAKA,?® A. J. Tanasuczuk,” S. Tanioka,’® 4" D. B. TANNER,*? D. Tao,! A. Tapia,®
E. N. TaPiA SAN MARTIN,?® E. N. TapiA SAN MARTIN,?® J. D. TassoN,'® S. TeLaDA,*™ R. TENORIO,'"
L. TERKOWSKI,'*® M. TEsT,? M. P. THIRUGNANASAMBANDAM,? M. THOMAS,® P. THOMAS,® J. E. THOMPSON, "

S. R. THonDAPU,®! K. A. THORNE,® E. THRANE,® SHUBHANSHU TIWARI,'%® SrisuTI TIWARI,'™ V. TiwaRrL'” K. ToLAND,%
A. E. ToLLEY," T. TomaRru,? Y. ToMicamL ' T. ToMURA,'®

M. ToNELLL* 2% A. TORRES-FORNE,''® C. I. TORRIE,
I. TosTA E MELO,"'>113 D. TOYRA,® A. TRAPANANTI,?*> ™ F. TrRAvASs0,””%® G. TRAYLOR,® M. C. TRINGALL*!

A. TRIPATHEE,'™ L. TROIANO,?™ %% A. TrROvVATO,*® L. TR02Z0,'® R. J. TRUDEAU,! D. S. TsaL'?® D. Tsar,'?
K. W. TsaNG, 27017 T Tgang,'™ J-S. Tsa0,'" M. Tsg,*” R. Ts0,% K. TsuBono,*® S. TsucHIDA,'® L. Tsukapa,?!
D. Tsuna,® T. Tsutsur,® T. Tsuzukr,? M. Turcons,® D. TUYENBAYEV,'? A. S. UsHL' N. UcHikATA,>
T. UcHIYAMA,™®® R. P. UpaLL,'%%! A. UeDpa,'® T. UEnara,?"?™® K. Ueno,*! G. Ugesuiva,?™ D. UcorLint,*?
C. S. UNNIKRISHNAN,'™ F. UracucHL,* A. L. UrBaN,? T. UsHiBA,'™® S. A. Usman,'® A. C. Utina, 7%
H. VAHLBRUCH,'" ™ G. VAJENTE,! A. VaJPEYL,® G. VALDES,? M. VALENTINL, '™ !0 V. VaLsaN,?® N. vaN BAKEL,”
M. vaN BeuzexkoM,” J. F. J. VAN DEN BRAND,' 79950 ¢ Van DEN Broeck,''”*° D. C. VANDER-HYDE,?’
L. VAN DER ScHAAF,® J. V. vaN HELNINGEN,®7 J. Vanosky,! M. H. P. M. vaN PuTTEN,?! M. VARDARO,?*% 50
A. F. VarGas,'! V. VaArMA,Y M. VasuTH,®® A. VEccH1O,' G. VEDOVATO, J. VEITCH,* P. J. VEITCH,™
K. VENKATESWARA,?? J. VENNEBERG,!”!! G. VENUGOPALAN,! D. VERKINDT,* Y. VERMA,® D. VESKE,” F. VETRANO,
A. VICERE,*S3T A D. VIETS,? V. VILLA-ORTEGA,™® J.-Y. VINET,® S. VITALE,*” T. V0,>” H. Vocca, ™™
E. R. G. voN REu1s,% J. voN WRANGEL,'® ! C. Vorvick,® S. P. VyarcHANIN,® L. E. WADE,'®® M. WADE,'%
K. J. WaAGNER,'Y R. C. WALET,”® M. WALKER,” G. S. WALLACE,*?> L. WALLACE,! S. WaLsH,?® J. Wang,!%?
J. Z. WANG,'™ W. H. WanG,'® R. L. WARD,? J. WARNER,®® M. Was,* T. Wasamv1,>® N. Y. WASHINGTON,!
J. Warcni,'®® B. Weaver,®® L. WeL!'“!" M. WeINErT,'>'! A. J. WEINSTEIN,! R. WEIss,’” C. M. WELLER,**’
F. WELLMANN,'®!! I, WEN,% P. WEsseLs,'® ! J. W. WesTnousg,* K. WeTTE,” J. T. WHELAN,'® D. D. WHITE,?
B. F. WHITING,*? C. WHITTLE,"” D. WILKEN,'" ! D. WiLLiams,% M. J. WiLLiams,® A. R. WiLLiAMSON, '’
J. L. WiLuis,! B. WiLLke,'%!'! D. J. WiLson,® W. WINKLER,'" ! C. C. Wipr,! T. WLODARCZYK,'"! G. WoaN,%
J. WoEHLER,'>!! J. K. WoFrrorD,'* I. C. F. Wong,!™ C. Wu,'* D. S. Wy, H. Wu,'?* 8. Wy, '
D. M. Wysockr,? ¥ L. X1a0,! W-R. XU, T. YamMaDA,?™ H. YAMAMOTO,! KAZUHIRO YAMAMOTO,'®*
KOHEI YAMAMOTO,?™ T. YAMAMOTO,'® K. YAMASHITA,'™ R. YaAMAzAKL'? F. W. Yang,'™ L. Yang, Yanc Yang,*
Y1 Yane,?®? 7. Yang,”® M. J. Yapr,® D. W. YEELEs,!” A. B. YELIKAR,'Y® M. Ying,'? K. Yokocawa,!?®
J. YokoyaMa,*3% T. Yokozawa,'® A. Yoon,” T. YosHioka,'” Hance Yu,* HaocuN YUu,% H. YUzURIHARA,?"
A. ZaDpROZNY,?Y M. ZANOLIN,*® S. ZEIDLER,?®® T. ZeLeENovA,"! J.-P. ZENDRI,”® M. ZEVIN,' M. ZHaN,'® H. Znanc,'?
J. Zuang,” L. Zuang,! R. Zuang,*? T. Zuanc,* C. Zuao,” G. Znao,® Yue Znao,'* Yunane Zuao,? Z. Znou,'
X. J. Znu,® Z.-H. Zuu,'** M. E. ZUucker," %" AND J. ZwEi1zIG!

LLIGO Laboratory, California Institute of Technology, Pasadena, CA 91125, USA
2 Louisiana State University, Baton Rouge, LA 70803, USA
3 Inter- University Centre for Astronomy and Astrophysics, Pune 411007, India
4 Dipartimento di Farmacia, Universita di Salerno, I-84084 Fisciano, Salerno, Italy
S5INFN, Sezione di Napoli, Complesso Universitario di Monte S.Angelo, I-80126 Napoli, Italy
6 02Grav, School of Physics € Astronomy, Monash University, Clayton 3800, Victoria, Australia
7 Christopher Newport University, Newport News, VA 23606, USA
8LIGO Livingston Observatory, Livingston, LA 70754, USA
9 02Grav, Australian National University, Canberra, Australian Capital Territory 0200, Australia
10 Max Planck Institute for Gravitational Physics (Albert Einstein Institute), D-80167 Hannover, Germany
H Leibniz Universitit Hannover, D-30167 Hannover, Germany

12 University of Cambridge, Cambridge CB2 1TN, United Kingdom



SEARCH FOR GRAVITATIONAL WAVES FROM YOUNG SNRS 5

13 Theoretisch- Physikalisches Institut, Friedrich-Schiller-Universitit Jena, D-07743 Jena, Germany
14 University of Birmingham, Birmingham B15 2TT, United Kingdom
15 Center for Interdisciplinary Ezploration & Research in Astrophysics (CIERA), Northwestern University, Evanston, IL 60208, USA
16 Instituto Nacional de Pesquisas Espaciais, 12227-010 Sdo José dos Campos, Sao Paulo, Brazil
17 Gravity Exploration Institute, Cardiff University, Cardiff CF24 3AA, United Kingdom
18 Gran Sasso Science Institute (GSSI), I-67100 L’Aquila, ITtaly
9INFN, Laboratori Nazionali del Gran Sasso, I-67100 Assergi, Italy
20INFN, Sezione di Pisa, I-56127 Pisa, Italy
21 Unjversita di Pisa, I-56127 Pisa, Italy
22 International Centre for Theoretical Sciences, Tata Institute of Fundamental Research, Bengaluru 560089, India
23 Gravitational Wave Science Project, National Astronomical Observatory of Japan (NAOJ), Mitaka City, Tokyo 181-8588, Japan
24 Advanced Technology Center, National Astronomical Observatory of Japan (NAOJ), Mitaka City, Tokyo 181-8588, Japan
25 California State University Fullerton, Fullerton, CA 92831, USA
26 NCSA, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
27 Universita di Napoli “Federico II”, Complesso Universitario di Monte S.Angelo, I-80126 Napoli, Italy
28 Université de Lyon, Université Claude Bernard Lyon 1, CNRS, Institut Lumiére Matiére, F-69622 Villeurbanne, France
29 Unaversity of Wisconsin-Milwaukee, Milwaukee, WI 53201, USA
30 Department of Physics, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
31 Research Center for the Early Universe (RESCEU), The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
328UPA, University of Strathclyde, Glasgow G1 1XQ, United Kingdom
33 Dipartimento di Matematica e Informatica, Universita di Udine, I-38100 Udine, Italy
34INFN, Sezione di Trieste, I-34127 Trieste, Italy
35 Embry-Riddle Aeronautical University, Prescott, AZ 86301, USA
36 Unqversité de Paris, CNRS, Astroparticule et Cosmologie, F-75006 Paris, France
37 Institute for Cosmic Ray Research (ICRR), KAGRA Observatory, The University of Tokyo, Kashiwa City, Chiba 277-8582, Japan
38 Accelerator Laboratory, High Energy Accelerator Research Organization (KEK), Tsukuba City, Ibaraki 305-0801, Japan
39 Barthquake Research Institute, The University of Tokyo, Bunkyo-ku, Tokyo 113-0032, Japan
40 Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
41 Buropean Gravitational Observatory (EGO), I-56021 Cascina, Pisa, Ttaly
42 Ungversity of Florida, Gainesville, FL 32611, USA
43 Chennai Mathematical Institute, Chennai 603103, India
44 Department of Mathematics and Physics, Hirosaki University, Hirosaki City, Aomori 036-8561, Japan
45 Columbia University, New York, NY 10027, USA
46 Kamioka Branch, National Astronomical Observatory of Japan (NAOJ), Kamioka-cho, Hida City, Gifu 506-1205, Japan
47 The Graduate University for Advanced Studies (SOKENDAI), Mitaka City, Tokyo 181-8588, Japan
48 INFN, Sezione di Roma, I-00185 Roma, Italy

49 Univ. Grenoble Alpes, Laboratoire d’Annecy de Physique des Particules (LAPP), Université Savoie Mont Blanc, CNRS/IN2P3,
F-74941 Annecy, France

50 Nikhef, Science Park 105, 1098 XG Amsterdam, Netherlands
51 Korea Institute of Science and Technology Information (KISTI), Yuseong-gu, Daejeon 84141, Korea
52 National Institute for Mathematical Sciences, Daejeon 34047, South Korea
53INFN Sezione di Torino, I-10125 Torino, Italy
54 International College, Osaka University, Toyonaka City, Osaka 560-0043, Japan

55 School of High Energy Accelerator Science, The Graduate University for Advanced Studies (SOKENDAI), Tsukuba City, Ibaraki
305-0801, Japan

56 University of Oregon, Eugene, OR 97403, USA
57 Syracuse University, Syracuse, NY 13244, USA
58 Université de Liége, B-4000 Liége, Belgium
59 University of Minnesota, Minneapolis, MN 55455, USA
60 Unsversita degli Studi di Milano-Bicocca, I-20126 Milano, Italy
SLINFN, Sezione di Milano-Bicocca, 1-20126 Milano, Italy
62 INAF, Osservatorio Astronomico di Brera sede di Merate, I-23807 Merate, Lecco, Italy
63 LIGO Hanford Observatory, Richland, WA 99352, USA
64 Institut de Ciéncies del Cosmos, Universitat de Barcelona, C/ Marti i Franqués 1, Barcelona, 08028, Spain

85 Dipartimento di Medicina, Chirurgia e Odontoiatria “Scuola Medica Salernitana”, Universita di Salerno, I-84081 Baronissi, Salerno,
Ttaly

66 SUPA, University of Glasgow, Glasgow G12 8QQ, United Kingdom



6 ABBOTT ET AL.

8T LIGO Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
68 Wigner RCP, RMKI, H-1121 Budapest, Konkoly Thege Miklés 4t 29-33, Hungary
69 Stanford University, Stanford, CA 94305, USA
"0INFN, Sezione di Perugia, I-06123 Perugia, Italy
1 Universita di Perugia, I-06128 Perugia, Italy
72 Universita di Padova, Dipartimento di Fisica e Astronomia, I-35131 Padova, Italy
7T3INFN, Sezione di Padova, I-85181 Padova, Italy
74 Montana State University, Bozeman, MT 59717, USA
75 Institute for Plasma Research, Bhat, Gandhinagar 382428, India
76 Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, 00-716, Warsaw, Poland
77 Dipartimento di Ingegneria, Universitd del Sannio, I-82100 Benevento, Italy
78 02Grav, University of Adelaide, Adelaide, South Australia 5005, Australia
™ California State University, Los Angeles, 5151 State University Dr, Los Angeles, CA 90032, USA
80 INFN, Sezione di Genova, I-16146 Genova, Italy
81 RRCAT, Indore, Madhya Pradesh 452013, India
82 Missouri University of Science and Technology, Rolla, MO 65409, USA
83 Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia
84 SUPA, University of the West of Scotland, Paisley PA1 2BE, United Kingdom
85 Bar-Ilan University, Ramat Gan, 5290002, Israel
86 Universita degli Studi di Urbino “Carlo Bo”, I-61029 Urbino, Italy
8TINFN, Sezione di Firenze, 1-50019 Sesto Fiorentino, Firenze, Italy
88 Artemis, Université Céte d’Azur, Observatoire de la Céte d’Azur, CNRS, F-06304 Nice, France
89 CaRT, California Institute of Technology, Pasadena, CA 91125, USA
90 02Grav, University of Western Australia, Crawley, Western Australia 6009, Australia
91 Dipartimento di Fisica “E.R. Caianiello”, Universita di Salerno, I-84084 Fisciano, Salerno, Italy
92INFN, Sezione di Napoli, Gruppo Collegato di Salerno, Complesso Universitario di Monte S. Angelo, I-80126 Napoli, Italy
93 Undversita di Roma “La Sapienza”, 1-00185 Roma, Italy
94 Ungv Rennes, CNRS, Institut FOTON - UMRG6082, F-3500 Rennes, France
95 Indian Institute of Technology Bombay, Powai, Mumbai 400 076, India
96 Laboratoire Kastler Brossel, Sorbonne Université, CNRS, ENS-Université PSL, Collége de France, F-75005 Paris, France
97 Université catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
98 Astronomical Observatory Warsaw University, 00-478 Warsaw, Poland
VU University Amsterdam, 1081 HV Amsterdam, Netherlands
100 Unsversity of Maryland, College Park, MD 20742, USA
101 Max Planck Institute for Gravitational Physics (Albert Einstein Institute), D-14476 Potsdam, Germany
102 School of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA
103 Villanova University, 800 Lancaster Ave, Villanova, PA 19085, USA
104 Faculty of Science, Department of Physics, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong
105 Stony Brook University, Stony Brook, NY 11794, USA
106 Center for Computational Astrophysics, Flatiron Institute, New York, NY 10010, USA
107 NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
108 Dipartimento di Fisica, Universita degli Studi di Genova, I-16146 Genova, Italy
109 Tsinghua University, Beijing 100084, China
10 Department of Astronomy, Beijing Normal University, Beijing 100875, China
M1 0zGrav, University of Melbourne, Parkville, Victoria 3010, Australia
112 Ungversita degli Studi di Sassari, I-07100 Sassari, Italy
U3 INFEN, Laboratori Nazionali del Sud, I-95125 Catania, Italy
4 Universita di Roma Tor Vergata, I-00133 Roma, Italy
U5 INFN, Sezione di Roma Tor Vergata, I-00133 Roma, Italy
116 University of Sannio at Benevento, I-82100 Benevento, Italy and INFN, Sezione di Napoli, I-80100 Napoli, Italy
17 nstitute for Gravitational and Subatomic Physics (GRASP), Utrecht University, Princetonplein 1, 3584 CC Utrecht, Netherlands
118 Departamento de Astronomia y Astrofisica, Universitat de Valéncia, E-46100 Burjassot, Valéncia, Spain
119 Rochester Institute of Technology, Rochester, NY 14623, USA
120 National Tsing Hua University, Hsinchu City, 30013 Taiwan, Republic of China
121 Department of Applied Physics, Fukuoka University, Jonan, Fukuoka City, Fukuoka 814-0180, Japan
122 02Grav, Charles Sturt University, Wagga Wagga, New South Wales 2678, Australia
123 Department of Physics, Tamkang University, Danshui Dist., New Taipei City 25137, Taiwan



SEARCH FOR GRAVITATIONAL WAVES FROM YOUNG SNRS 7

124 Department of Physics and Institute of Astronomy, National Tsing Hua University, Hsinchu 30013, Taiwan
125 University of Chicago, Chicago, IL 60637, USA
126 Department of Physics, Center for High Energy and High Field Physics, National Central University, Zhongli District, Taoyuan City
32001, Taiwan
127 Dipartimento di Ingegneria Industriale (DIIN), Universita di Salerno, I-84084 Fisciano, Salerno, Ttaly
128 Institute of Physics, Academia Sinica, Nankang, Taipei 11529, Taiwan

129 Institut de Physique des 2 Infinis de Lyon (IP2I), CNRS/IN2P3, Université de Lyon, Université Claude Bernard Lyon 1, F-69622
Villeurbanne, France

130 Seoul National University, Seoul 08826, South Korea
131 pysan National University, Busan 46241, South Korea
132 King’s College London, University of London, London WC2R 2LS, United Kingdom
I33INAF, Osservatorio Astronomico di Padova, 1-35122 Padova, Italy
134 University of Arizona, Tucson, AZ 85721, USA
135 Rutherford Appleton Laboratory, Didcot OX11 ODE, United Kingdom
136 Université libre de Bruzelles, Avenue Franklin Roosevelt 50 - 1050 Bruzelles, Belgium
137 Universitat de les Illes Balears, IACS—IEEC, E-07122 Palma de Mallorca, Spain
138 Université Libre de Bruxelles, Brussels 1050, Belgium
139 Departamento de Matemdticas, Universitat de Valéncia, E-46100 Burjassot, Valéncia, Spain
140 Tegas Tech University, Lubbock, TX 79409, USA

141 The Pennsylvania State University, University Park, PA 16802, USA

M2 University of Rhode Island, Kingston, RI 02881, USA
143 The University of Texas Rio Grande Valley, Brownsville, TX 78520, USA
144 Bellevue College, Bellevue, WA 98007, USA
145 Scuola Normale Superiore, Piazza dei Cavalieri, 7 - 56126 Pisa, Italy
146 \[TA-ELTE Astrophysics Research Group, Institute of Physics, Eétvés University, Budapest 1117, Hungary
47 Maastricht University, 6200 MD, Maastricht, Netherlands
148 Universitit Hamburg, D-22761 Hamburg, Germany
19 IQFAE, Campus Sur, Universidade de Santiago de Compostela, 15782 Spain
150 University of Portsmouth, Portsmouth, PO1 8FX, United Kingdom
151 The University of Sheffield, Sheffield S10 2TN, United Kingdom

152 Laboratoire des Matériauz Avancés (LMA), Institut de Physique des 2 Infinis (IP2I) de Lyon, CNRS/IN2P3, Université de Lyon,
Université Claude Bernard Lyon 1, F-69622 Villeurbanne, France

153 Dipartimento di Scienze Matematiche, Fisiche e Informatiche, Universita di Parma, 1-43124 Parma, Italy
154 INFN, Sezione di Milano Bicocca, Gruppo Collegato di Parma, 1-43124 Parma, Italy
155 physik-Institut, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
156 Unjuersité de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
157 West Virginia University, Morgantown, WV 26506, USA
158 Montclair State University, Montclair, NJ 07043, USA
159 Colorado State University, Fort Collins, CO 80523, USA
160 Institute for Nuclear Research, Hungarian Academy of Sciences, Bem t’er 18/c, H-4026 Debrecen, Hungary
161 ONR-SPIN, c/o Universita di Salerno, I-84084 Fisciano, Salerno, Italy
162 Scuola di Ingegneria, Universita della Basilicata, I-85100 Potenza, Italy
163 Observatori Astronomic, Universitat de Valéncia, E-46980 Paterna, Valéncia, Spain
164 The University of Utah, Salt Lake City, UT 84112, USA
165 Kenyon College, Gambier, OH 43022, USA
166 Vrije Universiteit Amsterdam, 1081 HV, Amsterdam, Netherlands
167 Department of Astronomy, The University of Tokyo, Mitaka City, Tokyo 181-8588, Japan
168 Faculty of Engineering, Niigata University, Nishi-ku, Niigata City, Niigata 950-2181, Japan
169 State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Innovation Academy for Precision Measurement
Science and Technology (APM), Chinese Academy of Sciences, Xiao Hong Shan, Wuhan 430071, China

170 University of Szeged, Dém tér 9, Szeged 6720, Hungary
171 Universiteit Gent, B-9000 Gent, Belgium
172 University of British Columbia, Vancowver, BC V6T 1Z4, Canada
173 Tata Institute of Fundamental Research, Mumbai 400005, India
T4INAF, Osservatorio Astronomico di Capodimonte, I-80131 Napoli, Italy
175 Universita di Trento, Dipartimento di Fisica, 1-38123 Povo, Trento, Italy
Y76 INFN, Trento Institute for Fundamental Physics and Applications, I-38123 Povo, Trento, Italy



8 ABBOTT ET AL.

17T The University of Mississippi, University, MS 38677, USA
178 University of Michigan, Ann Arbor, MI 48109, USA

179 Department of Physics, School of Natural Science, Ulsan National Institute of Science and Technology (UNIST), Ulju-gun, Ulsan
44919, Korea

180 Applied Research Laboratory, High Energy Accelerator Research Organization (KEK), Tsukuba City, Ibaraki 305-0801, Japan
181 Dipartimento di Fisica, Universita di Trieste, 1-34127 Trieste, Italy
182 Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China
183 American University, Washington, D.C. 20016, USA
184 Fuculty of Science, University of Toyama, Toyama City, Toyama 930-8555, Japan
185 Institute for Cosmic Ray Research (ICRR), KAGRA Observatory, The University of Tokyo, Kamioka-cho, Hida City, Gifu 506-1205,
Japan
186 Carleton College, Northfield, MN 55057, USA
187 Unqversity of California, Berkeley, CA 94720, USA
188 College of Industrial Technology, Nihon University, Narashino City, Chiba 275-8575, Japan
189 Graduate School of Science and Technology, Niigata University, Nishi-ku, Niigata City, Niigata 950-2181, Japan
190 Department of Physics, National Taiwan Normal University, sec. 4, Taipei 116, Taiwan
191 Astronomy € Space Science, Chungnam National University, Yuseong-gu, Daejeon 34134, Korea, Korea
192 Department of Physics and Mathematics, Aoyama Gakuin University, Sagamihara City, Kanagawa 252-5258, Japan
193 Kauli Institute for Astronomy and Astrophysics, Peking University, Haidian District, Beijing 100871, China
194 Yukawa Institute for Theoretical Physics (YITP), Kyoto University, Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan
195 Qraduate School of Science and Engineering, University of Toyama, Toyama City, Toyama 930-8555, Japan
196 Department of Physics, Graduate School of Science, Osaka City University, Sumiyoshi-ku, Osaka City, Osaka 558-8585, Japan

197 Nambu Yoichiro Institute of Theoretical and Experimental Physics (NITEP), Osaka City University, Sumiyoshi-ku, Osaka City, Osaka
558-8585, Japan

198 Institute of Space and Astronautical Science (JAXA), Chuo-ku, Sagamihara City, Kanagawa 252-0222, Japan
199 Directorate of Construction, Services & Estate Management, Mumbai 400094 India
200 Ungversiteit Antwerpen, Prinsstraat 13, 2000 Antwerpen, Belgium
201 Unjversity of Biatystok, 15-424 Bialystok, Poland
202 Department of Physics, Ewha Womans University, Seodaemun-gu, Seoul 03760, Korea
208 National Astronomical Observatories, Chinese Academic of Sciences, Chaoyang District, Beijing, China
204School of Astronomy and Space Science, University of Chinese Academy of Sciences, Chaoyang District, Beijing, China
205 Upgversity of Southampton, Southampton SO17 1BJ, United Kingdom
206 Institute for Cosmic Ray Research (ICRR), The University of Tokyo, Kashiwa City, Chiba 277-8582, Japan
207 Institut de Fisica d’Altes Energies (IFAE), Barcelona Institute of Science and Technology, and ICREA, E-08193 Barcelona, Spain
208 Graduate School of Science and Technology, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8551, Japan
209 Ungversity of Washington Bothell, Bothell, WA 98011, USA
210 nstitute of Applied Physics, Nizhny Novgorod, 603950, Russia
211 Bawha Womans University, Seoul 03760, South Korea
212 Inje University Gimhae, South Gyeongsang 50834, South Korea
213 Department of Physics, Myongji University, Yongin 17058, Korea
214 Korea Astronomy and Space Science Institute (KASI), Yuseong-gu, Daejeon 34055, Korea
215 Department of Physical Science, Hiroshima University, Higashihiroshima City, Hiroshima 903-0213, Japan
216 Bard College, 30 Campus Rd, Annandale-On-Hudson, NY 12504, USA
217 Institute for Cosmic Ray Research (ICRR), Research Center for Cosmic Neutrinos (RCCN), The University of Tokyo, Kamioka-cho,
Hida City, Gifu 506-1205, Japan
218 Institute of Mathematics, Polish Academy of Sciences, 00656 Warsaw, Poland
219 National Center for Nuclear Research, 05-400 Swierk—Otwock, Poland
220 Cornell University, Ithaca, NY 14850, USA
221 [nstitute for Advanced Research, Nagoya University, Furocho, Chikusa-ku, Nagoya City, Aichi 464-8602, Japan
222 Université de Montréal/Polytechnique, Montreal, Quebec H3T 174, Canada
223 Laboratoire Lagrange, Université Céte d’Azur, Observatoire Céte d’Azur, CNRS, F-06304 Nice, France
224 Department of Physics, University of Texas, Austin, TX 78712, USA
225 Department of Physics, Hanyang University, Seoul 04763, Korea
226 NAVIER, Ecole des Ponts, Univ Gustave FEiffel, CNRS, Marne-la-Vallée, France

227 National Center for High-performance computing, National Applied Research Laboratories, Hsinchu Science Park, Hsinchu City
30076, Taiwan

228 Institute for High-Energy Physics, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, Netherlands



SEARCH FOR GRAVITATIONAL WAVES FROM YOUNG SNRS 9

229 NASA Marshall Space Flight Center, Huntsville, AL 35811, USA
230 Unjversity of Washington, Seattle, WA 98195, USA
231 Dipartimento di Matematica e Fisica, Universita degli Studi Roma Tre, I-00146 Roma, Italy
2382INFN, Sezione di Roma Tre, I-00146 Roma, Italy
233 ESPCI, CNRS, F-75005 Paris, France
234 Concordia University Wisconsin, Mequon, WI 53097, USA
235 Ungversita di Camerino, Dipartimento di Fisica, I-62032 Camerino, Italy
236 Southern University and A&M College, Baton Rouge, LA 70813, USA
237 Centre Scientifique de Monaco, 8 quai Antoine Ier, MC-98000, Monaco
238 Institute for Photon Science and Technology, The University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan
239 Indian Institute of Technology Madras, Chennai 600036, India
240 Saha Institute of Nuclear Physics, Bidhannagar, West Bengal 700064, India
241 The Applied Electromagnetic Research Institute, National Institute of Information and Communications Technology (NICT), Koganei
City, Tokyo 184-8795, Japan
242 Institut des Hautes Etudes Scientifiques, F-91440 Bures-sur-Yvette, France
243 Foculty of Law, Ryukoku University, Fushimi-ku, Kyoto City, Kyoto 612-8577, Japan
24 Indian Institute of Science Education and Research, Kolkata, Mohanpur, West Bengal 741252, India
245 Department of Astrophysics/IMAPP, Radboud University Nijmegen, P.O. Box 9010, 6500 GL Nijmegen, Netherlands
246 Department of Physics, University of Notre Dame, Notre Dame, IN 46556, USA
247 Department of Physics, National Tsing Hua University, Hsinchu 30013, Taiwan

248 GRAPPA, Anton Pannckoek Institute for Astronomy and Institute for High-Energy Physics, University of Amsterdam, Science Park
904, 1098 XH Amsterdam, Netherlands

249 Consiglio Nazionale delle Ricerche - Istituto dei Sistemi Complessi, Piazzale Aldo Moro 5, I-00185 Roma, Italy
250 Hobart and William Smith Colleges, Geneva, NY 14456, USA
251 International Institute of Physics, Universidade Federal do Rio Grande do Norte, Natal RN 59078-970, Brazil
252 Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi”, I-00184 Roma, Italy
253 Department of Engineering, University of Sannio, Benevento 82100, Italy
254 [ancaster University, Lancaster LA1 4YW, United Kingdom
255 02Grav, Swinburne University of Technology, Hawthorn VIC 3122, Australia
256 Ungversita di Trento, Dipartimento di Matematica, I-38123 Povo, Trento, Italy
257 Indian Institute of Science Education and Research, Pune, Maharashtra 411008, India
258 Dipartimento di Fisica, Universita degli Studi di Torino, I-10125 Torino, Italy
259 Indian Institute of Technology, Palaj, Gandhinagar, Gujarat 382355, India
260 Department of Physics, Kyoto University, Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan

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

262 Centro de Astrofisica e Gravitagdo (CENTRA), Departamento de Fisica, Instituto Superior Técnico, Universidade de Lisboa,
1049-001 Lisboa, Portugal

263 Marquette University, 11420 W. Clybourn St., Milwaukee, WI 53233, USA
264 Qraduate School of Science and Engineering, Hosei University, Koganei City, Tokyo 184-8584, Japan
265 Faculty of Science, Toho University, Funabashi City, Chiba 274-8510, Japan
266 Fuculty of Information Science and Technology, Osaka Institute of Technology, Hirakata City, Osaka 573-0196, Japan
267 Indian Institute of Technology Hyderabad, Sangareddy, Khandi, Telangana 502285, India

iTHEMS (Interdisciplinary Theoretical and Mathematical Sciences Program), The Institute of Physical and Chemical Research
(RIKEN), Wako, Saitama 351-0198, Japan

269 INAF, Osservatorio di Astrofisica e Scienza dello Spazio, 1-40129 Bologna, Italy

270 Department of Space and Astronautical Science, The Graduate University for Advanced Studies (SOKENDAI), Sagamihara,
Kanagawa 252-5210, Japan

271 Andrews University, Berrien Springs, MI 49104, USA
272 Research Center for Space Science, Advanced Research
273 Institute for Cosmic Ray Research (ICRR), Research Center for Cosmic Neutrinos (RCCN), The University of Tokyo, Kashiwa City,
Chiba 277-8582, Japan
274 National Metrology Institute of Japan, National Institute of Advanced Industrial Science and Technology, Tsukuba City, Ibaraki
305-8568, Japan
275 Dipartimento di Scienze Aziendali - Management and Innovation Systems (DISA-MIS), Universita di Salerno, I-84084 Fisciano,
Salerno, Italy

268

276 Van Swinderen Institute for Particle Physics and Gravity, University of Groningen, Nijenborgh 4, 9747 AG Groningen, Netherlands
277 Department of Communications Engineering, National Defense Academy of Japan, Yokosuka City, Kanagawa 239-8686, Japan



10 ABBOTT ET AL.

278 Department of Physics, University of Florida, Gainesville, FL 32611, USA
279 Department of Information and Management Systems Engineering, Nagaoka University of Technology, Nagaoka City, Niigata
940-2188, Japan
280 Trinity University, San Antonio, TX 78212, USA
281 Department of Physics and Astronomy, Sejong University, Gwangjin-gu, Seoul 143-747, Korea
282 Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan
283 Department of Physics, Rikkyo University, Toshima-ku, Tokyo 171-8501, Japan

(Received 777; Revised 77?7; Accepted 777)

Submitted to ApJ

ABSTRACT

We present results of three wide-band directed searches for continuous gravitational waves from 15
young supernova remnants in the first half of the third Advanced LIGO and Virgo observing run.
We use three search pipelines with distinct signal models and methods of identifying noise artifacts.
Without ephemerides of these sources, the searches are conducted over a frequency band spanning
from 10 Hz to 2 kHz. We find no evidence of continuous gravitational radiation from these sources.
We set upper limits on the intrinsic signal strain at 95% confidence level in sample sub-bands, estimate
the sensitivity in the full band, and derive the corresponding constraints on the fiducial neutron star
ellipticity and r-mode amplitude. The best 95% confidence constraints placed on the signal strain
are 7.7 x 10726 and 7.8 x 10726 near 200 Hz for the supernova remnants G39.2-0.3 and G65.7+1.2,
respectively. The most stringent constraints on the ellipticity and r-mode amplitude reach < 10~7 and
< 1075, respectively, at frequencies above ~ 400 Hz for the closest supernova remnant G266.2-1.2/Vela
Jr.

Keywords: gravitational waves

1. INTRODUCTION

Transient gravitational waves (GWs) from compact binary coalescences (Abbott et al. 2019b, 2020a) have been
directly observed by the Advanced Laser Interferometer Gravitational-Wave Observatory (Advanced LIGO) detec-
tors (Aasi et al. 2015a) and the Advanced Virgo detector (Acernese et al. 2015). Continuous gravitational waves
(CWs) have not yet been detected. The most likely sources of CWs detectable by ground-based interferometers are
non-axisymmetric, rapidly rotating neutron stars. Searches for CWs have been carried out targeting various isolated
sources, including known pulsars with electromagnetic ephemerides (Abbott et al. 2019¢, 2020b), neutron stars with-
out ephemerides in the galactic center or in globular clusters (Piccinni et al. 2020; Aasi et al. 2013; Dergachev et al.
2019; Abbott et al. 2017), neutron stars in binary systems (Abbott et al. 2019d; Zhang et al. 2021; Middleton et al.
2020), and young supernova remnants (SNRs) (Aasi et al. 2015b; Sun et al. 2016; Ming et al. 2019a; Abbott et al.
2019¢; Millhouse et al. 2020; Lindblom & Owen 2020; Papa et al. 2020; Beniwal et al. 2021). Searches have also been
conducted over the whole sky for CWs instead of targeting at a particular direction (Abbott et al. 2019f; Dergachev
& Papa 2020; Steltner et al. 2021; Wette et al. 2021; Covas & Sintes 2020; Abbott et al. 2021). This work searches for
CWs from SNRs in the first half of the third observing run (O3a), which commenced on April 1st, 2019 and ended on
March 27th, 2020 (Buikema et al. 2020; Acernese et al. 2015).

Young neutron stars in SNRs are one potential source of continuous, quasi-monochromatic GWs. If pulsations
are observed in electromagnetic emission from the neutron star, one can search for CWs guided by the ephemerides
obtained from those observations, as in e.g., Abbott et al. (2019¢) and Abbott et al. (2020c). Even so, there is no
guarantee that the GW-emitting quadrupole is phase locked to the electromagnetic pulsations. When there is no phase
locking, search algorithms are needed that can track small (and possibly randomly varying) displacements between
the gravitational and electromagnetic frequencies (Beniwal et al. 2021; Abbott et al. 2019a). If the neutron star does
not pulsate, it may be observed as an X-ray point source, known as a central compact object (Gotthelf et al. 2013). In

* Deceased, August 2020.
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the latter scenario, the maximum GW strain can be inferred from the age of the SNR (Wette et al. 2008; Riles 2013),
as has been done in recent GW searches (Millhouse et al. 2020; Beniwal et al. 2021).

A rotating, non-axisymmetric neutron star has a time-varying mass quadrupole (from the point of view of a distant
observer) and emits GWs at a strain proportional to the stellar ellipticity, which is affected by the nuclear equation
of state, the history of strain build up and diffusion in the crust, and the magnetic field configuration (Glampedakis
& Gualtieri 2018). For an isolated star, young neutron stars may have larger non-axisymmetries than older ones
and consequently may produce stronger GW emissions (Knispel & Allen 2008; Riles 2017). As the star ages, Ohmic
(Haensel et al. 1990), thermal (Gnedin et al. 2001; Potekhin et al. 2015), tectonic, or other relaxation processes work
to reduce the asymmetries introduced in the birth process. Young neutron stars are therefore promising targets for
CW searches. The GW frequency is proportional to the stellar spin frequency f,. For thermoelastic (Ushomirsky et al.
2000; Johnson-McDaniel & Owen 2013a) or magnetic (Cutler 2002; Mastrano et al. 2011; Lasky & Melatos 2013) mass
quadrupoles, the predicted frequency is either f, or 2f,; r-mode current quadrupoles emit at ~ 4f,/3 (Owen et al.
1998; Andersson 1998; Caride et al. 2019), with minor equation-of-state dependent corrections; also, pinned superfluids
in neutron stars may produce CWs at frequencies proportional to f, (Jones 2010; Melatos et al. 2015).

In young, rapidly-rotating neutron stars, f, evolves quickly under the action of gravitational and electromagnetic
torques (Knispel & Allen 2008; Riles 2013). Rapid spin-down in young SNRs creates challenges for traditional CW
search methods, especially over a long observation with duration T,ps = 1yr. Most previous searches for SNRs
have been restricted to short (~ 1 month) stretches of data (e.g. Abadie et al. 2010; Abbott et al. 2019¢), limited
parameter space (e.g. Lindblom & Owen 2020), or have had a high associated computational cost (e.g. Papa et al.
2020; Sun et al. 2016). Accounting for spin down in a coherent search requires a very large number of templates,
which increases computation cost beyond feasibility. Furthermore, f, may wander randomly, a phenomenon known
as spin wandering or timing noise (Hobbs et al. 2010; Shannon & Cordes 2010; Price et al. 2012; Ashton et al. 2015;
Parthasarathy et al. 2019; Namkham et al. 2019; Lower et al. 2020), due to unknown internal or magnetospheric
processes (Cordes & Greenstein 1981; Melatos & Link 2014). One computationally efficient alternative to a coherent
search is a semi-coherent search in which the integration is calculated coherently on blocks of short duration Tt and
added incoherently over the full Tip.

We apply three semi-coherent methods to search for signals from 15 known young SNRs in the data collected in the
first half (six months) of O3: the directed Band-Sampled-Data (BSD) pipeline (Piccinni et al. 2018), based on the
FrequencyHough (FH) transform (Astone et al. 2014a; F. Antonucci and et al. 2008), and the single-harmonic Viterbi
and dual-harmonic Viterbi pipelines, both based on a hidden Markov model (HMM) tracking scheme (Sun et al. 2018,
2019). The two Viterbi methods achieve a lower sensitivity compared to the BSD pipeline, but take into consideration
the uncertainties associated with the star’s stochastic spin evolution, with one of them tracking two harmonics of the
star’s spin frequency simultaneously (Sun et al. 2018, 2019), making the three methods complementary to each other.

The structure of the paper is as follows. In Section 2, we introduce the 15 young SNR targets, listing their location,
estimated age and distance. In Section 3, we briefly describe the interferometric data analyzed. In Section 4, we review
each of the three search methods and the parameter space covered. The strain upper limits, estimated sensitivity,
and astrophysical interpretation are discussed in Section 5. A conclusion is given in Section 6. The postprocessing
procedure applied to the candidates identified in each search is presented in Appendix A. Technical details on the
pipelines are described in Appendix B.

2. TARGETED SOURCES

The target SNRs are selected from the Green supernova catalogue (Green 2019) and the SNReat, an online catalogue
of high-energy galactic SNRs hosted by the University of Manitoba (Ferrand & Safi-Harb 2012; SNR 2020), as SNRs
with X-ray point sources are likely to contain neutron stars. Of the 15 SNRs in Table 1, seven are searched using
all three different pipelines, while the remaining eight are only searched by the single-harmonic Viterbi pipeline. The
characteristic ages of the neutron stars are inferred from the estimated supernova ages listed in the table. In the
three pipelines, we cover parts of different parameter spaces, corresponding to slightly different assumptions of the
characteristic age of the star. See Section 4 for details for each pipeline.

The 15 SNRs were previously searched in the earlier LIGO observing runs, but no CW signal was identified (Abbott
et al. 2019e; Millhouse et al. 2020; Lindblom & Owen 2020; Papa et al. 2020). Additionally, Papa et al. (2020)
performed a follow-up search for sub-threshold candidates obtained in the first observing run of Advanced LIGO
(O1) (Ming et al. 2019Db) for three of the SNRs, Cassiopeia A (Cas A), Vela Jr. and G347.3-0.5, using data collected
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in the second observing run of Advanced LIGO (02), and reported one possible CW candidate in G347.3-0.5. This
fully coherent follow-up search uses two stretches of data in O2 (Teon ~ 4 months each). As indicated in Table 1, only
the single-harmonic Viterbi pipeline (which allows for stochastic spin wandering) searches G347.3-0.5 semi-coherently
using a short Tion. Since the signal-to-noise ratio roughly scales o< T, Clo/hz , the sensitivity presented in Papa et al. (2020)
exceeds that presented here for G347.3-0.5, provided that the signal power leaked into adjacent frequency bins due
to the spin down and spin wandering over the coherent duration is negligible. In addition, the candidate reported in
Papa et al. (2020) was originally identified as a sub-threshold one. Therefore it is not surprising that we do not find a

possible candidate in G347.3-0.5.

Source Age Distance Right ascension Declination References
(yr)  (kpo)  (hms) (")
G18.9-1.1 2.6-6.1 1.6-2.5 18:29:13.1 —12:51:13 Ranasinghe et al. (2019); Shan et al. (2018)
Harrus et al. (2004)
G39.2-0.3/3C 396 3-7.3 6.2-8.5  19:04:04.7 5:27:12 Shan et al. (2018); Su et al. (2010)
Harrus & Slane (1999)
G65.7+1.2/DA 495 7-20 1-5 19:52:17.0 29:25:53  Karpova et al. (2015); Kothes et al. (2008)
G93.3+6.9/DA 530 2.9-7 1.7-3.5 20:52:14.0 55:17:22  Straal & van Leeuwen (2019); Jiang et al. (2007)
Landecker et al. (1999); Foster & Routledge (2003)
G189.1+3.0/1C 443 3-30 1.4-1.9 06:17:05.3 22:21:27  Ambrocio-Cruz et al. (2017); Kargaltsev et al. (2017)
Swartz et al. (2015); Fesen & Kirshner (1980)
G266.2-1.2/Vela Jr. 0.69-5.1 0.2-1  08:52:01.4 —46:17:53 Allen et al. (2014); Liseau et al. (1992)
G353.6-0.7 10-40 3.2-6.1 17:32:03.3 —34:45:18 Klochkov et al. (2015); Fukuda et al. (2014)
Tian et al. (2008)
G1.940.3 0.10-0.26 8.5-10  17:48:46.9 —27:10:16 Reynolds et al. (2008); Roy & Pal (2014)
G15.9+0.2 0.54-5.7 6.0-16.7 18:18:52.1 —15:02:14 Reynolds et al. (2006); Sasaki et al. (2018)
G111.7-2.1/Cas A 0.28-0.35 3.3-3.4  23:23:27.9 58:48:42 Hovaisky & Lequeux (1972); Reed et al. (1995);
van den Bergh (1971); Fesen et al. (2006)
G291.0-0.1/MSH 11-62 1.2-10  3.0-10  11:11:48.6 —60:39:26  Roger et al. (1986); Moffett et al. (2001);
Harrus et al. (2004); Slane et al. (2012)
G330.24+1.0 0.8-9.8 4.9-10 16:01:03.1 —51:33:54 McClure-Griffiths et al. (2001); Park et al. (2009);
Borkowski et al. (2018); Leahy et al. (2020)
G347.3-0.5 0.1-6.8 0.9-6.0 17:13:28.3 —39:49:53 Slane et al. (1999); Wang et al. (1997);

Cassam-Chenai et al. (2004); Lazendic et al. (2003)
Tsuji & Uchiyama (2016)

G350.1-0.3 0.6-2.5 4.5-9.0 17:20:54.5 —37:26:52 Gaensler et al. (2008); Lovchinsky et al. (2011)
Yasumi et al. (2014); Leahy et al. (2020)
G354.440.0 0.1-0.5 58 17:31:27.5 —33:34:12 Roy & Pal (2013)

Table 1. The 15 SNRs covered in this analysis. Sources in the upper half of the table are searched by all three pipelines
described in Section 4. Sources in the bottom half are searched by a single pipeline described in Section 4.2. The ages and
distances listed are consistent with the values used in the previous LIGO analysis (Abbott et al. 2019e).

3. INSTRUMENTAL OVERVIEW AND DATA
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The O3 observing run started on April 1st, 2019 at 15:00 UTC and ended on March 27th, 2020 at 17:00 UTC. For
the search, we use data collected by the two Advanced LIGO detectors in Hanford, Washington (H) and Livingston,
Louisiana (L) and Advanced Virgo in the first half of O3, from the start until October 1st, 2019. This time period is
referred to as “O3a”. The data collected by the two LIGO detectors during the second half of O3 (O3b), starting from
November 1st, 2019 until the end of O3, are used by the BSD pipeline (Section 4.1) and dual-harmonic Viterbi pipeline
(Section 4.3) to cross-check candidates. Data collected by Virgo are only used by the BSD pipeline, which runs the
initial search using individual detectors separately (Section 4.1). In the two Viterbi-based pipelines, the Virgo data are
not used due to the detector’s relatively lower sensitivity, and the two pipelines both operate on all detectors combined.
All three pipelines use data collected when the detectors are in the nominal low-noise observing mode (Davis et al.
2021). The BSD pipeline (Section 4.1) uses low-latency calibrated data (CO0 frames) (Sun et al. 2020) for H and L
detectors and the “online” calibration version for Virgo, after a procedure of removing significant short-duration noise
transients, known as “glitches” (Davis et al. 2021), in the Short Fourier Transform Database (SFDB) (Astone et al.
2005). Tests show that the difference between the C00 data, after glitch removal in SFDB, and glitch gated CO1 frames
is negligible. The two Viterbi pipelines (Sections 4.2 and 4.3) use the high-latency calibrated data (CO1 frames) (Sun
et al. 2020), passed through a procedure of glitch gating (Zweizig & Riles 2020).

4. SEARCH METHODS
4.1. BSD

The BSD directed search pipeline is a hierarchical semi-coherent method based on the FH transform (Astone et al.
2014a; F. Antonucci and et al. 2008). A previous search using the BSD directed search pipeline, pointing to the
Galactic Center in Advanced LIGO O2, was reported in Piccinni et al. (2020). The pipeline descibed in this section is
based on the BSD framework, i.e. a library of functions which allows the user to freely select a subset of the detector
strain data (both in frequency and time domain), starting from a collection of basic files (BSD files) in a special data
format. All the properties of the framework are described in Piccinni et al. (2018), and here we only remind the reader
that the standard format of the BSD files, containing an opportunely down-sampled complex time series, covers a
10-Hz frequency band and ~ 1 month of data. For the purpose of this search, where the actual signal frequency is
unknown, each BSD file is partially corrected for the Doppler modulation in each 1-Hz frequency sub-band using its
central frequency (see Piccinni et al. 2020 for more details). From this partially corrected time series, a collection of
time-frequency peaks (called “peakmaps”) is obtained, by choosing all the local maxima above a given threshold from
equalized spectra (Astone et al. 2005). The equalization is given by the square modulus of the periodogram divided by
the average spectrum. In this way also narrow peaks are kept. This peakmap is the input of the FH transform, which
maps each time-frequency peak into the intrinsic source frequency and spin-down (fo, fo) plane at a given reference
time. The resolution of a single FH map is the size of the bins in the template grid

1
0frn = TonK; (1)
. 1
_ - 2
5fFH TcohTobst'- ) ( )

where T¢on is the coherence time, while T,y is the observational time. The parameters K; and K  are the over-
resolution factors as described in Astone et al. (2014a), here chosen as Ky = 10 and K j = 2. The coherence time
Teon scales with the maximum frequency of the band as 1/v/fmax, and hence the frequency and spin-down bin sizes
in Egs. (1) and (2) change for each 10-Hz band. For a source with age tage, the spin-down range is defined as
— fmax/tage < f < 0.1fmax [tage, Where fuax is the maximum frequency in each 10-Hz band. In this analysis, the
age of the source affects the parameter space investigated, with a wider spin-down range covered when the source is
younger. When possible, we use the youngest age estimate available in the SNRcat catalog (SNR, 2020; Ferrand &
Safi-Harb 2012). On the other hand, according to the age of the source, we can consider the effects of the second order
spin down as negligible or not (a discussion is reported in Appendix B.1). In this search, we investigate a frequency
band of [10,600] Hz for targets with assumed tag. < 3 kyr, and a wider range of [10,1000] Hz for older sources. We
remind the reader of the subtle difference when talking about the source age estimates (which is most of the time
inferred from the SNR age) and the characteristic age of the star (which is unknown because they have no observed
electromagnetic pulsations). The maximum coherence time used is 17.8 hr for the frequency band [10,20] Hz and a
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minimum of 2.5 hr for [990, 1000] Hz. We search both positive and negative f to allow for the possibility of unexpected
spin up. A summary of the parameter space investigated for each source is shown in Table 2.

Source minimum tage (kyr) Teon (hr)  f (Hz) f (Hzs™Y)

(@100 Hz) (@100 Hz)
G65.7+1.2, G189.1+3.0, G266.2-1.2 3 8 [10, 600] [—1.06 x 107°,1.06 x 10719
G353.6-0.7 27 8 [10, 1000] [~1.17 x 107%,1.17 x 107 "]
G18.9-1.1 4.4 8 [10, 1000] [~7.13 x 1071%,7.13 x 107 "]
G39.2-0.3 4.7 8 [10, 1000] [~6.75 x 107'%,6.75 x 10~ "]
G93.3+6.9 5 8 [10, 1000] [—6.34 x 1071°,6.34 x 107"]

Table 2. Sources searched in the BSD analysis (Section 4.1) and the parameter space covered. The coherence time and the
spin-down/up range scale with the maximum frequency in each 10-Hz frequency band. For each source, we report the T¢on and
spin-down/up range used for the frequency band [90, 100] Hz where fmax = 100 Hz.

The first set of candidates is selected from a final FH map, which is the sum of all the single monthly-based FH maps
spanning the same frequency and spin-down ranges. These candidates are independently selected in each detector,
including Virgo, using the ranking procedure of Astone et al. (2014a) where candidates with the highest FH number
count are kept. At a later stage, coincidences are calculated between the candidate sets from the two LIGO detectors

using a coincidence distance defined as
INANAY
d= ( ) = , (3)
5fFH (5pr

where Af and Af are the differences between the candidate parameters in each data set. A candidate is then selected
when the coincidence distance is below a given threshold distance, diy,, in this search chosen equal to 4. The choice of
the window size has been widely discussed in Astone et al. (2014a), using injected simulated signals.

The coincidence step has been applied first to the pair of LIGO candidates. At a later stage, the same coincidence
criterion has been applied between the HL coincident candidates and the most significant Virgo candidates. Candidates
found in triple coincidence were discarded after applying the post-processing methods described in Appendix A.
However, we cannot conclude with certainty that a pair of LIGO candidates are non-astrophysical if they have d < dgy,
but are not seen in Virgo data, because Virgo is less sensitive than LIGO. For this reason we also postprocessed all
the candidates found in coincidence between H and L only.

Surviving candidates are further investigated through a followup process described in Appendix A. Also, we apply
a threshold to the Critical Ratio (CR) pcr, which measures the statistical significance of a candidate based on the
number count associated with the pixel of the FH map where the candidate lies. The threshold pcr,thr is chosen as
the mean pcgr plus one standard deviation of the CR distribution across the candidates excluding those due to known
instrumental lines (Appendix A.1.1) and with an inconsistent significance among the two detectors (Appendix A.1.2).
For the targets G65.74+1.2, G189.1+3.0, and G266.2-1.2, we use pcr,shr = 4.7; for G18.9-1.1 and G93.34+6.9, we use
PCR,thr = 4.6; and for G353.6-0.7 and G39.2-0.3, we use pcr,thr = 4.5. The threshold chosen here is less stringent
than in Piccinni et al. (2020) where the threshold was = 6.5, corresponding to the probability of picking an average
of one false candidate over the total number of points in the parameter space, under the assumption of Gaussian
noise. For this work, a lower CR threshold is picked since we are using some new postprocessing methods, described
in Appendix A, which allow us to followup a higher number of candidates, given the low computational cost of each
step.

4.2. Single-harmonic Viterbi

An HMM is an efficient search algorithm capable of handling both spin down and spin wandering. Previous searches
for young SNRs using an HMM (Sun et al. 2018) were conducted in the Advanced LIGO O2 data, but no evidence for
a GW signal was reported (Millhouse et al. 2020).
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An HMM models a time-varying signal with underlying hidden (i.e. unobservable) parameters by treating the hidden
parameters as links in a Markov chain, with each hidden parameter linked to an observable through a likelihood
statistic. Given an observed sequence, the goal is to infer the most probable hidden sequence. For a set of Np
observations at discrete times {tg,t1,...,tN.—1}, the corresponding discrete states {q(to), q(t1),...,q(tn-—1)} (chosen
from Ng possible hidden states {q1, ..., qn,, }) form a Markov chain with transition probabilities from #; to ¢z defined
by Agq; = Pla(tet1) = gjla(ty) = q;]. For this search, we choose Ay, = Ag1,q; = 1/3 and all other A, =0,
allowing the frequency to remain static or wander up or down one bin for each time step. This allows us to track
both spin down and stochastic spin wandering, which may cause spin up. Strictly speaking, spin down is expected
to be more rapid than spin up due to spin wandering, but the exact values of A, , have minimal effect on the
performance of an HMM, provided they capture the behaviour of the signal in a broad sense (Quinn & Hannan 2001;
Suvorova et al. 2016). We assume a uniform prior over the initial state, i.e. II[g(tg)] = Nél. The observations are
denoted {o(to),0(t1),...,0(tnr—1)} and are connected to ¢(tx) through unknown parameters. We call the probability
of observing o(tx) given some state q(ty) the emission probability Lo, )qct,) = Plo(tx)|q(tx)]. Given some observed
sequence O, we can then infer the most likely hidden sequence @Q* by maximizing

Nr—1

P(@*10) =1g(to)] T] Lottuyatt)Aatt)atteo)- (4)
k=1

The Viterbi algorithm is an efficient implementation of the inference step, using dynamic programming to sample and
discard unfavourable paths at each time-step (Viterbi 1967; Suvorova et al. 2016).

For our purposes, the hidden state is the true GW frequency and the observable is the value of the F-statistic,
calculated coherently over a block of duration T,., and width (in the frequency domain) (27.,,)~!. The F-statistic is
a maximum likelihood filter for a CW signal of frequency f with time derivatives f, f, etc. (for more details on the
F-statistic, please see Jaranowski et al. 1998). In this search, we compute the F-statistic as a function of f only, and

2 , ,
as in Sun et al. 2018), where fi"®* is the maximum f within
0

account for spin down by choosing T, o< ‘ fgnax
Teon, such that the signal should wander by at most one frequency bin per time step.

We choose our parameter space according to the detectability of a potential signal. First, we estimate the maximum
expected GW strain for a neutron star at distance D with characteristic age t.ze and a principle moment of inertia

I, using " "
_ 1kpc 1kyr 1
ha&® =227 x 10724 () ( ) () 5
0 D tage 1038 kg m? (5)

and assuming purely gravitational spin down (Wette et al. 2008). We also estimate the minimum detectable strain
using an analytic estimate of the 95% confidence sensitivity for a semi-coherent search, given by (Sun et al. 2018;
Wette et al. 2008)

hSSt - ®Sn<f)1/2 (TobsTcoh)71/4 ) (6)

where S, (f) is the noise amplitude spectral density. The statistical threshold © is defined by the location in parameter
space and typically lies in the range 30 < © < 40. Following previous studies for CWs with an HMM, we take © = 35
(Sun et al. 2018; Wette et al. 2008). The frequency range for each source is defined by A" < h(®. The parameter
space for each source, including 7., is summarized in Table 3, and the process for defining the parameter space is
described in Appendix B.2.

We split the data into Npana frequency sub-bands of width 2 Hz to ensure loud, non-Gaussian noise artifacts (e.g.
lines) are confined to one sub-band and do not affect the whole analysis. We overlap the frequency sub-bands by
0.57 Hz, ensuring that any signal corresponding to a rapidly spinning down neutron star can always be contained in
a single sub-band.

For each sub-band, we apply the Viterbi algorithm outlined above and obtain Ng frequency paths ending in Ng
different bins with associated likelihoods £. Alternative implementations of Viterbi (including Suvorova et al. 2016
and Sun et al. 2018) used a Viterbi score as their detection statistic (see Section 4.3). This statistic generally requires
Nr <« Ng. Millhouse et al. (2020) demonstrated that this statistic fails to identify an injected (or real) path for
Nr ~ Ng because the score is calculated for the optimal path relative to other paths in the band. If most of the
paths overlap, the optimal path is similar to other paths in the band. In this search, we have a minimum 7., = 1 hr
(Np = 4391, Ng = 14400), which is sufficient for almost one third of Viterbi paths to converge over T,ps and
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consequently lower the sensitivity of the Viterbi score. To maintain the search sensitivity with Ny ~ Ng, we use the
log-likelihood £ as our detection statistic. Using the process outlined in Appendix B.2, we determine the 1% false
alarm threshold for each source and denote the corresponding likelihood Ly},. We follow up all unique frequency paths
with £ > Ly using the procedure described in Appendix A and find no CW candidates which cannot be described by
non-astrophysical noise.

Source Minimum ¢age (kyr) D (kpc) Teon (hours) f (Hz) f (Hz/s)

G1.9+0.3  0.10 8.5 1.0 [31.56,121.7] [—3.858 x 107%,3.858 x 10~ *]
G15.940.2  0.54 8.5 1.0 [44.03,657.1] [—3.858 x 107%,3.858 x 10~°]
G18.9-1.1 44 2 1.9 [31.02,1511] [—1.507 x 10~%,1.507 x 10~°]
G39.2-0.3 3.0 6.2 2.8 [62.02,459.2] [—1.968 x 107%,1.968 x 10~*]
G65.7+1.2 20 15 4.7 [35.10,1128] [—3.149 x 107?,3.149 x 10~
G93.3+6.9 5.0 1.7 1.9 [30.00,1668] [—1.335 x 107%,1.335 x 10~°]
G111.7-2.1  0.30 3.3 1.0 [25.71,365.1] [—3.858 x 107%,3.858 x 10~°]
G189.14+3.0 3.0 1.5 1.4 [26.13,2000] [—1.968 x 107%,1.968 x 10~*]
G266.2-1.2  0.69 0.2 1.0 [18.36,839.6] [—3.858 x 107%,3.858 x 10~ *]
G291.0-0.1 1.2 3.5 1.0 [31.97,1460] [—3.858 x 107%,3.858 x 10~ °]
G330.2+1.0 1.0 5 11 [36.57,1039] [—3.858 x 107%,3.858 x 10~°]
G347.3-05 1.6 0.9 1.0 [21.74,1947] [-3.858 x 107%,3.858 x 10~ *]
G350.1-0.3  0.60 4.5 1.0 [31.96,730.1] [—3.858 x 107%,3.858 x 10~*]
G353.6-0.7 27 3.2 10 [77.86,318.3] [—2.295 x 107%,2.295 x 10~°]
G354.440.0 0.10 5 1.0 [25.72,121.7) [—3.858 x 10%,3.858 x 10~°]

Table 3.  Sources searched in the single-harmonic Viterbi analysis (Section 4.2) and the parameter space covered. The

parameter space for each of the 15 sources is derived using the age and distance estimates in columns two and three.

4.3. Dual-harmonic Viterbi

Methods in Sections 4.1 and 4.2 assume that the star rotates about one of its principal axes of the moment of inertia,
and hence the GWs are emitted at 2f,. This assumption is based on the fact that the phenomenon of free precession
is not clearly observed in the population of known pulsars (Jones 2010). However, the superfluid interior of a star
pinned to the crust along an axis nonaligned with any of its principal axes could allow the star to emit GWs at both
fx and 2f,, even without free precession (Jones 2010; Bejger & Krélak 2014; Melatos et al. 2015). The dual-harmonic
emission mechanism motivates searches combining the two frequency components of a signal to improve signal-to-noise
ratio. The HMM tracking scheme described in Section 4.2 has been extended to track two frequency components
simultaneously (Sun et al. 2019). The signal model considered in this section consists of both f, and 2f, components,
given by (Jaranowski et al. 1998; Sun et al. 2019)

1

hoy = §h0(1 + cos? ) sin? 0 cos 2, (7)

hax = hg cos ¢sin? 0 sin 20, (8)
1

hit= gho sin 2¢ sin 26 sin @, (9)
1

hix :Zho sin ¢ sin 26 cos P, (10)

where ¢ is the inclination angle of the source, 6 is the wobble angle between the star’s rotation axis and its principal
axis of the moment of inertia, and ® is the GW signal phase observed at the detector. In general, when precession
and triaxiality of the star are included, emission occurs at other frequencies too (Zimmermann & Szedenits 1979; Van
Den Broeck 2005; Lasky & Melatos 2013).
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In this analysis, the HMM formulation generally follows the description in Section 4.2, with three major updates.
First, two different coherent times of T¢on = 12 hr and 9 hr are selected for three sources with ¢,z 2 20 kyr and four
sources with t,ge S 5 kyr, respectively. Second, two frequency components are tracked simultaneously. The GW signal
for each frequency component is assumed to be monochromatic over Tco,. The signal power in each frequency bin is
computed by the two-component F-statistic, denoted by Fi(f;)+ Fa2(2f;), where F; and F» are the F-statistic outputs
computed in two separate frequency bands, and f; is the frequency value in the ith bin. We use Af = 1/(4Ton) and
2Af = 1/(2Tcon) as frequency bin sizes when computing F; and Fj, respectively, such that both the f, and 2f,
signal components stay in one bin for each time interval T,,,. Third, we assume that the signal frequency evolution is
dominated by secular spin down, and can be approximated by a negatively biased random walk. The unknown spin-
down rate lies in the range between zero and the maximum estimated spin-down rate and can vary over time. Hence
we use a transition probability matrix Ay, 4, = Agq; = 1/2, with all other entries being zero. The full frequency band
is divided into 1-Hz and 1.5-Hz sub-bands for T,o, = 12 hr and T, = 9 hr, respectively, to parallelize computing. The
detection statistic used in this analysis requires that the number of frequency bins in each sub-band (with bandwidth
B) is significantly larger than the total number of tracking steps (i.e., 2BT¢on > Tobs/Tcon). Thus for Teon = 9 hr, we
choose a 0.5-Hz wider sub-band such that the requirement is satisfied. More details are provided in Appendix B.3.

Seven sources in the top half of Table 1 with an assumed age of t,se 2 3 kyr are searched using this method.
Due to the fact that two frequency bands are combined, this method is susceptible to noise features present in either
band. Coherent times shorter than ~ 5 hr and correspondingly, wider Af, can further degrade the sensitivity. Hence
we do not search the other eight sources with tage < 3 kyr that require a much shorter T¢on. The parameter space
covered for each source is listed in Table 4. The f, range covered in this analysis is hence | f*| € [0,1/(472,)]. The
frequency range is determined as follows. For all seven sources, we fix the minimum frequency at 50 Hz and 100 Hz
for f, and 2f,, respectively. We do not search below 50 Hz because the number of instrumental lines in each 1-Hz
band significantly increases at low frequencies and the optimal Viterbi paths would be dominated by noise artifacts.
The maximum frequency is set by the assumed minimum characteristic age of the source, tage (the second column in
Table 4), assuming | f| = f.(n—1)"'L (Sun et al. 2018; Abbott et al. 2019¢), where n = f, f,/f? is the braking index

: age
with f, being the second time derivative of f,. We assume the spin down of the star is dominated by gravitational
radiation due to a non-zero ellipticity, i.e., n = 5.

Source Minimum tuge (kyr) Teon (hr) fi (Hz)  fo (Hzs™')

G65.7+1.2 20 12 [50, 338] [—1.34 x 10719 ()
G189.14+3.0 20 12 [50, 338] [—1.34 x 10719, 0]
G353.6-0.7 27 12 [50, 457] [—1.34 x 10719 ()
G18.9-1.1 44 9 [50, 132] [—2.38 x 10719 ()
G39.2-0.3 3 9 [50, 90]  [-2.38 x 10719 0]
G93.3+6.9 5 9 [50, 150] [—2.38 x 10719, 0]
G266.2-1.2 5.1 9 [50, 153] [—2.38 x 107'° ()

Table 4. Sources searched in the dual-harmonic Viterbi analysis (Section 4.3) and the parameter space covered.

We use the Viterbi score S as the detection statistic in the dual-harmonic search, which indicates the significance
of the optimal Viterbi path obtained in each sub-band compared to all other paths in that band at the final step of
the tracking. Given that the condition Ny <« Ng is generally satisfied with the choices of T¢on in this method, the
issue described in Section 4.2 with short T.on ~ 1 hr does not happen. The full mathematical definition of S is given
in Sun et al. (2019). We determine a threshold corresponding to 1% false alarm probability Sy, = 5.47 and Sy, = 5.33
for Teon = 12 hr and Tion = 9 hr, respectively, obtained from Monte-Carlo simulations in Gaussian noise and verified
in real O3a data. The results obtained from simulations in O3a interferometric noise are consistent with the Gaussian
noise thresholds.

5. SENSITIVITY AND CONSTRAINTS

A total of 42464, 9236, and 477 first-stage candidates are identified across all SNRs in BSD, single-harmonic Viterbi,
and dual-harmonic Viterbi pipelines. We apply a hierarchical veto procedure (Appendix A.1) to the full population
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and perform dedicated follow-up analyses on 35, 1, and 25 candidates for BSD, single-harmonic Viterbi, and dual-
harmonic Viterbi, respectively (Appendix A.2). No candidate survives from any pipeline. All are consistent with a
non-astrophysical origin. In this section, we present the sensitivity of each pipeline and the constraints obtained from
this analysis.

5.1. BSD constraints

Surviving candidates are all compatible with noise fluctuations and no evidence of their presence is found in Virgo
O3a and/or in the full LIGO O3 data. We compute the constraints on the strain amplitude using a well established
method used in Piccinni et al. (2020) and described in Dreissigacker et al. (2018). The sensitivity curve is obtained
from the 95% confidence level upper limits of 10 randomly selected frequency sub-bands of 1 Hz each for targets in
the [10, 1000] Hz frequency band, and 9 sub-bands for the remaining targets. The h85% in the sub-bands is computed
with the frequentist approach, i.e., injecting 50 signals with a given amplitude hy and computing the corresponding
detection efficiency. The injections are done for each source, assuming the same sky position as the selected source
for each injection. The spin-down and polarization parameters (cost¢ and ) are randomly chosen from their uniform
distributions. We repeat the injections in a given sub-band using 618 values of hg in the interval [1.3x10726, 3x10723].
The detection efficiency for a given amplitude hg is given by the fraction of injections recovered. The actual hg5%
corresponding to a detection efficiency of 0.95 is derived from the sigmoidal fit of the detection efficiency curve versus
the injected amplitude.

Given that the sensitivity to hg is proportional to 1/.Sy (f), which is the noise amplitude spectral density, we compute
the Normalized Upper Limit (NUL), hxur(fi) = h°%(fi)/\/Sn(f:), in each of the randomly chosen sub-bands. We
remark that it is the inverse of the more widely used “sensitivity depth” (Behnke et al. 2015). Since the NUL values
should follow a linear trend, given by the dependence of the coherence time used in each 10 Hz band, we extrapolate
the NUL values of the remaining bands with a linear fit of the NUL versus frequency. In this way we can translate
the NUL values, interpolated from the linear fit for each 1 Hz band, into the h85%( f) curve. The final h85%( f) curve
is then obtained for each detector, by multiplying the NUL values extrapolated from the linear fit in each 1-Hz band
with the corresponding value of /S, (f) in that band, i.e.,

ho*” () = hxun(F)V/Sn(f)- (11)

The sensitivity plots are presented in Figure 1 where we also report the indirect age-based limit from Eq. (5) (solid
line) for each target. The best sensitivity is below the indirect age-based limit for all the sources. In particular for
G65.7+1.2, G189.1+3.0 and G266.2-1.2/Vela Jr., this happens for the full frequency band analyzed, except for the
most disturbed regions, and for all the detectors. The difference in sensitivity among the analyzed targets, is caused
by the different antenna pattern response due to different sky locations of the sources, even when the same coherence
time is used for multiple sources. We present different curves for each detector; the combined hgs%( f) result would
correspond to the one for the less sensitive LIGO detector. The best sensitivity at 95% confidence level occurs at the
Livingston detector at hg =~ 7.8 x 10726 near 200 Hz for G65.7+1.2 and at hg ~ 7.7 x 10726 for G39.2-0.3 in the same
bucket region.

5.2. Single-harmonic Viterbi constraints

We report no evidence of CWs in the single-harmonic Viterbi search. In this section, we estimate the sensitivity
of this search across nine of the fifteen sources. We estimate the sensitivity first using Eq. (6) and assume this is a
reasonable representation of the key parameters determining the sensitivity, i.e. that between sources, the sensitivity
of the search is predominantly determined by T¢on. So we determine the sensitivity for Tyon = 1 hr using G266.2—-1.2
and G347.3-0.5 and assume the variation in sky position for other targets with the same T.o, has a negligible effect
on sensitivity. This assumption has been validated through detailed simulations. For each source we set limits on, we
inject 100 simulated signals with fixed hg, and randomly selected f and fy into five frequency sub-bands, selected at
random from a set of bands with no known lines, and which returned < 2 unique paths with £ > Ly in the original
search. We then apply the Viterbi algorithm to each injection. We repeat this for 5-10 values of hy. Each set of
N; = 100 injections forms a binomial distribution, with each injection and search acting as a Bernoulli trial with
a probability of success (efficiency) p. We infer the value of p given s successes for each hy given using the Wilson
interval (Wilson 1927)

(12)

_ s+ 31— ap/2)? 1—ap/2 s(Nr—s) (1—ap/2)?
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Figure 1. The sensitivity estimate h85% obtained from the BSD search. The dotted curves represent the estimated th’% in the
full band of H, L and V detectors searched by the BSD pipeline (Table 2). The crosses represent the frequentist strain upper
limits at 95% confidence level obtained empirically in the sample sub-bands of 1 Hz. Horizontal lines are the so-called indirect
age-based limit as in Eq. (5). The limit is beaten across the full band also using Virgo data, except for the most disturbed

regions, for G65.74+1.2; G189.14+3.0 and G266.2-1.2/Vela Jr. The remaining curves beat the limit on a limited parameter space
and/or not for every detector.

19



20 ABBOTT ET AL.

where ar is the false alarm probability. For each frequency band, we fit a sigmoid curve (as in Banagiri et al. 2019) to
the set of hg and the corresponding p using the Bayesian inference package Bilby (Ashton et al. 2019) with a uniform
prior over the sigmoid parameters. We sample the posterior and, for each sample, determine the h85% as the hg
corresponding to p = 95%. We take the average h85% of this population to be the 95% frequentist confidence upper
limit in that frequency band. For each frequency band, we calculate a = h85% /h& at the appropriate frequency, where
h&st is estimated by Eq. (6). Lastly, we find the mean a across the five frequency bands and calculate the sensitivity
across the full frequency band as hgs% = ah§", plotted as the curves in Figure 2. We overplot the age-based limit
from Eq. (5) (dashed line) for each target. Our search is more sensitive than the age-based limit for all targets except
G18.9-1.1, G39.2-0.3, G330.24+1.0, and G353.6-0.7, despite G353.6-0.7 having the smallest detectable strain in this
search, 2.64 x 1072% at 172 Hz. The targets with the poorest overall sensitivity (those with short Ti.) place the
tightest constraints relative to the age-based spin-down limit.

The constraints obtained in this search are for a signal model including spin down and spin wandering. The flexible
signal model (including spin down and spin wandering) and the range of fo searched (up to f{,nax =3.9x 1078 Hz/s
for Teon = 1 hr) mean the h85% for this search is less stringent than for the other pipelines in this paper, which use
a different signal model and smaller range of f. For G65.7+1.2, one of the injections at just over 1000 Hz appears to
be on a noise spike despite known noise features being filtered out, however, the scale factor obtained for that band is
consistent with the other four bands tested.

5.3. Dual-harmonic Viterbi constraints

No evidence of CWs is found in the dual-harmonic Viterbi search. We empirically derive the sensitivity by estimating
the signal strain h85% in each frequency sub-band (as a function of f,), such that a signal with hg > th’% can be
detected on 95% or more occasions. Since this pipeline considers a signal model with both f, and 2f, components,
we use f, instead of the GW frequency to avoid confusion. Note that the sensitivity on the strain hg quoted in this
pipeline is based on a different signal model from the other two pipelines [see Eqgs. (7)—(10)]. Here we assume the
special scenario 0 = 45 deg and cost = 0, i.e., signals at both f, and 2f, are linearly polarized. In this scenario,
tracking the two frequency bands simultaneously offers the most significant sensitivity improvement from searching a
single band, compared to other choices of 6 and cos¢ (Sun et al. 2019).

Figure 3 shows hg5% in all sub-bands and a set of frequentist upper limits obtained through injections in a handful
of randomly selected sample sub-bands (orange cross markers). The procedure to produce these results is as follows.
First, we derive the frequentist upper limit in one sample sub-band, starting from 112.5 Hz for f, and 225 Hz for 2f,.
A set of 200 synthetic signals are injected into the O3a data at random sky positions in that sub-band with a fixed hy.
We use fixed 8 = 45 deg and cost = 0. The other source parameters, including f,, f*, the polarization angle, and the
initial phase, are randomly drawn from their uniform distributions. The corresponding detection rate is calculated.
This process is repeated with different hy values with step size 1 x 10726 and 2 x 10726 in the regions where the
detection rate is roughly above and below 50%, respectively. With all the injected hy values and the corresponding
detection rates, h°” is obtained through a sigmoidal fit. The h°” value found in the sample sub-band is 2.9 x 10~2°
and 3.2 x 1072% for Ty, = 12 hr and 9 hr, respectively. Next, we use these values obtained in the sample sub-band
(starting from 112.5 Hz for f, and 225 Hz for 2f,) to analytically calculate th’% in the full frequency band (blue dots),
using the scaling (Sun et al. 2019)

B ) o<( Su(f)Sn(2f) )”2
Sn(f)+5a2F))
where 5, is the effective power spectral density calculated from the harmonic mean of the two detectors over all the
30-min SFTs collected from September 1 to October 1, 2019 (GPS time 1251331218-1253923218). Finally, in order to
verify the analytical scaling, the simulation procedure in the first step is repeated in several other randomly selected
sub-bands, indicated by the orange cross markers. The h85% values obtained empirically in those sample sub-bands
agree to < 1.5% with the analytic sensitivity estimates. In the full frequency band searched, the best hg5% values
for Toon = 12 hr and 9 hr are 2.88 x 1072° at f, = 158.75 Hz and 3.17 x 1072 at f, = 123.75 Hz, respectively.
These results are obtained from randomized sky positions and hence apply to all sources using the same T.o,. In the
dual-harmonic Viterbi pipeline, the sensitivity is dominated by the length of T, (for a fixed Ti,ps) rather than the sky
position of the source. Additional spot checks validate that the difference between the empirical th%
from a fixed sky location and those from randomized sky positions is negligible.

(13)

values obtained
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Figure 2. The sensitivity estimate h85% obtained from the single-harmonic Viterbi search for each source. Multiple sources
have Teon = 1 hr and have the same sensitivity; these sources are shown on one plot for a representative source, G266.2—1.2.
The blue curves represent the estimated h85% in the full band searched by the single-harmonic Viterbi pipeline (Table 3). The

orange crosses represent the h85%

upper limit on the gravitational-wave strain from Eq. (5).

values obtained empirically in the sample sub-bands. The black dashed line is the age-based
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Figure 3. The estimated sensitivity h85% obtained from the dual-harmonic Viterbi search as a function of f, for (a) Tcon = 12 hr

and (b) Teon = 9 hr, assuming a specific scenario with source properties § = 45 deg and cos: = 0 (signals at both f, and 2f, are

linearly polarized). The blue dots represent the estimated h%”% in the full band searched by the dual-harmonic Viterbi pipeline

(Table 4). The orange cross markers represent the h85% strain upper limits obtained from injections in the randomly selected

sample sub-bands. These estimates are obtained from randomized sky positions and hence apply to all sources using the same
Teon. The vertical dashed lines indicate the maximum f. covered for each SNR. The horizontal lines indicate the age-based
indirect strain limits hg®® derived for the dual-harmonic signal model when 6 = 45 deg. For G353-0.7, the h?f’% obtained from
the search has not beaten the indirect limit. For G39.2-0.3, the h3°” has beaten the indirect limit at most of the frequencies
except for the noisy bands around 60 Hz. For all other sources, the h§® values are much larger than th% across the full band
and thus are not shown in the figure.

Assuming that the star’s rotational kinetic energy loss is all radiated in GWs, the age-based indirect strain limits
hg®¢ can be calculated for each source by fixing # = 45 deg (consistent with the scenario presented in Figure 3), setting
tage to the value in Table 4, and setting the distance to the minimum value in Table 1. Note that the hy®® value
derived explicitly for the dual-harmonic model with 8 = 45 deg is a factor of ~ 2 larger than the value calculated from
Eq. (5) (Zimmermann & Szedenits 1979; Wette et al. 2008). For five out of the seven sources, the indirect limits are
much larger than the constraints obtained in this search across the full band. For G39.2-0.3, the h)°” has beaten the
indirect limit at most of the frequencies except for the noisy bands around 60 Hz. For G353-0.7, the h85% obtained
from the search is close to hg®® but has not reached it at any frequency. We emphasize that the sensitivity in the
dual-harmonic Viterbi pipeline, and whether it beats the indirect limit, is not directly comparable to other methods

due to the model difference.

5.4. Astrophysical implications

The sensitivity in terms of the GW strain amplitude can be converted into constraints on the fiducial ellipticity of
the neutron star, e (Jaranowski et al. 1998), and the r-mode amplitude parameter, o (Owen 2010). We first discuss the
constraints obtained in the BSD and single-harmonic Viterbi pipelines. For ellipticity, we assume the GW frequency
f (equivalent to fo in the single-harmonic Viterbi pipeline) is at 2f,, which aligns with the model of a perpendicular
biaxial rotor considered in both pipelines. Given hg5% (derived with a uniform prior on the cost), we constrain the
ellipticity of the neutron star in terms of the GW frequency f = 2f, via (Jaranowski et al. 1998)

- ho D 100 Hz\ 2
=946 x 107° 14
€= 94610 (1024)(1kpc>( 7 ) a4
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assuming the moment of inertia with respect to the rotation axis (I, for a perpendicular biaxial rotor) is 10%® kgm?.
We can also convert hg5% to limits on the amplitude of r-mode oscillations via (Owen 2010)

ho D 100 Hz\*
o~ 0.028 <1O—24) (1 kpc) ( 7 > . (15)

Figures 4 and 5 present the constraints on ¢ and « obtained from the BSD and single-harmonic Viterbi pipelines,
respectively. The most stringent constraints, ¢ < 1077 and a < 107°, come from the BSD pipeline (see Figure 4),
where the values are converted using the th% curve from the L detector. The results from the single-harmonic Viterbi
pipeline, covering more targets and a wider parameter space, are presented in Figure 5.

We also convert the h85% obtained in the dual-harmonic Viterbi pipeline to the 95% confidence constraint on the
ellipticity of the star. Since GW emission is at both f, and 2f,., Eq. (14) can be written in terms of the spin frequency

of the star fy,
[ ho D 100 Hz\ 2
=9. 107° ) 1
€= 23010 <10‘24) (1 kpc) < Ix ) (16)

Figure 6 shows the limits on € as a function of f,. Note that the results here are converted from the hgs% values
obtained for a specific scenario with source properties 6 = 45 deg and cos: = 0, and hence the € values in Figure 6
are not directly comparable to the results obtained in other conventional searches where § = 90 deg and the emission
is only at 2f,. The signal model adopted in the dual-harmonic search cannot be interpreted as current quadrupole
emission from an r-mode, so we do not infer r-mode amplitudes from th%.

The strictest constraints on the intrinsic GW strain from the BSD pipeline are hg5% ~ 7.7x 10726 for G39.2-0.3 and
th% ~ 7.8 x 10726 for G65.7+1.2 near 200 Hz. The results obtained by the Viterbi pipelines set the first constraints
on CWs which allow for spin wandering in the signal model. Note that the authors of Millhouse et al. (2020) conducted
a search for 13 out of the 15 sources in Advanced LIGO O2 data using the single-harmonic Viterbi method but did
not derive the constraints from the search sensitivity. Furthermore, the dual-harmonic Viterbi analysis provides the
first results for these SNR sources derived considering two frequency harmonics simultaneously. The best constraints
on the star’s ellipticity obtained at frequencies f > 100 Hz reach ¢ < 1076 for most of the sources, reaching below
the rough theoretical upper limit for normal neutron stars (Johnson-McDaniel & Owen 2013b), and reach as low as
€~ 6 x 1078 for the closest source G266.2-1.2/Vela Jr., well below the theoretical limits. However, these limits are
model dependent; the uncertainties on the star’s geometry and composition, like the internal equation of state, the
moment of inertia, and the magnetic field, play a significant role when deriving these limits. For example, Woan et al.
(2018) shows that an ellipticity of € ~ 1072 can be sustained by neutron stars with a buried magnetic field of ~ 10'* G.
The most stringent constraints on the r-mode amplitude obtained above ~ 100 Hz arrive at the theoretical prediction
level of a ~ 1073, expected for the nonlinear saturation mechanisms (Bondarescu et al. 2009), and reach as low as
a ~ 1075 at higher frequencies.

6. CONCLUSION

In this work, we present the results of the search for CWs from neutron stars in 15 young SNRs by analyzing the
data collected in the first half of O3. No evidence of CWs is identified. We present constraints on the GW strain,
as well as the implied mass ellipticity and r-mode amplitude for each source. The inferred upper limits on the latter
quantities reach below the maximum values allowed on theoretical grounds. The strictest constraints on the intrinsic
CGW strain from the BSD pipeline are h)°* ~ 7.7 x 10726 for G39.2-0.3 and h3®* ~ 7.8 x 10726 for G65.741.2,
both near 200 Hz . The Viterbi pipelines set the first constraints on the signal strain allowing for spin wandering.
The dual-harmonic Viterbi analysis reports the first results for these SNR sources derived considering two frequency
harmonics simultaneously. All of the three pipelines are computationally efficient, costing ~ 102 core-hr for each source
per pipeline (postprocessing excluded).

We briefly compare the constraints derived in this work to existing constraints in the literature. The constraints
from the two Viterbi-based pipelines are not directly comparable with existing results because of the different signal
models. We make our comparisons based on the BSD constraints because they are the most stringent in this analysis,
and also because they are directly comparable with other results. A previous search for these sources in O1 reported
h9?% ~ 2 x 10~25 for most of the sources and h)*” ~ 1 x 10~2° for one source in the most sensitive band (Abbott et al.
2019¢), excluding results on Fomalhaut B (Jones & Sun 2021). The best limit on hq for G39.2-0.3 is h*” ~ 2 x 1072°,
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Figure 4. Constraints on the (a)—(b) neutron-star ellipticity ¢’°”°, and (¢)—(d) r-mode amplitude a”>”, from the BSD pipeline,
converted from the h3®” values in Figure 1. Panels (a) and (c) report the results derived for G189.143.0, G65.7+1.2 and
G266.2-1.2 (Vela Jr.), covering the [10, 600] Hz frequency band. Panels (b) and (d) report the results for G93.34+6.9, G18.9-1.1,
(39.2-0.3 and G353.6-0.7, where the [10, 1000] Hz frequency band is investigated. Curves have been converted from h85%
derived for the L. detector. Shaded regions correspond to the inferred ellipticity and r-mode amplitude using the full range of
distances in Table 1. The minimum distance is assumed for the solid dot curves.

approximately 2.5 times higher than the results obtained here for the same source. Lindblom & Owen (2020) presented
a similar search to Abbott et al. (2019¢) using the O2 data and reported strain limits slightly above 1 x 1072% at 90%
confidence level, e.g., for G39.2-0.3, which is ~ 1.4 times higher than the results obtained here for the same source.
Also, using the LIGO data in the full Ol run and a coherent integration duration longer than 10 days, Papa et al.
(2020) set 90% confidence limits of 3% = 1.2x 10725, 9.3x 10726, and 8.8 x 10720 for Cas A, Vela Jr. and G347.3-0.5
near 172.5 Hz, respectively. These results for Cas A and G347.3-0.5 are slightly better than those obtained in the
single-harmonic Viterbi search for these two SNRs, assuming that the spin wandering does not impact the long-duration
coherent integration over 10 days. We do not search for these two SNRs using the BSD and dual-harmonic Viterbi
pipelines. The results on Vela Jr. in this analysis from the BSD search slightly improve the previous constraints set
by Papa et al. (2020), despite the use of a coherent integration duration ~ 20 times shorter. Future data collection
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Panels (a) and (c) display the results for targets with fmax < 1500Hz; panels (b) and (d) display results for targets with

fmax > 1500 Hz.

and improved analysis methods will further extend the sensitivity of CW searches and increase the probability of a

future discovery.
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APPENDIX

A. CANDIDATE FOLLOW UP

Narrow-band noise features and the non-Gaussianity in the interferometric data can cause outliers with detection
statistic above the threshold. Consequently, each pipeline requires postprocessing of the results to eliminate candidates
originating from noise artifacts. We follow up all the first-stage candidates identified in each pipeline with a hierarchy
of predefined veto procedures as well as additional manual scrutiny. No candidate survives from any pipeline. In this
section, we detail the postprocessing procedures.

A.1. Vetoes

We first describe the predefined veto procedures in this section.

A.1.1. Known-line veto

Candidates caused by known instrumental lines are rejected in the first step in all three pipelines. For each candidate
identified at a starting frequency fy at t = 0, we veto the candidate if the band [fy — df, fo + d f] intersects any known
instrumental lines present in either the Hanford or Livingston interferometer, where §f = 10™%f, is used to account
for the Doppler shift due to the Earth’s motion. Note that there is a subtle difference between the pipelines when
applying the Doppler shift effect. The BSD and Viterbi pipelines apply df to the line frequency and the candidate
frequency, respectively. The three pipelines use a list of known instrumental lines in C01 data (Goetz et al. 2021). In
the dual-harmonic Viterbi pipeline, candidates caused by instrumental lines in either of the two separate sub-bands,
corresponding to the f, and 2f, components, are rejected.

A.1.2. Interferometer veto

In general, a candidate signal with an astrophysical origin should be present in the data of all detectors. If the
candidate is louder in one detector than the other, it ought to be louder in the detector with better sensitivity for the
source and in the frequency band considered. Each pipeline therefore applies a veto to the consistency of the candidate
signal strength across each detector.

For the BSD algorithm, this means vetoing candidates with a weighted CR in the less sensitive detector more
than three times higher than the corresponding weighted CR in the more sensitive one. This is applied using the
CR computed from the statistical distribution of the FH number counts. This veto is repeated after the next veto
step A.1.3, using another statistic, namely the 5-vector statistic (Astone et al. 2010, 2014b), as the second round of
consistency check. All the candidates with pcog, / \/Sin1 > 3pCR,/ \/STQ are vetoed, where m is the noise amplitude
spectral density in each i-th detector, and assuming that detector 1 is less sensitive than detector 2. This is an arbitrary
and conservative choice, already used in Abbott et al. (2019f), with a factor of 3 we do not need to consider an eventual
weak dependence due to the different detectors orientation.

For the Viterbi algorithms, we repeat the full search over Ty in each individual interferometer. The candidate is
vetoed if the two criteria are both satisfied: a) searching data from a single interferometer yields £ > L, in single-
harmonic Viterbi (S > Sy in dual-harmonic Viterbi), where £, (Sy) is the original statistic obtained with both
interferometers combined, while searching the other interferometer yields £ < £y (S < Sin); and b) the Viterbi path
from the interferometer with £ > £ (S > S) intersects the original path, i.e., the increased significance in a single
detector occurs at the same frequency as the original candidate.
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A.1.3. Doppler-shift (and spin-down-shift) veto

All three pipelines apply a Doppler correction to transform the observation in the detector frame to the source frame.
For a true astrophysical signal, this correction should increase the significance of any candidate in the data; for local
noise, the significance should decrease or remain unaffected. Both the BSD and the dual-harmonic Viterbi pipeline
apply a veto based on this correction. This is not applied to the single-harmonic Viterbi pipeline because the T,op are
short enough to track the Doppler shift.

For the BSD algorithm, we compute the significance of the candidate in terms of the CR and signal-to-noise ratio
(p; where ¢ = CR,sur) with and without the Doppler and spin-down corrections applied to the time series. The
Doppler and spin-down corrections are done using a heterodyne phase correction, where the assumed phase evolution
of the signal, ¢(fo, f0)7 is fully described by the frequency and spin-down parameters of the candidate, given by fy
and fo, respectively. The corrected time series is computed by multiplying the original (uncorrected) time series by
the exponential factor exp jo(fo, fo). An easy way to compute the statistical significance of a candidate, once the
o(fo, fo) is assumed to be known, is to use the 5-vector statistics (Astone et al. 2010, 2014b), originally developed
for the search of known pulsars. Hence, for this step, we use a statistic based on the 5-vector method, whose main
properties are described in Appendix B.1.2. We use pcr and pgy,, to check the nature of a candidate, but this time we
compute them from the 5-vector statistic S rather than from the FH number count. For this reason, the CR computed
in this step is not directly comparable with the CR of the FH map used for the first level selection of candidates. If
a candidate is from astrophysical origin, we expect, after testing the procedure with simulated signals injected in O3
data, that the significance will increase after the correction, and that it would increase proportionally to the fourth
root of the coherence time. This comparison is done using two different coherence times, Tsiq and Tygq = 4754, where
Tsiqa = 86164.0905 s is the duration of a sidereal day. We use the 5-vector p; CR and signal-to-noise ratio to check
the change of significance. We keep the candidates if a larger 5-vector pcr,c is obtained with the correction applied
than the 5-vector pcr nc obtained without the correction applied (in the two cases using Tyq and Tygq). We also
veto those candidates which do not show an increased signal-to-noise ratio after the correction. Simulation studies
show that the false dismissal probability of this veto is below 10% if a tolerance of 5% is used, e.g. we keep all those
candidates with p; ¢ — 0.95p; no > 0 where p; ¢ and p; nc refer the corrected and uncorrected case, respectively.

In the dual-harmonic Viterbi search, for each candidate remaining, we recompute F-statistics over the same T¢o,
as listed in Table 4 with Doppler modulation correction turned off (DM-off), and repeat the search using the DM-off
F-statistics (Zhu et al. 2017). If the candidate is of astrophysical origin, it should become undetectable in the DM-off
search, returning a score Spy_og < Sin and a Viterbi path different from the original one. This criterion does not
apply to high signal-to-noise candidate, i.e., S > Si,,. However, after previous veto steps, no such high signal-to-noise
candidate is left in this search. Instead, if a candidate is caused by noise artifacts on Earth, its significance is expected
to increase in the follow-up. Hence we veto a candidate if the DM-off follow-up yields Spym_og > Su and returns a
new Viterbi path intersecting the band [fo — df, fo + 0 f].

A.1.4. Sky-position veto

If a candidate is of astrophysical origin, it should yield the highest detection statistic at the sky position of the
source (Isi et al. 2020). For candidates surviving previous steps, the Viterbi pipelines conduct another follow-up step
by shifting the sky position away from the true position of the SNR (Jones & Sun 2021). This off-target veto contains
two separate parts: (a) shift right ascension by an offset dg 4 while keeping declination fixed at the true location, and (b)
shift declination by dpgc while keeping right ascension fixed at the true location. We use dra = 3 hr and dpgc = 30 deg.
These offset values are chosen based on a large number of Monte-Carlo simulations that pass veto safety check. For
the sources with a declination angle in the range of [—90,0] deg and (0,90] deg, we set dprc to 30 deg and —30 deg,
respectively. The single-harmonic Viterbi pipeline conducts (a) only. The dual-harmonic Viterbi pipeline conducts
both (a) and (b). For (a), we veto the candidate if the off-target search yields Log—_target > Lth (Sofi—target > Su) and
returns a new Viterbi path intersecting the band [fo — df, fo + 0f]. For (b), we veto the candidate if the off-target
search yields Soff—target > Stn and returns a new Viterbi path intersecting the band [fo — df, fo + d f]. Note that the
veto criterion for (b) is more stringent than that for (a) in the dual-harmonic Viterbi pipeline, because this analysis is
more sensitive to the mismatch along the direction of declination. Only the candidates surviving both (a) and (b) are
kept.
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A.1.5. Cumulative-significance veto

The significance of a CW signal should be consistent over Typs, and in presence of stationary noise, there should be
no sudden increase or decrease in the significance when more data are used to integrate the signal. The BSD algorithm
uses the 5-vector statistics (Astone et al. 2010, 2014b) to compute the cumulative signal-to-noise ratio and CR on
a monthly base, increasing the amount of data used in each iteration by one month. We also compute this trend
using an heterodyne-corrected time series with a phase correction ¢( fo, fo) obtained from the candidates parameters
(fo, fo). The two trends, derived from the corrected and uncorrected time series, are then compared. The comparison
is done looking at the plots of the CR, the signal-to-noise ratio and the 5-vector statistics S (defined in Eq. B7 of
Appendix B.1.2) as a function of the number of months used to compute these quantities. We visually inspect these
plots by comparing the trend of both curves in the corrected and uncorrected case. We veto the candidates if the plot
of the corrected case has lower values than the corresponding uncorrected case for the entire duration of the run. We
also veto candidates when the CR cumulative curve of the most sensitive detector is well below the less sensitive one,
which is a clear clue that the candidate is actually due to some noise present in the less sensitive detector. For other
more complicated cases, we do not automatically veto the candidate but leave them for further investigation in the
full O3 H and L data. This is a conservative choice, since vetoing all the candidates that simply present a sudden
increase or decrease in the significance (in terms of either CR, signal-to-noise ratio and 5-vector statistic value) is not
safe when the noise is not Gaussian.

A.1.6. Sub-band veto

If a sub-band is heavily contaminated by non-Gaussian noise, it can be challenging to distinguish noise from a
candidate signal. In the case of the single-harmonic Viterbi pipeline, this renders Ly, invalid because Ly, is calculated
using the results of Gaussian noise simulations. Furthermore, we do not expect multiple CW signals in a single sub-
band. Consequently, we veto any candidates in a sub-band if the sub-band has more than two unique Viterbi paths
with £ > Lyy,. Simulations in Gaussian noise found < 1% of bands returned two unique paths with £ > Ly, justifying
our assumption that a sub-band with multiple candidates is dominated by non-Gaussian noise. The dual-harmonic
Viterbi pipeline uses the Viterbi score as the detection statistic and only keeps the optimal path, and hence this step
does not apply.

A.1.7. Coherence-time veto

Both implementations of the Viterbi algorithm use the F-statistic computed over each T}, interval in Tables 3 and
4. In the original search, we select T¢,, assuming a range of fo. Candidates returned with relatively low | f0| allow
us to increase the coherent time in a follow-up search. The sensitivity of the F-statistic increases with longer T¢qy,
as long as there is no power leakage over T, given the inferred | f0|; a more sensitive F-statistic facilitates a more
sensitive Viterbi search. Hence the significance of the candidate should increase with longer Ty, if the candidate is a
real astrophysical signal. This has been verified using simulations.

In practice, we first calculate the mean fo value over the candidate path, then estimate the maximum 7., capable
of tracking the inferred spin down. In the single-harmonic Viterbi pipeline, we conduct a follow-up search using
Teon = 4 hr for all survivors. With the increased Teon, the ratio £/Ly, should increase for a real signal, so we veto any
candidates for which £(Teon = 4hr)/Lin(Teon = 4hr) < L/Lty, where L/Ls), are the values from the initial search.
Similarly, in the dual-harmonic Viterbi pipeline, we veto a candidate if a decreased Viterbi score is returned with the
increased T¢on. No candidate survives in the dual-harmonic Viterbi pipeline after this step.

A.2. Further verification

After the hierarchy of well-defined veto steps, we discuss the additional verification conducted in each pipeline.

A.2.1. BSD follow up

A total of 35 candidates identified by the BSD pipeline survive the vetoes described in Appendix A.1. This is
consistent given the low CR threshold chosen in Section 4.1, indeed we are exposed to false alarm candidates and most
of them could arise from noise fluctuations. The pcgr ¢nr chosen corresponds to the probability of picking, on average,
more than one noise candidate. Indeed the CR threshold corresponding to the selection of only one false candidate over
the total number of points in the parameter space would be pcr, ¢hr ~ 5.7, while for instance, in the search described
in Piccinni et al. (2020), the CR threshold used is 6.5. In this section, we describe the extra steps taken to investigate
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and disqualify the surviving candidates (listed in Table 5). We repeat the Doppler-shift (and spin-down-shift) veto
(Appendix A.1.3), the cumulative-significance veto (Appendix A.1.5), and the interferometer veto (Appendix A.1.2)
using the full O3 (O3a and O3b) C01 data. We remind the reader that the CR computed by the FH is based on the
number count associated to the pixel in the FH map where the candidate has been found, while the CR in the 5-vector
is computed from the S statistic. In this step, we use the CR from the S statistic. None of the candidates in Table 5
survive the full-O3 vetos and as can be seen the original CR associated to the candidate in the FH map is below the
PCR.thr ~ 5.7, hence with a very low significance compatible with noise.

A.2.2. Single-harmonic Viterbi follow up

One candidate identified by the single-harmonic Viterbi pipeline survives the veto process defined in Appendix A.1.
The candidate is associated with G93.34+6.9 and has a frequency path with mean fy = 1025.95Hz and fo = —-213 x
1079 Hz/s and has a likelihood £ = 18154.0, within 5% of L,. In Figure 7, we plot the power spectral density
(black curve) for both detectors combined, calculated over the full duration of O3a, and overplot the frequency of the
surviving path (blue vertical line). Visual inspection plainly indicates that it is associated with noise. Though it does
not lie on the peak of the noise disturbance, it is in the wings.
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Figure 7. Power spectral density (black curve) versus frequency and the frequency of the last surviving candidate for source
G93.34+6.9 (blue vertical line). The power spectral density is built using data collected from both Hanford and Livingston
detecters over the full observing time of O3a.

A.2.3. Dual-harmonic Viterbi cross check

All candidates identified in this search pipeline are rejected after the veto procedure described in Appendix A.1.

Here we provide more details of the last set of candidates processed in the coherence-time veto (Appendix A.1.7). In
Table 6, the original Viterbi score, estimated 2 f, at the beginning and the end of the observation (2f,qapt a0d 2frxend),
and the mean 2f, values [i.e., (2fisart — 2/fxend)/Tobs] Of €ach candidate are provided. Note that the pipeline returns
estimated frequencies and spin-down rates corresponding to the 2f, component. We directly report the returned
values in this section rather than converting them into the f, component. The increased T, used for each candidate
is listed in the sixth column. All of the new scores obtained by increasing Tcon fall below the original score. They
are all considered vetoed according to the criteria set in Appendix A.1.7. To be more conservative, we further discuss
the only two candidates with new scores above Sy, (although decreased compared to the original score), marked by
“¢” and “{” in the table. The one marked by “x” can be confidently ruled out since it returns a completely different
path. The follow-up search for the candidate marked by “{” using T¢on = 11 hr yields a lower mean spin-down rate,
2f; = —1.56x10"10 Hz/s, which allows us to further increase Tio. By searching the same sub-band using Teon = 15 hr,
we find the optimal path overlaps with the original one, but with a further decreased significance, S = 4.97. Hence it
does not survive the further scrutiny.
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Source Original CR (FH) fo (Hz) fo (Hz/s)
G189.14+3.0 5.40 65.6458598 —3.6202 x 1071°
4.80 75.2342077 —7.9666 x 1071°
5.44 117.6621941 —7.3779 x 10710
4.89 321.8914027 —3.3898 x 107°
4.96 355.9654409 —1.1674 x 107°
4.90 498.1299761 —1.9622 x 107°
G65.7+1.2 5.56 97.5785468 —8.5222 x 107 1°
4.92 120.7226480 —1.0230 x 107°
G266.2-1.2 5.07 90.3241483  4.0128 x 10~ *
5.48 101.8200802 —6.1815 x 10710
5.18 139.6310303 —1.1902 x 10~*°
5.07 142.8760455 —2.7103 x 10712
4.87 217.9480484  2.1858 x 1070
5.15 274.5506302  1.1958 x 10~ 1°
G93.3+6.9 5.61 208.8871413 —9.6487 x 1071°
5.25 758.8185308 —4.4728 x 107°
4.83 807.0006637 —2.6116 x 10~°
4.86 851.3276865 —3.9519 x 107°
5.49 858.9144800 —3.9696 x 107°
G18.9-1.1 5.24 65.0196186 —4.7373 x 10~ !
5.18 91.4561088 —4.2390 x 107'°
5.78 332.4543731 —3.6398 x 107 1°
4.88 488.0994499 —2.5631 x 10~°
4.72 841.6011602 —2.8949 x 10~°
4.95 844.8167574 —4.1613 x 107°
G39.2-0.3 4.98 135.6997524 —7.5073 x 10~ *°
4.77 333.8910938 —2.1219 x 10~°
4.76 334.0656179 —1.7914 x 107°
4.76 700.7408355 —3.9014 x 107°
5.12 7211474692 —2.9249 x 107°
5.35 802.0985150 —3.0294 x 10~°
4.68 831.8034158 —6.6128 x 107 1°
5.31 902.3896162 —4.9226 x 107°
G353.6-0.7 5.36 64.6267590 —9.1944 x 1072
4.99 754.3285519 —4.0769 x 1071°

Table 5. Surviving candidates from the BSD pipeline after vetos in Appendix A.1. The candidates investigated were excluded
using the full O3 data in the BSD search. The columns list the source name, original mean CR from the FH map, the candidate
frequency fo, and the spin down fo at the time of the coincidences. The initial set of candidates has been selected using
pcr,tnr = 4.7 for G65.7+1.2, G189.1+3.0 and G266.2-1.2, pcr,tnr = 4.6 for G18.9-1.1 and G93.3+6.9, and pcr,tnr = 4.5 for

G353.6-0.7 and G39.2-0.3.
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Source S 2frstare (Hz) 2frena (Hz) Mean 2f, (107 Hz/s) New Teon (hr) New S Paths overlap?
G353.6-0.7 5.48 129.1071064815320 129.1048495370870 —1.4276 15 5.17 v
5.68 130.0884606481900 130.0864004630040 —1.30314 15 5.49 * X
5.52 256.5881944432800 256.5861342580990 —1.30314 15 5.08 v
5.56 416.7312615726270 416.7296180541120 —1.03959 15 4.85 v
5.52 453.4695254620340 453.4668981472240 —1.66187 15 4.45 X
5.80 464.3793518511010 464.3771180548090 —1.41296 15 4.33 X
5.82 578.1490972219270 578.1467592589690 —1.47885 15 4.71 X
5.84 636.2839467586970 636.2820833327750 —1.17869 15 4.26 X
5.60 742.4446990731940 742.4426273139391 —1.31046 15 5.21 X
5.82 870.4499074065170 870.4476504620770 —1.4276 15 3.64 X
G189.143.0 5.66 253.1534143519250 253.1509490741460 —1.55938 15 4.34 X
G65.74+1.2 5.49 248.5372569447000 248.5349537039590 —1.45689 15 4.72 X
5.77 269.5971180543740 269.5952662025260 —1.17137 15 4.74 X
5.71 277.6064583321330 277.6043981469520 —1.30314 15 5.12 X
5.69 321.1599189811650 321.1574537033920 —1.55938 15 5.03 X
5.74 404.2299537032490 404.2277314810310 —1.40564 15 4.34 X
5.51 486.9126851833790 486.9104398130130 —1.42028 15 3.94 X
G266.2-1.2 5.76 172.1456481481280 172.1412808641780 —2.76247 11 4.96 X
5.45 296.5154012345940 296.5116358024890 —2.38178 12 3.74 X
G93.3+6.9 5.51 121.0981018518380 121.0943364197400 —2.38178 12 4.45 X
6.49 138.5975617282440 138.5931481479980 —2.79175 11 5801 Vv
G18.9-1.1  5.34 193.5356481480750 193.5317746912850 —2.45011 12 4.64 v
5.71 219.8922530862280 219.8871604936370 —3.22125 12 3.68 X
5.85 253.5746296295510 253.5707407406620 —2.45987 12 4.06 X
G39.2-0.3  6.33 109.5362962962230 109.5325771604210 —2.35249 12 4.91 X

Table 6. Final candidates from the dual-harmonic Viterbi pipeline and the coherence-time veto results (all vetoed). The first
five columns list the source name, original score, estimated start and end 2f,, and the mean 2 f.*. Column 6 lists the new Tcon
used in the coherence-time veto. The last two columns shows the follow-up results: the new score obtained by increasing Tcon,
and whether the new optimal path overlaps the original candidate path. The top and bottom halves of the table correspond to
the searches using original Teon = 12 hr (Sgn = 5.47) and Toon = 9 hr (Sen = 5.33), respectively. The GPS times for the start
and end of the observation are 1238166353 and 1253975702, respectively. The two new scores marked by “*” and “}” are above
Stn- (Note that the pipeline returns estimated frequencies and spin-down rates corresponding to the 2f, component.)

Next we describe additional verification conducted to ensure that we do not veto a weak signal at the final step
accidentally. For all the final-stage candidates in Table 6, we cross-check them by searching in the data collected over
the second half of O3, with the same configuration as in the original search, in the sub-bands where these candidates
are found. None of the optimal paths returned in O3b data overlaps the original path (taking into consideration the
possible spin down during the shutdown time between two halves of observation).

A further consistency verification is conducted for the candidates in Table 6. All of them have low scores of
S < 1.25y, (cf. S ~ 5S;, vetoed at early steps). Hence we examine whether they are false alarms arising from noise
given that the threshold chosen corresponds to 1% false alarm probability. Since the signal frequency is approximated
by a negatively biased random walk, the mean 2| f*| value of a path obtained from pure Gaussian noise over Typs is
expected to be around | fmax\ /2, where | fmax| = 1/(2T2)) is the maximum spin-down rate covered in the search for

coh
the 2f, component. This is because the method attempts to “track” pure Gaussian noise with a transition probability
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Ay gi = A = 1/2 and 2|f,| can take any value in the range of [0, | fumax|]. Figure 8 shows the distribution of the
mean 2| f*| obtained by tracking 2000 pure Gaussian noise realizations (gray histograms; fit with black curve) and the
values from the remaining candidates (blue vertical lines). The left and right edges of each panel are the minimum
and maximum spin-down rates covered in the search, respectively. Out of all 25 candidates, 18 lie within the interval
of [—o,0] (black dashed lines). For both Teon = 12 hr and Teon = 9 hr, all the candidate paths are consistent with
pure noise. Moreover, the total number of remaining candidates is consistent with the false alarm probability (1% in
each sub-band). Hence, these candidates with low scores are likely to be false alarms. This explains why they are not
confidently rejected at early steps.
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Figure 8. Noise-only distribution of the mean 2|f,| (gray histogram) and the values obtained from the remaining candidates
(blue vertical lines) for (a) Toon = 12 hr and (b) Tcon = 9 hr in the dual-harmonic Viterbi search. The right edge of each panel is
the maximum spin-down rate | fumax| = 1/(212,,) for the 2f, component. The red dashed line indicates | fmax|/2. The noise-only
distribution is obtained from 2000 Gaussian noise realizations for each panel. The black solid curve indicates the Gaussian fit
of the noise distribution. The two black dashed lines are the 10 bounds.

B. DETAILS ON SEARCH PIPELINES
B.1. BSD
B.1.1. Impact of the age and the second-order spin down

As mentioned in Section 4.1, the age of the source sets the range of frequency and spin down/up we can investigate
for a given target, and it does not directly affect the sensitivity of the pipeline as it happens e.g. for the coherence time.
In the BSD search the first and second order spin-down/up (typically referred to as spin-down) ranges are defined by
the age t.ge and the braking index n of the source as

—f/tage < f < 0.1f/tage (B1)
0Hzs2< f < n|f‘r2nax/f = nf/tige .

Since we are not explicitly removing the frequency modulation due to the second order spin down, we will limit our
search to those sources which second order spin-down range is constrained in a single second order spin-down bin ¢ f .
In practice, we require that nf/tﬁge < 6f. Given that the size of the second order spin-down bin is 6 f = 5fTC1)§ as in
(Frasca et al. 2005; Astone et al. 2014b), where 4 f is the frequency bin size and proportional to v/f, we can write the

maximum frequency allowed for a given source (in the case of a spin down dominated by gravitational emission, hence
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n=2>5) as

4

ta (5]

f<485x107* (g> Hz. (B2)
obs

This means that, e.g., for a source of tage = 3 kyr and Tips equal to the O3a run length, the maximum frequency

covered in the search, neglecting the second order spin-down modulation, is ~ 600 Hz.

B.1.2. Follow-up based on the 5-vector statistic

In this section, we briefly recap the 5-vector method and its statistic in order to describe the new follow-up veto
steps (Appendices A.1.3 and A.1.5) used in this search by the BSD pipeline. The 5-vector detection statistic is built
exploiting the feature of the amplitude modulation we observe at the detector. This modulation is induced by the
detector radiation pattern in response to a CW signal and, given that the interferometers are on Earth, also by the
change of the received polarization, called sidereal modulation. The response of the detector to a passing CW signal,
after removing the Doppler and spin-down frequency modulations, can be described as (see Astone et al. (2010) for
more details)

h(t) = Ho(n) [H (1, m) Ay (t) + Hx (1, 1) Ax ()], (B3)

where A/, (t) are the two sidereal responses to plus and cross polarizations and Hy(n) is the maximum signal strain.
The plus and cross amplitudes H, /. are given by

cos(2v) — insin(2¢))
VT

H, - sin(2¢) — in cos(2¢), (B5)

Ve

and depend on the polarization angle i) and the parameter 1, which denotes the degree of polarization of the CW
(n = 0 for a linearly polarized wave, n = +1 for a circularly polarized wave). It can be shown (see e.g. Astone et al.
(2010)) that the frequency components of the signal at the detector are all encoded in the A, . () functions and in
particular that the signal is fully described by its Fourier components at the five angular frequencies centered at the
intrinsic angular frequency of the source, wq, wp £ 2, wg £ 202, where 2 is the Earth’s sidereal angular frequency. These
five-component complex vectors identify the so called 5-vector space onto which interferometric data can be projected.
Let us call X and /L_ /x the 5-vectors for the data and the plus/cross polarization signal templates, respectively. The

H.

(B4)

scalar products between X and fL_ /x correspond to the matched filters between the data and the signal templates,
and if opportunely normalized, these two quantities are the estimators of the signal plus and cross amplitudes

= X . fi’+ /x

o= BT (B6)

—

A+/><

from which a detection statistic can be derived as

S 14~ 2 N 2
s= |4, ] |B| + |4 | (B7)

4‘,\

We can use the value of this detection statistic to compute the associated significance and the false alarm probability
of a given candidate. To do so, we need to estimate also the noise background distribution, by repeating the calculation
of § in an “off-source” analysis (far from the signal frequency). In the veto step described in Appendix A.1.3, we
compute the statistical properties of the data (and noise) over chunks of data of duration Tgq, by summing up the
values of the statistic in each iteration. In this step, we compare the statistical features of the data twice: first using
a time series corrected for the Doppler and the spin-down parameters provided by the candidate, and then using
no correction. We expect that even if the correction is not precise, if the candidate is of astrophysical origin, the
significance with respect to the uncorrected case will be higher. The same comparison is repeated using data of longer
duration (4 times longer), which should correspond to an increase of the candidate significance proportional to the
fourth square root of the coherence time used.
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B.2. Single-harmonic Viterbi

In this section, we outline the methods used to determine the parameter space and detection thresholds used in the
single-harmonic Viterbi pipeline.

First, we outline the process to determine the frequency range and T}, for each source. We determine the maximum
and minimum spin-down rate fo expected for the source assuming a typical signal model with f = 2f,,

f ; f
B (nmin - 1)tage S fO S B (nmax - 1)tage, (Bg)

where tage = fi/ {(n -1 f*], and n is the braking index. Because the braking index is unknown for each source,

we use the most extreme plausible values nyi, = 2 and npax = 7. Also, we neglect stochastic spin wandering when
determining the maximum f because we expect the spin-down rate to be much faster than the rate of spin wandering,
especially in young SNRs. Using the maximum value of f§*** from equation (B8), we make our first estimate of the

coherence time
—1/2

Teon = 271/2 ‘f’énax ) (BQ)

max

and calculate the analytically estimated sensitivity hg" using Eq. (6). We also calculate the inferred h** using
Eq. (5). The initial estimate of T, is used only to find the frequency range, with the maximum frequency covered in

the search, fmax, set to the maximum frequency for which h*** > h'. We then recalculate Teopn using fiax to identify

the T,.on necessary to track the fgla" implied by fmax in Eq. (B9). If, after recalculating Tcon, we have Tion < 1 hr,
we recalculate fmax (by inverting Eq. (B9)) using Tton, = 1 hr and insert the new fmax into Eq. (B8) to obtain a new
fmax- We do not search using T.op, < 1 hr because to do so would require reproducing and cleaning short Fourier
transforms (SFTs) explicitly for this search, instead of using the same standard SFTs as other pipelines. In addition,
using coherent time shorter than an hour would significantly degrade the sensitivity. If, after recalculating Teon, we
have Ton > 1 hr, we do not need to recalculate f.x and fg‘m’(. Finally, we determine the minimum search frequency
fmin which satisfies h§*** > h&*t. The values Tcoh, fmin;s Smax, and fgﬂa" define the parameter space for the search and
are summarized in Table 3.

Next, we outline the process of setting the detection threshold for each source. In each sub-band, the Viterbi
algorithm obtains N¢ frequency paths (ending in N¢ different frequency bins), each with a log-likelihood £. We set a
log-likelihood threshold to determine which, if any, of the N = NgNpanq paths warrant further analysis. We require
a false alarm probability any = 0.01 for each source across all sub-bands. This is equivalent to requiring a false alarm
probability per sub-band of

ap=1-(1-an)V. (B10)

The likelihood threshold Ly}, is then determined by solving
ap = dLp(L). (B11)

Lin

The threshold L;y, is unique to each source. We follow up any path with £ > L.

While the distribution of the log-likelhoods is unknown (see Suvorova et al. (2016) for details), Millhouse et al.
(2020) demonstrated that the mean uy and standard deviation o7, depend only on Nt and scale according to linear
and power-law relationships, respectively. We determine the form of these relationships by simulating 100 sub-bands
of Gaussian noise for 11 different Nt values in the range 500 < Ny < 5500 and conduct a search on each band. From
the log-likelihoods for each Viterbi path we calculate pz, or, and scaling relations of the log-likelihood distribution
for each Np. Figure 9 displays p, and o, from simulations (blue dots) and from the scaling relations (orange curves).

For each source, we use the scaling relations from Figure 9 to define a Gaussian log-likelihood distribution p(L£) for
Nr = Tyus/Teon and solve ap = [ ZZ ! p(L) to obtain L, (Table 7). We follow up all unique frequency paths with
L > L1, using the procedure described in Appendix A.

B.3. Dual-harmonic Viterb:

The HMM formulation in the dual-harmonic search is essentially the same as described in Section 4.2, with modifi-
cations detailed in Section 4.3. Here we briefly review the dual-harmonic formulation (Sun et al. 2019) and describe
the settings used in this analysis.



36 ABBOTT ET AL.

1
40000 8x10
35000 ! 7x10!
30000
6x10!
25000 1
2 ) 5
20000 1 5x 10!
15000 1
10000 - e 4x10!
5000
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
Nr N

(a) (b)

Figure 9. (a) Mean p and (b) standard deviation o of the log-likelihoods of the Viterbi paths as a function of N7. Blue
dots are values obtained from 100 trials of simulations. The orange curves are the linear and power-law fits describing the mean
and standard deviation dependence on Np. An analogous calibration is presented in (Millhouse et al. 2020).

Source L n

G1.9+0.3 32552
G15.9+0.2 32575
G18.9-1.1 17417
G39.2-0.3 11683
G65.7+1.2 7160

G93.3+6.9 17174
G111.7-2.1 32568
G189.14+3.0 24187
G266.2-1.2 32579
G291.0-0.1 32586
G330.2+1.0 30130
G347.3-0.5 32589
G350.1-0.3 32577
G353.6-0.7 3334

G354.440.0 32553

Table 7. The threshhold L, for each SNR in the single-harmonic Viterbi search.

We select a coherent time interval, Ty, and assume that

t+Tcoh .
/ dt' f.(t")
t

is always satisfied, where Af = 1/(4Tcon) is the frequency bin size in the F; output. We use 2Af = 1/(2T¢on) as the
frequency bin size when computing F5 such that the signal is expected to move at most one bin in the outputs of both
JF1 and F5 over each discrete time step, i.e., from one coherent time interval to next. The log emission probability
computed over each T, interval is (Jaranowski et al. 1998; Sun et al. 2019)

In Loty )q(0) = Plo(t) | fi < fu(te) < fi + Af] (B13)
=F1(fi) + F2(2fi), (B14)

<Af (B12)
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where f; is the frequency value in the i-th bin. In this analysis, we assume that the frequency evolution in these young
sources is dominated by the secular spin down of the star, and hence the transition probability matrix A, ,, becomes

(Sun et al. 2019)

1

A‘h—l‘]i = qiqi — 9’ (B15)
with all other entries being zero. A uniform prior lg(to)] = Ng ! s used.
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