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UPPER LIMITS ON GRAVITATIONAL WAVES FROM SCORPIUS X-1
FROM A MODEL-BASED CROSS-CORRELATION SEARCH IN ADVANCED LIGO DATA

B. P. AssorT,! R. ABBOTT,! T. D. ABBOTT,> F. ACERNESE,>* K. ACKLEY,” C. ADAMS,® T. ADAMS,” P. ADDESSO,?

R. X. ApHIKARL' V. B. Apva,? C. AFrFeELDT,’” M. AFrouGH,'® B. AcarRwaAL,'! M. AcaTHos,'? K. AcATsuMA,"

N. AGGARWAL," O. D. Acuiar,” L. A1rLLo,'® 7 A. AN,'™® P. Agrre,'® B. ALLen,>2%2 G, ALLEN,'! A. ALLocca,?

P. A. Autin,® A. AMaTO,® A. ANANYEVA,' S. B. ANDERSON,! W. G. ANDERSON,?® S. ANTIER,?® S. AppERT,! K. ARAL!

M. C. Arava,! J. S. AREEDA,?” N. ARNAUD,?* % K. G. AruN,?® S. Ascenz1,?®!'" G. AsuToNn,” M. AsT,?' S. M. AsToN,®
P. AsTonE,*? P. AurmuTH,? C. AULBERT,” K. AULTONEAL,*® A. AviLA-ALVAREZ,?” S. BaBAK,*! P. Bacon,*

b) b b b b b b

M. K. M. BADER,"® S. BAg,* P. T. BAkER,’"* F. BaLpACCINL?** % G. BALLARDIN,?® S. W. BALLMER,*! S. BANAGIRI,*?
J. C. BArRAYOGA,! S. E. BarcLAY,*® B. C. BarisH,' D. BARKER,* F. BARONE,>* B. BArRr,* L. Barsortr,*

M. BARSUGLIA,*® D. BARTA, " J. BARTLETT," 1. BARTOS,'® R. Bassiry,'” A. Basti,?>?® J. C. Barcu,* C. Baung,’
M. Bawaj,®40 M. Bazzan,® B. BEcsy,” C. BEer,” M. BEJGER,*? 1. BELAHCENE,?® A. S. BELL,*® B. K. BERGER,'
G. BERGMANN,”? C. P. L. BERRY,*® D. BERSANETTI,’*»®> A. BERTOLINI,'® J. BETZWIESER,® S. BHAGWAT,*!

R. BuANDARE,’® 1. A. BiLENKO,”” G. BiLLINGSLEY,! C. R. BiLLmaN,® J. Bircn,® R. BirnEY,*® O. Birnuorrz,’

b b b b b b b
S. Biscans,'* A. Bisut,? M. Brross;,?®* C. Biwer,*! M. A. Bizouarp,? J. K. BLACKBURN,! J. BLACKMAN,”
C. D. BLAaR,® D. G. BrLaIr,®® R. M. BraIr,** S. BLoeMEN,* O. Bock,’ N. Bopg,” M. Bogr,*? G. BoGAERT,
. BouEg,* F. BoNDU . BonnanD,” B. A. M . Bork,' V. HI, 2% g, E,0 . BOUFFANAI
A. BoHE,* F. BonDu,® R. BoNNAND,” B. A. Boom,'® R. Bork,' V. BoscH1,**?* S. Bosg,*'® Y. Bourranais,*
A. Bozz1,®® C. BrapascHIA,?® P. R. BrRaDy,?’ V. B. BRAGINSKY,””* M. BRANCHESL® % J. E. BrRau," T. BrianT,®
A. BRILLET,®> M. BRINKMANN,? V. Brisson,?® P. BRockILL,?’ J. E. Broipa,% A. F. Brooks,! D. A. BRown,*!
D. D. BrRown,?® N. M. Brown,'* S. BRuneTT,' C. C. BUuCcHANAN,?> A. Buikema,'* T. BuLik,” H. J. Burren,’> 13
A. BUONANNO,** ™ D. Buskuric,” C. Buy,* R. L. Byer,*” M. CaBEro,’ L. CapoONATI,”® G. CaGNOLIL?> ™
C. CAHILLANE,! J. CALDERON BusTiLLO,”® T. A. CALLISTER,! E. CaLLoni, ™ J. B. Camp,”® M. CaANEPA,** %

P. Canizarges,’! K. C. CannoN,”” H. Ca0,® J. Ca0,” C. D. Carano,” E. Carpocasa,*® F. CARBOGNANI,?® S. CARIDE,*
M. F. CARNEY,* J. CASANUEVA Di1az,% C. CaseENTINL "7 S. CAUDILL,?® M. CAVAGLIA,'® F. CAVALIER,”® R. CAVALIERI,?
G. CELLA,® C. B. CEPEDA,! L. CERBONI BAIARDI,*> % G. CERRETANL?*? E. CESARINL*®!7 S. J. CHAMBERLIN,?

M. CHAN,* S. CHAO,%® P. CHARLTON,* E. CHASSANDE-MOTTIN,*® D. CHATTERJEE,? K. CHATZIIOANNOU,*

B. D. CHEESEBORO,*"3® H. Y. CHEN,* Y. CHEN,” H.-P. CHENG,” A. CHINCARINL? A. CHiuMMO,?® T. CumieL,™
H. S. Cuo,’” M. Cuo,”™ J. H. Cuow,?* N. CHRISTENSEN,*" % Q. Cuu,®* A. J. K. Cuua,'? S. Cuua,%® A. K. W. Cuung,®
. CHUN . C1an1,” R. Crorr,® % C. E. CIRELLL,* A. CIRONE,’*®® F. CLARA,* J. A. CLARK,™ F. CLEVA,%

S. CHuNG," G. Ciant,’ R. CioLrr,® , , , , ,

) HIERI . 14,1017 P.-F. COHADON . CoLLa,%t . G. COLLETTE,” L. R. COMINSKY,’

C. Cocc A0 E. Coccra,'®” P.-F. Conapon,® A. Corra,”t3? C. G. Co 2 L. R. CoMINSKY,”

M. ConsTANCIO JR.,'® L. ConTL,>® S. J. CooPER,* P. CorBaAN,® T. R. CorBITT,> K. R. CORLEY,*® N. Cornisn,**
A. CorsL,® S. CorTESE,” C. A. Costa,'® M. W. CoucHLIN,? S. B. CoucHLIN,” % J-P. CouLon,®
. T. COUNTRYMAN . COUVARE . B. Covas,’” E. E. CowaN . M. COWARD . J. Cowart,® D. C. COYNE
S. T. Co AN,* P. Couvargs,! P. B. Covas,”” E. E. Cowan,”™ D. M. Cowarp,’ M. J. Cowarr,’ D. C. COYNE,!
R. CoyNg,*® J. D. E. CreiGHTON,? T. D. CrREIGHTON,”® J. CRIPE,> S. G. CROWDER,” T. J. CULLEN,? A. CuMMING,*
L. CUNNINGHAM,*® E. Cuoco,?® T. DAL CANTON,”® S. L. DANILISHIN,?"? S. D’ANTONIO,'” K. DANZMANN,?!?

A. DascupTa,'® C. F. Da Siva CosTa,” V. DATTILO,?® 1. DAVE,”® M. DavIier,?® D. Davis,*! E. J. Daw,'”! B. Day,”
S. DE,* D. DEBRA,* E. DEELMAN,'?? J. DEGALLAIX,? M. DE LAURENTIS,™* S. DELEGLISE,*® W. DEL Pozzo,%3 %22
T. DENKER,” T. DENT,” V. DERGACHEV,* R. DE Rosa,”™? R. T. DERosA,’ R. DESALvO,'® J. DEVENSON,

R. C. DEVINE,*"® S. DHURANDHAR,'® M. C. Diaz,”® L. D1 Fiorg,* M. D1 G1ovanng, '™ T. D1 GiroLamo,™ 440
A. D1 LiET0,?% S. D1 Pacg,’"3? 1. D1 PaLma,’t32 F. D1 RENzo,?*?® Z. DocTor,*® V. DoLIQuE,?® F. DoNOVAN,
K. L. DooLEY,' S. DoravARL® 1. DORRINGTON,”® R. DoucLas,”® M. DovALE ALvarez,® T. P. Downes,?’ M. Draco,’
R. W. P. DRevER," T J. C. DriceErs,* Z. Du,”™ M. Ducror,” J. DuncaN,” S. E. DwyYER,* T. B. Epo,'"!

M. C. Epwarps,” A. EFrLER,® H.-B. EcGENSTEIN,? P. EHRENs,! J. Eicunorz,! S. S. EIKENBERRY,” R. A. EISENSTEIN,
R. C. Essick,'* Z. B. ETIENNE,*" % T. ETzEL,! M. Evans,'* T. M. Evans,® M. FacrourovicH,*® V. Farong,?% 1716
H. Far,*! S. FAIRHURST,”® X. FaN,”™ S. FARINON,? B. FARR,*® W. M. FARR,” E. J. FAUCHON-JONES,’® M. Favara,'®®
M. Fays,” H. FEHrMANN,? J. FricHT,! M. M. FEJER,'” A. FERNANDEZ-GALIANA,' I. FERRANTE,?>? E. C. FERREIRA,'S
F. FErrIN,?® F. FIDECARO,?>?? 1. F10R1,>® D. F1orucct,® R. P. FisuEr,”' R. FLaMinio,?®'% M. FLETCHER,*?

H. Fong,% P. W. F. ForsyTH,** S. S. ForsyTH,® J.-D. FOURNIER,? S. Frasca,”"3? F. Frascont,? Z. FrEr,®!

A. Freisg,” R. FRey,”” V. Frey,?® E. M. Frigs,! P. FrirscHEL,' V. V. Frorov,’ P. FuLpa,>® M. FyFFE,°
H. GaBBaARD,” M. GABEL,'” B. U. GADRE,"® S. M. GAEBEL,”® J. R. GAIr,'”® D. K. GarLoway,'” L. GAMMAITONI,*
M. R. GANIIA,"® S. G. GAONKAR,'® F. GARUFI,"™* S. GAUDIO,* G. GAUR,'"® V. GavaTHRL ! N. GEHRELS, 0
G. GEMME,” E. GENIN,® A. GENNAL? D. GEORGE,'! J. GEORGE,*® L. GERGELY,''? V. GERMAIN,” S. GHONGE,"
Asuirup Guosn,' ArcuisMAN Gnosn,'®'® S. Guosn,*™'? J. A. Giamme,*>% K. D. GiarpiNa,® A. Giazorro,” K. GiLL,*



) ER, . GOET . GOET . Es,” G. ALE . M. E TRO,?>23 A, :
L. GLOVER,'® E. Gorrz,’ R. GoETz,” S. GOoMES,” G. GoNzALEZ,> J. M. GONZALEZ CASTRO,**?* A. GOPAKUMAR, !
. L. GORODETSKY . E. GossaN . GOSSELIN . GouaTy,” A. GrRaDO,''** C. GRAEF,” M. GRANATA
M. L. G TS . E. G S M. G B R.G J A G St e G B M. G 2
A. GRANT,* S. Gras, C. Gray,* G. GRECO,%% A. C. GrREEN,” P. GrooT,*! H. GROTE,’ S. GRUNEWALD,*
) .M. . % A. T . K. T . E. K. TAF
P. GRUNING,?® G. M. Guip,? % X. Guo,”™ A. Gupta,® M. K. Gupta,'” K. E. Gusawa,! E. K. GUSTAFSON,!
. GUSTAFSON, . R. HALL,®® E. D. HaLL,' G. HAMMOND . HANEY . M. Hankg,” J. Hanks, ' C. HANNA
R. G M5 B.R. HaLr,! E. D. HaLr,! G. H 3 M. HANEY,'® M. M. H JJ H MC H 52
O. A. HANNUKSELA,® J. HaNsoN,® T. HARDWICK,? J. HArRMS,% % G. M. HARry,''S I. W. HARRY,** M. J. HarT,*
C.-J. HasTER,% K. HaucHIAN,®® J. HEALY,"'” A. HEiDMANN,® M. C. HENTZE,® H. HEITMANN,®? P. HELLO,?
. HEMMING . HENDRY,* I. S. HENG,* J. HENNIG . HENRY . W. HEPTONSTALL . HeEurs,”?' S. HILD,
G. H M. H 43 1.8. Heng,® J. H I H MTAW.H ALL,' M. H 221 S HiLp,*
D. Hoak,?® D. HorMaN,? K. Hort,® D. E. Horz,*® P. Hopkins,” C. Horst,?’ J. Hougn,*® E. A. HousTon,*
E. J. HoweLr,® Y. M. Hu,” E. A. HugrTa,'! D. Huer,?® B. HugHEY,* S. Husa,’” S. H. HUTTNER,*® T. HuyNH-DINH,®
N. Inpik,” D. R. INérAM,™ R. INTA,% G. INTINL?D 32 H. N. Isa,*® J-M. Isac,®® M. Isi,! B. R. Iver," K. Izumr,*
T. JacQMmIn,%® K. JANL,” P. JARANOWSKI, '™ S. JAwWAHAR,' F. JIMENEZ-FORTEZA,” W. W. Jounson,? D. I. Jongs,'?
R. JonEs,®® R. J. G. JONKER,™ L. Ju,®* J. JuNKER,? C. V. KALAGHATGL,?® V. KALOGERA,” S. KANDHASAMY,®
G. Kang,*® J. B. KANNER,' S. Kark1,” K. S. KARVINEN,? M. Kasprzack,? M. KaToLik,!' E. Karsavouniprs,™
W. KarzMan,® S. KAUFER,?' K. KawaBE,* F. KErELIAN,®? D. KeTeL,*® A. J. KEMBALL,'!' R. KENNEDY,!”! C. KENT,”
J. S. Key,'? F. Y. KuaL,” I. Kuan,'®17 S, Kuan,? Z. Kuan,!' E. A. Kuazanov,' N. KIJBUNCHOO,*
CHUNGLEE Kim,'? J. C. K, W. Kiv,”® W. S. Kiv,'® Y.-M. Kiv,%" 123 S, J. KimBreLL,”™ E. J. King,™ P. J. King, ™
R. Kircunorr,” J. S. KisseL,** L. KLEYBOLTE,* S. KLiIMENKO,” P. Koch,? S. M. KOEHLENBECK,” S. KOLEY,'?
V. KoNDRASHOV,! A. KonTos,'* M. KoroBko,?! W. Z. KortH,! I. KowaLska,”® D. B. Kozak,' C. KRAMER,®
V. KrINGEL,? B. KrisuNAN,? A. KrOLak,'?% 12" G. Kugnn,? P. Kumar,® R. KuMar,'” S. Kumar,'? L. Kuo,®
A. Kurynia,'?® S, Kwang,? B. D. LAckEy,* K. H. LAL,®® M. LaNDRY,* R. N. Lang,?® J. LANGE,''" B. LanTz,*7
R. K. LaNzA," A. LARTAUX-VOLLARD,?® P. D. Lasky,'? M. LaxeN,® A. Lazzarini,! C. Lazzaro,’® P. Leact,”t 32
S. LEavey,® C. H. LEg,*” H. K. Leg,'*® H. M. Leg,'”® H. W. Leg," K. Leg,” J. LEamann,® A. Lenon,3"38
M. LEONARDL% N. LErROY,* N. LETENDRE,” Y. LEVIN,!” T. G. F. L1,’® A. Lison,* T. B. LITTENBERG,'? J. Liu,%
R. K. L. Lo,® N. A. LockersIg,'*? L. T. LonpoN,”® J. E. Lorp,*! M. LorenzINL, " V. LorierTE,*® M. LOoRMAND,®
) URD . D. Lough,” . O. LousT . LOVELACE . Lock,?? D. Lum : . P. LUNDGREN
G. Losurpo,® J. D. Loucn,”?! C. O. LousTto,''” G. Lo cE,> H. Luck,?"? D. Lumaca,*>'" A. P. LUNDGREN,’
R. LyNcH,™ Y. Ma,* S. Macroy,” B. MACHENSCHALK,? M. MacINNis,!* D. M. MAcLEOD,? I. MAGANA HERNANDEZ,®®
F. MAGANA-SANDOVAL,*! L. MAGANA ZERTUCHE,* R. M. MAGEE,®? E. MaJOrRANA,*? I. MaksiMovic,'® N. Man,5?
V. ManDIC,*? V. MANGANO,"® G. L. MANSELL,?" M. MANSKE,?® M. MANTOVANI,?® F. MARcHESONI,'® 1 F. MARION,”
S. MARKA, Z. MARKA,* C. MARKAKIS,!' A. S. MARKOSYAN,*” E. MAROS,! F. MARTELLL® % I, MARTELLINT,®
I. W. MarTIN,®® D. V. MarTYNOV,* K. Mason,** A. MasseroT,” T. J. MASSINGER,! M. Masso-REID,*
) TROGIOVANNT, ! . MATAS,*? F. MATICHARD . MATONE,*® N. MAVALVALA,'* R. MAYANI . MAZUMDER
S. MASTROGIOVANNL 32 A MaTaS,”? F. MATICHARD,'! L. MATONE,'® N. Mavarvara,' R. Mavant,'®? N. Ma o
) rTHY,* D. E. LELLAND,* S. RMICK,® L. ULLER . C. UIRE, 3! G. NTYRE
R. McCa 44D, E. McC AND,?* S. McCorMIck,® L. McC 148, C. McG B G Mal .
J. McIvER,! D. J. McManus,? T. McRaAE,?* S. T. McWiLLiaMS,*" % D. MEACHER,® G. D. MEADORS,**? J. MEIDAM, !
E. MEJUTO-VILLA,® A. MELATOS,"®? G. MENDELL," R. A. MERCER,”® E. L. MERILE," M. MERzZOUGUL® S. MESHKOV,!
. MESSENGER,** C. MESSICK,*> R. METZDORFF . M. MEYER: . MEzzaNL,?*2% H. M1ao,% C. MIcHEL,?
C. MESSENGER,** C. MEssIick,*? R. M ORFF,%® P. M. M s,*2 F. MEzzAN1*>%" H. M1ao,” C. MicHEL,?
H. MibDLETON,”® E. E. MikHAILOV,™® L. MiLaNo,”% A. L. MILLER,” A. MILLER,’"*? B. B. MILLER,” J. MILLER,"
M. MiLLHOUSE,™ O. MiNazzoL,® Y. MiNenkov,'” J. MiNG,** C. MisHrA,'3* S. M1TRA,'® V. P. MITROFANOV,?”
G. MITSELMAKHER,” R. MITTLEMAN,* A. Mocar,?® M. MoHaN,?® S. R. P. MOHAPATRA,'* M. MoNTaNI, 60
B. C. MooRE,'® C. J. MoORE,'> D. MorarU,* G. MoreNO,* S. R. Morriss,” B. Mours,” C. M. Mow-LowRy,*
. MUELLER,” A. W. MUIR RUNAVA MUKHERJEE,” D. MUKHERJEE,? S. MUKHERJEE,”® N. Mukunp,'"® A. MuLLAVEY,®
G. M S A W. Mur,”® A M , , , , ,
J. Munch,™® E. A. M. Muniz,*! P. G. MURRAY,*® K. NAPIER,”® 1. NArRDECCHIA,** 7 L. NaTICCHIONT, "2
R. K. Navak,'¥ G. NELEMANs,® T. J. N. NELSON,® M. NEr1,**% M. NEry,® A. NEUNzERT,''® J. M. NEWPORT,!6
. NEwtoN,* % K. K. Y. . T. NcuyeN,* D. NicHOL . B. NieLsEN,” S. Nissankg,’"'® A Nirz,°
G. NEwTon,** 8 K. K. Y. N¢,*® T. T. Na 2 D. NicHOLS,®! A. B. NIELSEN, , ,
A. Noack,” F. Nocera,?® D. NortinG,® M. E. N. NorMaANDIN,” L. K. NurTaLL,*! J. OBERLING,** E. OCHSNER,*
E. OELKER,' G. H. OcIN,'*" J. J. On,'® S. H. On,'* F. OnuME,” M. OLIVER,”” P. OPPERMANN,” RICHARD J. ORAM,®
B. O’REILLY,% R. ORMISTON,*? L. F. ORTEGA,” R. O’SHAUGHNESSY,''” D. J. OTTawAY,” H. OVERMIER,® B. J. OWEN,
A. E. Pacg,* J. PAGE,'® M. A. Pace,® A. Par,'™ S. A. Pa1,’® J. R. PaLamos,’” O. PavLasnov,'??> C. PaLomBA,*
A. PaL-SingH,?! H. PaN,® B. Pang,” P. T. H. Pancg,®® C. Pankow,” F. PANNARALE,” B. C. Pant,’® F. PaoLETTL?
A. PaoL,®?® M. A. Papra®2%9 H. R. Paris,’” W. PArRkER,® D. Pascuccr,® A. PAasQUALETTI,?® R. PAssaQuIETI,?> %
D. PASSUELLO,?* B. PATRICELLL®®? B. L. PEARLSTONE,*® M. PEDRAZA,! R. PEDURAND,? 137 L. PEKOWSKY,* A. PELE,’
S. PenN,'®® C. J. PEREZ,* A. PERRECA,!1%4% [, M. PERR1,® H. P. PFEIFFER,% M. PuELPS,*> O. J. P1ccinng, 32
M. PicHOT,® F. PIERGIOVANNL® % V. PIERRO,® G. PILLANT,?® L. PINARD,® I. M. PiNTO,® M. PITKIN,*
R. PoGGiang,?* % P. PopoLizio,”® E. K. PORTER,*” A. Post,” J. POWELL,*® J. Prasap,'® J. W. W. Prart,*
V. PrepOL” T. PRESTEGARD,?® M. PRATELJ,® M. PrINCIPE,® S. PRIVITERA,*! R. Prix,’ G. A. Propy, %%
L. G. ProkHOROV,” O. PUNCKEN,” M. PUNTURO,* P. Purro,**> M. PURRER,* H. QL% J. QIN,% S. Qiu,'??
V. QUETSCHKE,”® E. A. QUINTERO,! R. QuiTZOw-JAMES,%” F. J. RaaB,* D. S. RABELING,* H. RADKINS,* P. RAFFAL®
S. RaJa,’8 C. RaJan,®® M. Rakumanov,” K. E. Ramirez,”® P. RapacNant,?h3? V. RaymonD,** M. RAZzZANO
b 9y ) ) b ) 9

22,23
J. READ,” T. REGIMBAU,%? L. RELL”® S. REID,”® D. H. REITZE,"® H. REW,'* S. D. REYES,*! F. Riccr,”*2



P. M. RickER,' S. RIEGER,” K. RiLES,"'® M. Ri1zzo,''" N. A. RoBeRTsON,"** R. RoBIE,® F. RoOBINET,?® A. Roccur,!”
L. RoLLanp,” J. G. RoLuins,' V. J. Roma,%" R. Romano,** C. L. RomeL,™ J. H. Romig,® D. RosiKska, 3% 52
M. P. Ross,'” S. Rowan,*® A. RUDIGER,” P. Ruaar,® K. Ryan,* M. RyncE,'®? S. Sacupev,! T. SADECKI,*
L. SADEGHIAN,?® M. SAKELLARIADOU,'! L. SALCONI,?® M. SALEEM,'!! F. SALEMIL® A. SAMAJDAR,™® L. Sammur,'%?
L. M. SaMpPsoN,” E. J. SaANCHEZ,! V. SANDBERG,* B. SANDEEN,” J. R. SANDERs,"! B. Sassoras,?

B. S. SATHYAPRAKASH,*>% P. R. SAULSON,*! O. SAUTER,'"® R. L. SAvAGE,* A. SawaDsKY,?' P. SCHALE,®” J. SCHEUER,”
E. Scumipt,* J. ScuMmipT,” P. ScumipT,b® R. ScHNABEL,*! R. M. S. SCHOFIELD,%” A. SCHONBECK,** E. SCHREIBER,’
D. ScuuertTE,”* B. W. Scuurrg,’ B. F. Scuurz,”® S. G. ScawaLsg,*® J. Scorr,*® S. M. Scorr,? E. SEIDEL,"!
D. SELLERS,® A. S. SENGUPTA,™? D. SENTENAC,?® V. SEQUINO,**'" A. SERGEEV,'?> D. A. SHADDOCK,* T. J. SHAFFER,*
A. A. SHAH,'® M. S. SHAHRIAR,” L. SHA0,*! B. SHAPIRO,*” P. SHAWHAN,”? A. SHEPERD,? D. H. SHOEMAKER,!*

D. M. SHOEMAKER,” K. SIELLEZ,”® X. SIEMENS,?® M. SIENIAWSKA,*? D. S1¢G,™ A. D. Siva,'® A. SINGER,’

L. P. SINGER,”® A. SincH,**% 2! R. SINGH,? A. SINGHAL,'®3> A. M. SinTEs,” B. J. J. SLAGMOLEN,*! B. SmrTn,°
J. R. Smrt,?” R. J. E. Smith,! E. J. Son,'? J. A. SONNENBERG,% B. SorazuU,** F. SORRENTINO,”® T. SOURADEEP,®
A. P. SPENCER," A. K. SRivasTava,'? A. STALEY,'® M. STEINKE,? J. STEINLECHNER,* 3! S. STEINLECHNER,?!

D. STEINMEYER,” ' B. C. STEPHENS,?’ R. STONE,” K. A. STRAIN,*® G. STRATTA,% %0 S. E. STRIGIN,’” R. STURANI,'#
A. L. STuvER,® T. Z. SUMMERSCALES,** L. SuN,!? S. SuniL,'® P. J. SurTon,” B. L. SWINKELS,?®
M. J. SzczEPANCZYK,? M. Tacca,*® D. TALUKDER,’” D. B. TANNER,” M. TAprarL''? A. Taraccuint,* J. A. TAYLOR,'?
R. TayLor,! T. THEEG,” E. G. THOMAS,” M. THOMAS,’ P. THOMAS,** K. A. THORNE,® K. S. THORNE,” E. THRANE,!"
S. TIwaRL'®% V. Trwary,” K. V. TokMakov,'? K. ToLanp,** M. ToNELLI,?*?® Z. TorNasL,*® C. I. TORRIE,*
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ABSTRACT

We present the results of a semicoherent search for continuous gravitational waves from the low-mass X-ray binary
Scorpius X-1, using data from the first Advanced LIGO observing run. The search method uses details of the modelled,
parametrized continuous signal to combine coherently data separated by less than a specified coherence time, which
can be adjusted to trade off sensitivity against computational cost. A search was conducted over the frequency range
from 25Hz to 2000 Hz, spanning the current observationally-constrained range of the binary orbital parameters. No
significant detection candidates were found, and frequency-dependent upper limits were set using a combination of
sensitivity estimates and simulated signal injections. The most stringent upper limit was set at 175 Hz, with comparable
limits set across the most sensitive frequency range from 100 Hz to 200 Hz. At this frequency, the 95% upper limit
on signal amplitude hg is 2.3 x 10~2° marginalized over the unknown inclination angle of the neutron star’s spin, and
8.0 x 10726 assuming the best orientation (which results in circularly polarized gravitational waves). These limits are
a factor of 3-4 stronger than those set by other analyses of the same data, and a factor of ~ 7 stronger than the best
upper limits set using initial LIGO data. In the vicinity of 100 Hz, the limits are a factor of between 1.2 and 3.5 above
the predictions of the torque balance model, depending on inclination angle; if the most likely inclination angle of 44°
is assumed, they are within a factor of 1.7.

* Deceased, March 2016.

T Deceased, March 2017.
 Deceased, February 2017.
§ Deceased, December 2016.



1. INTRODUCTION

Rotating neutron stars (NSs) are the primary ex-
pected source of continuous, periodic gravitational
waves (GWs) for ground-based GW detectors. Targets
include known pulsars (Aasi et al. 2014a), non-pulsating
NSs in supernova remnants (Wette et al. 2008; Abadie
et al. 2010; Aasi et al. 2015), and unknown isolated
(Abbott et al. 2016a; Aasi et al. 2016) or binary NSs
(Aasi et al. 2014b). A particularly promising source is
an accreting NS in a low-mass X-ray binary (LMXB);
accretion torque spins up the NS into the frequency
band of the detectors, and the accretion can generate
an asymmetric mass or current quadrupole which acts
as the source for the GWs (Watts et al. 2008). An
approximate equilibrium between accretion spinup and
GW and other spindown torques can produce a signal
that is nearly periodic in the NS’s rest frame, and then
Doppler shifted due to the orbital motion of the NS and
the motion of the detector on the surface of the Earth.
Such an equilibrium scenario would produce a rela-
tion between the observed accretion-induced X-ray flux
of the LMXB and the expected strength of the GWs.
Scorpius X-1 (Sco X-1), the most luminous LMXB, is
therefore a promising potential source of GWs (Pa-
paloizou & Pringle 1978; Wagoner 1984; Bildsten 1998).
Sco X-1 is presumed to consist of a neutron star of mass
~ 1.4Mg in a binary orbit with a companion star of
mass =~ 0.4Mg (Steeghs & Casares 2002). Some of the
parameters inferred from observations of the system are
summarized in Table 1.

Several methods were used to search for Sco X-1 in
data from the initial LIGO science runs of 2002-2011:
Abbott et al. (2007a) performed a fully-coherent search
(Jaranowski et al. 1998) on six hours of data from the
second science run; starting with the fourth science run,
results for Sco X-1 were reported (Abbott et al. 2007b;
Abadie et al. 2011) as part of a search for stochastic sig-
nals from isolated sky positions (Ballmer 2006); in the
fifth science run, a search (Aasi et al. 2015a) was done
for Doppler-modulated sidebands associated with the
binary orbit (Messenger & Woan 2007; Sammut et al.
2014); in the sixth science run, Sco X-1 was included
in a search (Aasi et al. 2014b) principally designed for
unknown binary systems (Goetz & Riles 2011), and this
method was subsequently improved to search directly
for Sco X-1 (Meadors et al. 2016) and applied to initial
LIGO data (Meadors et al. 2017a). A mock data chal-
lenge (Messenger et al. 2015) was conducted to compare
several of the methods to search for Sco X-1, and the
most sensitive (detectng all 50 simulated signals in the
challenge and 49 out of the 50 “training” signals) was

7

the cross-correlation method (Dhurandhar et al. 2008;
Whelan et al. 2015) used in the present analysis.!

The Advanced LIGO detectors (Aasi et al. 2015Db)
carried out their first observing run (O1) from 2015
September 12 to 2016 January 19 (Abbott et al. 2016Db).
Searches for transient signals were carried out in near-
real time and resulted in the observation of the binary
black hole (BBH) mergers GW150914 (Abbott et al.
2016¢) and GW151226 (Abbott et al. 2016d) and the
possible BBH merger LVT151012(Abbott et al. 2016b),
as well as upper limits on the rates and strengths of
other sources (Abbott et al. 2016e, 2017a,b). Searches
for persistent stochastic or periodic sources were con-
ducted using data from the full duration of the run, and
include searches for isotropic and anisotropic stochastic
signals (Abbott et al. 2017¢,d) and a variety of known
and unknown NSs (Abbott et al. 2017¢). So far, two
analyses besides the current one have been released in-
cluding searches for GWs from Sco X-1: Abbott et al.
(2017d) included the direction of Sco X-1 in its directed
unmodelled search for persistent GWs, and Abbott et al.
(2017f) performed a directed search for Sco X-1 using a
Hidden Markov Model.

2. MODEL OF GRAVITATIONAL WAVES FROM
SCO X-1

The modelled GW signal from a rotating NS con-
sists of a “plus” polarization component h,(t) =
Aq cos[®(t)] and a “cross” polarization component
hy(t) = Axsin[®(¢)]. The signal recorded in a par-
ticular detector will be a linear combination of h, and
hx determined by the detector’s orientation as a func-
tion of time. The two polarization amplitudes are

1 2
AL = h07+ ;OS L and

where hg is an intrinsic amplitude related to the neutron
star’s ellipticity, moment of inertia, spin frequency, and
distance, and ¢ is the inclination of the neutron star’s
spin to the line of sight. (For a neutron star in a binary,
this may or may not be related to the inclination i of
the binary orbit.) If + = 0° or 180°, Ay = £A,, and
gravitational radiation is circularly polarized. If ¢+ =
90°, Ay = 0, it is linearly polarized. The general case,
elliptical polarization, has 0 < |Ax| < A4. Many search
methods are sensitive to the combination
AT+ A% [(1+ cos? 1) /2]* + [cos ]?
2 2 ’
(2)

Ay =hgcose, (1)

(hTy? — i

1 The cross-correlation analysis was carried out in “self-blinded”
mode without knowledge of the simulated signal parameters, after
the nominal end of the challenge.



Table 1. Observed parameters of the LMXB Sco X-1.

Parameter Value

Right ascension® 16"19™55.0850°
Declination® —15°38'24.9"
Distance (kpc) 2.8+0.3
orbital inclination i® 44° 4+ 6°

K (km/s)® [10,90] or [40, 90]
Thse (GPS )¢ 897753994 + 100
Porp, (s)¢ 68023.70 + 0.04

References—Bradshaw et al. (1999); Fomalont et al.
(2001); Galloway et al. (2014); Wang (2017)

NoOTE— Uncertainties are lo unless otherwise stated.
There are uncertainties (relevant to the present search)
in the projected velocity amplitude K7 of the NS, the
orbital period Pop, and the time Thsc at which the neu-
tron star crosses the ascending node (moving away from
the observer), measured in the Solar System barycenter.
The orbital eccentricity of Sco X-1 is believed to be small
(Steeghs & Casares 2002; Wang 2017), and is ignored in
this search. Inclusion of eccentric orbits would add two
search parameters which are determined by the eccen-
tricity and the argument of periapse (Messenger 2011;
Leaci & Prix 2015).

%The sky position [as quoted in Abbott et al. (2007a)
derived from Bradshaw et al. (1999)] is determined to the
microarcsecond, and therefore can be treated as known
in the present search.

bThe inclination ¢ of the orbit to the line of sight, from
observation of radio jets in Fomalont et al. (2001), is
not necessarily the same as the inclination angle ¢ of the
neutron star’s spin axis, which determines the degree of
polarization of the GW in equation (1).

€The value of the projected orbital velocity K is difficult
to determine experimentally, and previous work used a
value in Abbott et al. (2007a) derived with some as-
sumptions from Steeghs & Casares (2002) which was
equivalent to 40 + 5km/s. The broader range listed
here comes from Doppler tomography measurements and
Monte Carlo simulations in Wang (2017) which show
K1 to be weakly determined beyond the constraint that
40km/s < K1 < 90km/s. Preliminary results from
Wang (2017) included the weaker constraint 10km/s <
K; <90km/s, which was used to determine the param-
eter range in Table 2.

d The time of ascension Tasc, at which the neutron star
crosses the ascending node (moving away from the ob-
server), measured in the Solar System barycenter, is de-
rived from the time of inferior conjunction of the com-
panion given in Galloway et al. (2014) by subtracting
Py, /4. Tt corresponds to a time of 2008-Jun-17 16:06:20
UTC, and can be propagated to other epochs by adding
an integer multiple of P,y,, which results in increased
uncertainty in Tasc and correlations between P, and
Tasc; see Fig. 1.

which is equal to h3 for circular polarization and h3/8
for linear polarization. (Messenger et al. (2015); note
that this differs by a factor of 2.5 from the definition of
(h§®)? in Whelan et al. (2015).)

It has been suggested (Papaloizou & Pringle 1978;
Wagoner 1984; Bildsten 1998) that an LMXB may be
in an equilibrium state where the spinup due to accre-
tion is due to the spindown due to GWs. In that case,
the GW amplitude can be related to the accretion rate,
as inferred from the X-ray flux Fx (Watts et al. 2008):

_ Fx V2 —1/2
ho & 3 % 10727 (5005)
o~ 3x10 <10—8 ergcm—2 s—l) 300 Hz

R oO\3/A4 Mo\ WA
8 (10km> (1.4M@> ‘
3)

For Sco X-1, using the observed X-ray flux Fx = 3.9 x
107 ergem 257! from Watts et al. (2008), and assum-
ing that the GW frequency fy is twice the spin frequency
vs (as would be the case for GWs generated by triaxial-
ity in the NS), the torque balance value is

—1/2
ho ~ 3.4 x 10726 Jo / . (4)
600 Hz

Recent work (Haskell et al. 2015b,a) has cast doubt on
the ubiquity of the GW torque balance scenario in light
of other spindown mechanisms; the torque balance level
remains an important benchmark for search sensitivity,
and detection or non-detection at or below that level
would provide insight into the behavior of accreting NSs.

3. CROSS-CORRELATION SEARCH METHOD

The cross-correlation (CrossCorr) method was pre-
sented in Dhurandhar et al. (2008) and refined for ap-
plication to Sco X-1 in Whelan et al. (2015). It was ap-
plied to simulated Advanced LIGO data in a mock data
challenge (Messenger et al. 2015; Zhang et al. 2017). It
was originally developed as a model-based improvement
of the directional stochastic search of Ballmer (2006),
which has been used to set limits on gravitational radia-
tion from specific sky directions including Sco X-1 (Ab-
bott et al. 2007b; Abadie et al. 2011). The method al-
lows data to be correlated up to an adjustable coherence
time Tiax. The data are split into segments of length
Tyt between 240s and 1400s (depending on frequency)
and Fourier transformed. In a given data segment or
short Fourier transform (SFT), the signal is expected to
be found in a particular Fourier bin (or bins, consider-
ing the effects of spectral leakage). The signal bins are
determined by the intrinsic frequency and the expected
Doppler shift, which is in turn determined by the time
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Figure 1. Range of search parameters Thsc and Poy,. The
ellipses show curves of constant prior probability correspond-
ing to 1o, 20, and 30 (containing 39.3%, 86.5%, and 98.9%
of the prior probability, respectively), including the effect
of correlations arising from propagation of the T, estimate
from Table 1 to the mid-run value in Table 2. The search
region is chosen to include the 3o ellipse, with the range of
Tasc within +10 receiving a deeper search, as illustrated in
Fig. 2. The inner and outer regions contain 68.0% and 99.5%
of the prior probability, respectively. Note that the apparent
inefficiency in searching unlikely regions of Tasc-Porb, Space is
mitigated by the fact that the search does not typically re-
solve P, resulting in only one value being included in the
search.

and detector location, as well as the assumed orbital pa-
rameters of the LMXB. If the SFTs are labelled by an
index K, L, etc., which encodes both the detector in
question and the time of the SFT, and zk is the appro-
priately normalized Fourier data in the bin(s) of interest,
the cross-correlation statistic has the form

p=Y (Wkrziczr + Wicp2x2i) - (5)
KLeP

This includes the product of data from SFTs K and
L, where KL is in a list of allowed pairs P, defined by
K < L and |Tk — T1| < Thax, i-e., the times of the
two different data segments should differ by no more
than some specified lag time Ty,.x, which we also refer
as the coherence time. The complex weighting factors
Wi 1, are chosen [according to equations (2.33-2.36) and
(3.5) of Whelan et al. (2015)] to maximize the expected
statistic value subject to the normalization Var(p) = 1.
The expected statistic value is then

Elp] = (hg")*9 (6)

where

4(Tave 2
¥ 22 0.903, | N2 Tobs Tmax <-£—Ji£l-> .M
SkSL KLEP

- Tinax (s) for 100-150 Hz

T
9240
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Figure 2. Example of coherence times Tiax, in seconds,
chosen as a function of the orbital parameters of the NS.
Increasing coherence time improves the sensitivity but in-
creases the computational cost of the search. The values are
chosen to roughly optimize the search (by maximizing de-
tection probability at fixed computing cost subject to some
arbitrary assumptions about the prior on hg) assuming a
uniform prior on the projected semimajor axis asin¢ and a
Gaussian prior on the time of ascension T,sc. Longer coher-
ence times are used for more likely values of Thsc (Within +10
of the mode of the prior distribution) and for smaller values
of asini (at which the parameter space metric of Whelan
et al. (2015) implies a coarser resolution in The and reduced
computing cost).

[This is the quantity called ¢®© in Whelan et al. (2015)]
and hgT is the combination of hy and cos: defined in
equation (2), Sk is constructed from the noise power
spectrum and I'} from the antenna patterns for de-
tectors K and L at the appropriate times, Ny is the
number of detectors participating in the search, Ty is
the observing time per detector, and the factor of 0.903
arises from spectral leakage, assuming we consider con-
tributions from all Fourier bins. [See equation (3.19) of
Whelan et al. (2015) for more details.] Increasing Tinax
increases the sensitivity of the search, but also increases
the computing cost. In order to maximize the chance for
a potential detection, a range of choices for Ty, were
used for different values of signal frequency and orbital
parameters. The method used longer coherence times
in regions of parameter space where (1) the detectable
signal level given the frequency-dependent instrumental
noise was closer to the expected signal strength from
torque balance, (2) the cost of the search was lower due
to template spacing, i.e., at lower frequencies and asins
values, or (3) the signal had higher prior probability
of being found, i.e., closer to the most likely value of
Thasc- This is illustrated in Fig. 2. The full set of coher-
ence times used ranges from 25290s for 25-50 Hz (for
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Table 2. Parameters used for the Cross-
Correlation search.

Parameter Range

fo (Hz) [25, 2000]

[0.36,3.25]

Tase (GPS 5)® 1131415404 + 3 x 179
Pty (s) 68023.70 & 3 x 0.04

asini (lt-s)*

NoTeE—Ranges for T,sc and Po,1, are cho-
sen to cover £30 of the observational
uncertainties, as illustrated in Fig. 1.

@The range for the projected semima-
jor axis asini = Ki Pow,/(27) in light-
seconds was taken from the constraint
K, € [10,90] km/s, which was the pre-
liminary finding of Wang (2017) avail-
able at the time the search was con-
structed. Note that this range of asini
values is broader than that used in pre-
vious analyses, which assumed a value
from Abbott et al. (2007a) of 1.441t-s
with a 1o uncertainty of 0.18 lt-s.

bhis value for the time of ascension has
been propagated forward by 3435 or-
bits from the value in Table 1, and
corresponds to a time of 2015-Nov-13
02:03:07 UTC, near the middle of the
O1 run. (This is useful when construct-
ing the lattice to search over orbital pa-
rameter space, as noted in Whelan et al.
(2015).) The increase in uncertainty is
due to the uncertainty in Pop.

the most likely T,s and smallest asini values) to 240s
at frequencies above 1200 Hz.

The search was performed using a bank of template
signals laid out in hypercubic lattice in the signal pa-
rameters of intrinsic frequency fy, projected semimajor
axis asini, time of ascension T, and (where appro-
priate) orbital period Py,. The range of values in each
direction, motivated by Table 1 and Fig. 1, is shown
in Table 2. The lattice spacing for the initial search
was chosen to correspond to a nominal metric mismatch
(fractional loss of SNR associated with a one-lattice-
spacing offset in a given direction, assuming a quadratic
approximation) of 25% in each of the four parameters,
using the metric computed in Whelan et al. (2015). The
lattice was constructed (and spacing computed) for each
of the 18 orbital parameter space cells shown in Fig. 2
in each 0.05 Hz-wide frequency band. This resulted in

p threshold

I i i I
50 100 200 500 1000 2000

Frequency (Hz)

Figure 3. Selection of followup threshold as a function of
frequency. If the data contained no signal and only Gaus-
sian noise, each template in parameter space would have
some chance of producing a statistic value exceeding a given
threshold. Within each 0.05Hz frequency band, the to-
tal number of templates was computed and used to find
the threshold at which the expected number of Gaussian
outliers above that value would be 0.1 (short blue lines).
For simplicity, the actual followup threshold was chosen
near or below that level, producing thresholds of 6.5 for
25Hz < fo < 400Hz, 6.2 for 400Hz < fo < 600Hz, and
6.0 for 600Hz < fo < 2000Hz (black dashed line). Note
that the large number of non-Gaussian outliers (cf. Table 3
makes the Gaussian followup level an imprecise tool in any
event.

a total of ~ 9 x 10° to 2 x 10® detection statistics per
0.05Hz, as detailed in Table 3.

4. FOLLOWUP OF CANDIDATES

Although the detection statistic p is normalized to
have zero mean and unit variance in Gaussian noise,
the trials factor associated with the large number of
templates at different points in parameter space results
in numerous candidates with p 2 6. A followup was
performed whenever p exceeded a threshold of 6.5 for
25Hz < fy < 400Hz, 6.2 for 400Hz < fy < 600 Hz, and
6.0 for 600 Hz < fy < 2000Hz. These thresholds were
chosen in light of the number of templates searched (cf.
Table 3) as a function of frequency. For each 5 Hz band,
the threshold was calculated at which the expected num-
ber of Gaussian outliers was 0.1. For simplicity, the
three thresholds (6.5, 6.2, and 6.0) were chosen to be
close to or slightly below these threshold values. As
a result, the number of expected Gaussian outliers per
5 Hz was between 0.06 and 0.92. Table 3 shows the total
expected number of outliers in each range of frequencies,
under the Gaussian assumption. Since the noise was not
Gaussian, the actual number of signals followed up was
significantly larger, as also shown in Table 3.

The followup procedure was as follows:
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Table 3. Summary of Numbers of Templates and Candidates.

min max min max p number of expected Gauss level level level level
fo (Hz) fo (Hz) Tmax (8) Tmax (s) threshold templates false alarms® 0P 1 ¢ 2 d3e
25 50 10080 25920 6.5 1.58 x 10'° 0.6 269 212 62 6

50 100 8160 19380 6.5 7.96 x 10'° 3.2 499 473 209 14
100 150 6720 15120 6.5 1.51 x 10* 6.1 605 571 304 29
150 200 5040 11520 6.5 1.62 x 10 6.5 456 432 260 35
200 300 2400 6600 6.5 1.33 x 10" 5.3 220 194 87 29
300 400 1530 4080 6.5 6.62 x 10" 2.7 254 216 23 10
400 600 360 1800 6.5 1.62 x 10'° 0.6 88 26 2 1
600 800 360 720 6.2 5.80 x 10° 1.6 78 15 2 2
800 1200 300 300 6.0 1.18 x 10*° 11.7 145 134 3 0
1200 2000 240 240 6.0 3.12 x 10*° 30.8 442 107 6 1

NoTE—For each range of frequencies, this table shows the minimum and maximum coherence time Tax used
for the search, across the different orbital parameter space cells (see Fig. 2), the threshold in signal-to-noise
ratio (SNR) p used for followup, the total number of templates, and the number of candidates at various stages
of the process. (See Sec. 4 for detailed description of the followup procedure.)

@This is the number of candidates that would be expected in Gaussian noise, given the number of templates and
the followup threshold.

b This is actual number of candidates (after clustering) which crossed the SNR threshold and were followed up.

€This is the number of candidates remaining after refinement. All of the candidates “missing” at this stage have
been removed by the single-detector veto for unknown lines.

dThis is the number of candidates remaining after each has been followed up with a Tmax equal to 4x the original
Tmax for that candidate. (True signals should approximately double their SNR; any candidates whose SNR goes
down have been dropped.) All of the signals present at this stage are shown in Fig. 4, which also shows the

behavior of the search on simulated signals injected in software.

€This is the number of candidates remaining after Tinax has been increased to 16x its original value.

e Data contaminated by known monochromatic
noise features (“lines”) in each detector were ex-
cluded from the search from the start. In most
cases, the time-dependent orbital Doppler modu-
lation of the expected signal meant that a narrow
line only affected data relevant to a subset of the
SFTs from the run. Pairs involving these SFTs
needed to be excluded from the sum equation (5)
and the normalization equation (7). The impact of
this is illustrated in Fig. 6 (in Appendix A), which
shows the reduction in the sensitivity 9 from the
omission of pairs from equation (7).

e Because a strong signal generally led to elevated
statistic values over a range of frequencies, all of
the candidates within 0.02 Hz of a local maximum
were “clustered” together, with the location of

maximum determining the parameters of the can-
didate signal. These are known as the “level 0”
results.

A “refinement” search was performed with the
same Ty.x as the original search, in a 13 x 13 X
13 x 13 grid in fo, asini, Tasc and P, centered on
the original candidate, with a grid spacing chosen
to be 1/3 of the original spacing (with appropriate
modifications for P, depending on whether that
parameter was resolved in the original search).
This procedure produces a grid which covers +2
grid spacings of the original grid, and has a mis-
match of approximately 25% x (1/3)* & 2.8%. The
results of this refinement stage are known as “level
17,
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e A deeper followup was done on the level 1 results,
with Thax increased to 4x its original value. Ac-
cording to the the theoretical expectation in equa-
tion (7), this should approximately double the
statistic value p for a true signal. Since this in-
crease in coherence time also produces a finer pa-
rameter space resolution, the density of the grid
was again increased by a further factor of 3 in
each direction (resulting in a mismatch of approx-
imately 25% x (1/3)% x (4/3)> ~ 4.9%)2, and the
size of the grid was 13 x 13 x 13 x 13. The results of
this followup stage are known as “level 2”. Signals
whose detection statistic p decreases at this stage
are dropped from the followup.

e Surviving level 2 results were followed up by once
again quadrupling the coherence time Tiax, to
16x the original value, and increasing the density
by a factor of 3 in each direction, for an approxi-
mate mismatch of 25% x (1/3)% x (4/3)% x (4/3)* ~
8.8%. Again, true signals are expected to approx-
imately double their statistic values, and the grid
is modified as at level 2. The results of this round
of followup are known as “level 3”.

e Unknown instrumental lines in a single detector
are likely to produce strong correlations between
SFTs from that detector. To check for this, at
each stage of followup, level 1 and beyond, a cross-
correlation statistic ppg was calculated using only
data from LIGO Hanford Observatory (LHO), and
puL using only data from LIGO Livingston Ob-
servatory (LLO). If we write pur, as the statis-
tic constructed using only pairs of one SFT from
LHO and one from LLO, the overall statistic can
be written [cf. equations (2.36), (3.6) and (3.7) of
Whelan et al. (2015)]

_ Unnapnan + YLLpLL + JHLPHL
p= X )
where
9= /Oy + 02+ Oy 9)

Since for example E[p] = (h{T)20 > (h§T)20pn =
Elpuul], we expect true signals to have higher
overall detection statistics p than single-detector
statistics pgy and pr,. We therefore veto any can-
didate for which pgy > p or prr, > p at any level of

2 Note that the increased mismatch means the highest SNR
may not quite double, even for a true signal. As Fig. 4 shows,
simulated signals still show sigificant increases in SNR at levels 2
and 3 of the followup.

T T T T

e search results

X injections

Plevel 3 / Plevel 2
7
I

i 1 1
1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

Plevel Z/plevel 1

Figure 4. Ratios of followup statistics for search candidates
and simulated signals. This plot shows all of the candidates
that survived to level 2 of followup (see Sec. 4 and Table 3),
both from the main search and from the analysis of the sim-
ulated signal injections described in Appendix A. It shows
the ratios of the SNR p after followup level 1 (at the original
coherence time Tmax), level 2 (at 4x the original coherence
time), and level 3 (at 16x the original coherence time). The
green dashed lines are at constant values of pievel 3/Plevel 1
equal to 2 and 4, respectively. There are no points with
Plevel 2/Plevel 1 < 1, because those candidates do not survive
level 2 followup and are therefore not subjected to level 3 fol-
lowup. From (5) and equation (7), the naive expectation is
that the SNR will roughly double each time Ti,ax is quadru-
pled. Empirically, the followups of injections do not show
exactly that relationship, but the vast majority do show sig-
nificant increases in SNR which are not seen in any of the
followups of search candidates, leading to the conclusion that
no convincing detection candidates are present.

followup. This is responsible for the reduction of
candidates from level 0 to level 1 seen in Table 3.

A total of 127 candidates survive level 3 of the fol-
lowup. To check whether any of them represent convinc-
ing detection candidates, we plot in Fig. 4 the ratio by
which the SNR increases from level 1 to level 2 and from
level 2 to level 3. We also plot the corresponding ratios
for all of the candidates surviving level 2 (the 16x orig-
inal Tax followup is not available for candidates which
fail level 2), and also for the simulated signal injections
described in Appendix A. We see that none of the candi-
dates come close to doubling their SNR at either stage;
in fact none of them even double their SNR from level 1
to level 3. We empirically assess the followup procedure
with the injections, and find that their SNRs generally
increase by slightly less than the naively expected fac-
tor of 2 (perhaps because of the increasing mismatch at
later followup levels). We do see that the injected sig-
nals (at least those which survive level 2 followup and
appear on the plot) nearly all increase their SNR notice-
ably more than any of the candidates from the search.



Also note that of the 666 injected signals (out of 754)
which produced p values above their respective thresh-
olds, 652 survived all the levels of followup. (There were
4 vetoed at level 1, 4 at level 2 and 6 at level 3 of the
followup.) All but a handful of those 652 (between 1 and
4 depending on the stringency of the criterion) are well-
separated from the bulk of the search results in Fig. 4.
We thus conclude that our followup procedure is rela-
tively robust, and that there are no convincing detection
candidates from the search.

The signal model in this search assumes that the GW
frequency fp in the NS’s reference frame is constant. In
practice, the equilibrium in an LMXB will be only ap-
proximate, and the intrinsic frequency will vary stochas-
tically with time. Whelan et al. (2015) estimated the
effect of spin wandering under a simplistic random-walk
model in which the GW frequency underwent a net
spinup or spindown of magnitude | f larits, changing on
a time scale Tyyir;. The fractional loss of SNR was esti-
mated as

E[p]“" — E[p] _n*

B [ ~ 7%Truanrift\f et Tmax > (10)
where T}y is the duration of the observing run from the
start to end, not considering duty factors [in contrast to
the Tops appearing in (7)] or numbers of detectors. To
give an illustration of the possible impacts of spin wan-
dering on the present search we make reference to the
values of \f|drift = 10712 Hz/s and Tya = 10°s. These
are conservative upper limits on how fast the signal can
drift, based on Bildsten (1998). Similar values have been
used in the first Sco X-1 mock data challenge (Messen-
ger et al. 2015) and other work on Sco X-1 (Leaci & Prix
2015; Whelan et al. 2015).3

In the O1 run, where the run duration was Tpu, =
1.12 x 107 s, the theoretical fractional loss of SNR will
be

. 2
Tdrift |f|drift Tmax 2
0.012 . 11
(1068) (1012Hz/s 250005 (11)

Since our largest initial T},,x value is 25290 s, the impact
on the initial search and the upper limit of spin wander-
ing at or below this level would be negligible. Note that
even spin wandering which posed no complication for
the initial search could potentially be a limitation for
the followup procedure, where Ty,., is increased by a

3 For comparison, the maximum spin wandering that could
be tracked by the Viterbi analysis of Abbott et al. (2017f) is
[flariee = (Afariee)/Tariee = 1/(2T3e) ~ 0.7 x 10712 Hz/s at
Tarite = 10d ~ 0.9 x 10%s.
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factor of 4 at level 2 and 16 at level 3. In any event the
impact depends on the level of spin wandering present,
which is still an area of open research.

5. UPPER LIMITS

In the absence of a detection, we set upper limits on
the strength of gravitational radiation from Sco X-1, as
a function of frequency. We used as a detection statistic
Pmax, the maximum statistic value observed in a 0.05 Hz
band. We produced frequentist 95% upper limits via
a combination of theoretical considerations and calibra-
tion with simulated signals, as explained in detail in Ap-
pendix A. The starting point was a Bayesian upper limit
constructed using the expected statistical properties of
the detection statistic and corrected for the reduction of
sensitivity due to known lines. A series of simulated sig-
nal injections was then performed, and used to estimate
a global adjustment factor to estimate the amplitude at
which a signal would have a 95% chance to increase the
Pmax value in a band.

The procedure produced two sets of upper limits: a
limit on hg including marginalization over the unknown
inclination angle ¢, and an unmarginalized limit on the
quantity g defined in equation (2) to which the search
is directly sensitive. The hSH upper limit can also be
interpreted as a limit on hy subject to the assumption
of circular polarization (optimal spin orientation corre-
sponding to cost = £1). It can be converted to a limit
assuming linear polarization cos: = 0 by multiplying by
/8 = 2.83. If we assume that the neutron star spin is
aligned with the binary orbit (as one would expect for a
neutron star spun up by accretion), ¢ &~ i &~ 44°, we ob-
tain a limit on ko which is the A& upper limit multiplied
by 1.35.

We show the marginalized and unmarginalized upper
limits of this search in Fig. 5, along with the other up-
per limits on Sco X-1 set with O1 data: the unmodelled
stochastic radiometer (Ballmer 2006) results of Abbott
et al. (2017d) and the directed search results of Abbott
et al. (2017f) using Viterbi tracking of a hidden Markov
model (Suvorova et al. 2016) to expand the applicability
of the sideband search (Messenger & Woan 2007; Sam-
mut et al. 2014; Aasi et al. 2015a) over the whole run.
The present results improve on these by a factor of 3-4,
yielding a marginalized limit of hg < 2.3 x 1072° and an
unmarginalized limit of AT < 8.0 x 10726 at the most
sensitive signal frequencies between around 100 Hz and
200Hz. The marginalized 95% upper limits from ini-
tial LIGO data (Aasi et al. 2015a; Abadie et al. 2011;
Meadors et al. 2017a) were all around 1.5 x 10725, so
we have achieved an overall improvement of a factor of
6-7 from initial LIGO to Advanced LIGO’s first observ-
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Figure 5. Upper limits from directed searches in O1 data. Left: Upper limit on ho, after marginalizing over neutron star
spin inclination ¢, assuming an isotropic prior. The dashed line shows the nominal expected level assuming torque balance
[equation (4)] as a function of frequency. Right: upper limit on h§¥, defined in equation (2). This is equivalent to the upper
limit on ho assuming circular polarization. (Note that the marginalized upper limit on the left is dominated by linear polarization,
and so is a factor of ~ /8 higher.) The shaded band shows the range of hef levels corresponding to the torque balance ho in the
plot on the left, with circular polarization at the top and linear polarization on the bottom. The dot-dash line (labelled as “tb
w/t = 44°”) corresponds to the assumption that the neutron star spin is aligned to the most likely orbital angular momentum,
and ¢ ~ i ~ 44°. (See Table 1.) For comparison with the “CrossCorr” results presented in this paper, we show “unknown
polarization” and “circular polarization” curves from the Viterbi analysis in Abbott et al. (2017f) (dark green dots), as well as
95% marginalized and circular polarization adapted from the Radiometer analysis in Abbott et al. (2017d) (broad light magenta
curve). Note that the Viterbi analysis reported upper limits for 1 Hz bands, while the current CrossCorr analysis does so for
0.05 Hz bands, and the Radiometer analysis for 0.03125 Hz bands. This gives the upper limit curves for CrossCorr and especially
Radiometer a “fuzziness” associated with noise fluctuations between adjacent frequencies rather than any physically meaningful
distinction. When comparing 95% upper limits between the different analyses, it is therefore appropriate to look near the 95th

percentile of this “fuzz” rather than at the bottom of it.

ing run, a combination of decreased detector noise and
algorithmic improvements.

We also plot for comparison the torque balance level
predicted by equation (4). The marginalized limits on
ho come closest to this level at 100 Hz, where they are
within a factor of 3.4 of this theoretical level. In terms
of hgﬂ, the torque balance level depends on the unknown
value of the inclination ¢. For the most optimistic case
of circular polarization (cost = £1), our unmarginalized
limit is a factor of 1.2 above at the torque balance level
near 100 Hz. Assuming linear polarization puts our lim-
its within a factor of 3.5 of this level, and the most-likely
value of + = 44 corresponds to an upper limit curve a
factor of 1.7 above the torque balance level, again near
100 Hz.

6. OUTLOOK FOR FUTURE OBSERVATIONS

We have presented the results of a search for GWs
from Sco X-1 using data from Advanced LIGO’s first
observing run. The upper limits on GW amplitude rep-
resent a significant improvement over the results from
initial LIGO, and are within a factor of 1.2-3.5 of the
benchmark set by the torque balance model, depend-
ing on assumptions about system orientation. Future
observing runs (Abbott et al. 2016f) are expected to
produce an improvement in detector strain sensitivity

of 2 2.5. An additional enhancement will come with
longer runs, as the amplitude sensitivity of the search
scales as Tol}fj . Algorithmic improvements that allow
larger T ax with the same computing resources will also
lead to improvements, as the sensitivity scales as Télg,l(
as well. A promising area for such improvement is the
use of resampling (Patel et al. 2010) to reduce the scal-
ing of computing cost with Tynax (Meadors et al. 2017b).
[A similar method is used in the proposed semicoherent
search described in Leaci & Prix (2015).] These antici-
pated instrumental and algorithmic improvements make
it likely that search sensitivities will surpass the torque
balance level over a range of frequencies [as projected in
Whelan et al. (2015)], and suggest the possibility of a
detection during the advanced detector era, depending
on details of the system such as GW frequency, inclina-
tion of the NS spin to the line of sight, and how close
the system is to GW torque balance.
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APPENDIX
A. DETAILS OF UPPER LIMIT METHOD
The method used to set the upper limits for each 0.05 Hz band in Sec. 5 consisted of three steps:

1. An idealized 95% Bayesian upper limit was constructed using the posterior distribution pdf(hg|pmax) or

pAf([2§"]? | pmax)-

2. A correction factor was applied in each 0.05 Hz band to account for the loss of sensitivity due to omission of data

impacted by known lines.

3. A series of software injections was performed near the level of the 95% upper limit, and used to empirically
estimate a global correction factor for each upper limit curve based on the recovery or non-recovery of the

injections.

A.1. Idealized Bayesian Method

The Bayesian calculation assumes that all of the p values for templates in the initial search represent independent

Gaussian random variables with unit variance; one has mean |

hefF129 and the others have zero mean. Note that different

regions of orbital parameter space have different coherence times Tpax and therefore ¥ values [cf. equation (7)]. The
method produces a sampling distribution pdf(pmax|[h§T]?), marginalizing over the location of the signal in orbital

parameter space.

This sampling distribution is used to construct a posterior distribution pdf([h§]?|pmax) assuming a uniform prior
in (hgff)2, and this is used to produce a 95% Bayesian upper limit on (hgff)2 according to

(M350
L A e ) = 095 (A1)
0

To produce an upper limit on the intrinsic strength hg, we assume a prior which is uniform in h2 and cos, repeat the
calculation above, and numerically marginalize over cost to obtain a posterior pdf(h|pmax)-

A.2. Correction for Known Lines

Although we calculate a single 1 value for each of the 18 search regions for a given 0.05 Hz band, and use it in the
calculation, the search can in principle have a different 1 value for each template. This is because of the correction
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Figure 6. Impact of known lines on the sensitivity of the search. Fourier bins impacted by known lines are removed from the
calculation of the statistic p defined in equation (5) and from the sensitivity ¥ = E[p]/(h§T)? defined in equation (7). For a
given signal frequency fy, data are removed at some times due to the time-varying Doppler shift which depends on the orbital
parameter asini. The effect is to lower 9 relative to the value it would have if the lines were not removed; this “sensitivity ratio”
goes to zero if all the data relevant to a signal frequency fo are removed by the line. The first three plots contain illustrations of
the percentiles of this ratio, taken over intervals of width 0.05 Hz. (There is a range of values in each frequency interval because
of its finite width, and the range of asin¢ values which determine the magnitude of the Doppler modulation.) Note the broad
line at 300 Hz (a harmonic of the 60 Hz AC power line) effectively nullifies the search at that frequency. The last plot shows the
5th percentile of the sensitivity ratio in 0.05 Hz intervals across the whole sensitivity band.

which omits data contaminated by Doppler-modulated known instrumental lines from the sum in equation (7), a
process which depends on the signal frequency fy as well as the projected orbital semimajor axis asini. In each
0.05Hz band we estimate the distribution of the ratio of the actual ¥ to the band-wide ¢; the percentiles of this
distribution are illustrated in Fig. 6. We divide by the 5th percentile of this distribution (shown in the last panel of
Fig. 6) to produce corrected h2 and (hgT)? upper limits.

A.3. Empirical Adjustment from Software Injections

We performed a series of re-analyses of the data with a total of 754 simulated signals (“software injections”) added
to the data stream, to validate the upper limits including the known line correction. The signals were generated over
signal frequencies from 25 Hz to 500 Hz, some with hg set to some multiple of the marginalized 95% upper limit hgy,,
and others with hgﬂ set to some multiple of the unmarginalized 95% upper limit hSHUL. We defined “recovery” of
the injection as an increase in the maximum detection statistic py.x compared to the results with no signal present.
(Followup of recovered injections which crossed the relevant p threshold was also performed as a way of testing our

followup procedure, as described in Sec. 4.) We find that the fraction of signals of each type recovered when the
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Figure 7. Estimation of efficiency from recovery of simulated signals injected in software. At left, the results of the 376
injections with amplitude ho specified in terms of the uncorrected marginalized upper limit hoy, are shown as black dots, with
recovered injections (those which increased the maximum SNR pmax in the relevant 0.05 Hz band) shown as blue dots on the
€0 = 1 line and unrecovered injections shown as red circles at g = 0. The recovered and unrecovered injections are used
to produce a posterior pdf(a, S|{D;},{z:}) according to equation (A2), and this is used to generate posterior distributions
pdf(eol{D;},{z:}) at a range of signal strengths o = ho/hoy, according to equation (A3), and the 5th, 25th, 50th, 75th. and
95th percentiles are calculated from these distributions as a function of xo. The xo value at which the posterior expectation
E(eol{D;},{x:}) crosses 0.95 is used as a correction factor by which we multiply hoy;, to produce the final marginalized upper
limit shown in Fig. 5. At right, we do the same thing for h§f, using the full set of 754, and derive a correction factor by which
to multiply the unmarginalized upper limit hSHUL. Note that in the ho search, the value of z¢ corresponding to ep = 0.95 is
less accurately determined than for the h§T search, both because of the smaller number of applicable injections, and because
detection efficiency depends more weakly on hg.

injection is done at the upper limit level to be slightly below the expected 95%.* This is to be expected, as there
are various approximations in the method, such as the tolerated mismatch in the initial parameter space grid and the
acceptable loss of SNR due to finite-length SFTs, which should lead to an SNR slightly less than that predicted by
equation (6).

To estimate empirically the amount by which the upper limits should be scaled to produce a 95% injection recovery
efficiency, we apply the method described in Whelan (2015) and used to produce the efficiency curves in Messenger
et al. (2015). We posit a simple sigmoid model where the efficiency of the search as a function of signal strength « is
assumed to be e(z;a, B) = (1 + e~ *n#=5))~1 and construct the posterior from the recovery data (D; = 1 if signal i
was recovered, 0 if not):

pdf(a, B{D;}, {w:}) Hs(zi; a, B)P (1 - e(asa, B) P pdf(a, B) . (A2)

With sufficient data, the prior should be irrelevant, but we take a noninformative prior pdf(c, ) o< @~! and define the
signal strength x as the hg or hgff of the injection divided by the corresponding upper limit. We can then construct,
at any signal level xg, the posterior on the efficiency g9 = e(xo; @, 3), marginalized over « and §:

pdf(eo[{ Di}, {zi}) = /000 do /_00 dB pdf(e, BI{D;}, {x:}) 6(c0 — e(wo; a, B)) - (A3)

The posterior distributions of efficiency are shown in Fig. 7. We define the correction factor to be the xy at which the
expectation value fol deg pdf(eg|{D;}, {x;}) crosses 95%.
A total of eight sets of injections were performed, four with hg at a specified multiple of hg,, and four with g at

a specified multiple of hSHUL. The multipliers were 1.0, 1.1, 1.2, and a random value between 1.1 and 2.0 chosen from

4 The fraction of signals recovered is a frequentist statement, as opposed to the Bayesian upper limit constructed from the posterior, but
the two types of upper limits are closely enough related (see, for example, Rover et al. (2011)) that the fraction should be close to 95%.



18

Ratio of Marginalized upper limits Ratio of Unmarginalized upper limits

1.2 1.2
1.0

2 1308
=5 £
< =g
i | I =
T2 04f R RRRI IEERREES R Gt : T2 0Af oo :
= : : L : <

0.2 f R — 0.2 | oo ]

0.0 x 1 1 1 i 0.0 x 1 1 1 1

50 100 200 500 1000 2000 50 100 200 500 1000 2000
Frequency (Hz) Frequency (Hz)

Figure 8. Comparison of upper limits constructed by restricting attention to asini > 1.441t-s (K; > 40km/s) to those from
the original search. The results are generally comparable; we plot the ratio of upper limits rather than reproducing the curves
in Fig. 5, because the changes in the latter would barely be noticeable. The step-like features which are visible are due to the
details of the search (such as Tmax values) being different in different frequency ranges listed in Table 3.

a log-uniform distribution. For the unmarginalized A& upper limit, we use all eight sets of injections, 754 in total and
find the expectation value of the efficiency crosses 95% at h§T/hSf =~~~ 1.21. This factor has been applied to h§T =~ to
produce the upper limits in Fig. 5.

For the marginalized hg upper limit, we must restrict ourselves to the four injection sets which specified hg/hgy,. This
is because our search is primarily sensitive to hgﬁ, and specifying hgﬁ while choosing the inclination angle ¢« randomly
implies anticorrelations between hy and |cost|. Signals with high hg values will tend to be those with unfavorable
polarization, and therefore not be any easier to detect. Using the 376 applicable injections, we estimate 95% efficiency
at ho/hoy, = 1.44 and use this factor when generating the final upper limit shown in Fig. 5. Note that this is less
well determined than the factor for the unmarginalized hgﬂ upper limit. This is both because of the smaller number
of injections used and because hq correlates less well with detectability than hSf. However, the upper limit curve for
ho is very close to the unmarginalized upper limit assuming linear polarization (cost = 0), which is consistent with
the expectation that the 95% upper limit will be dominated by this worse-case scenario.

B. RESULTS WITH CONSTRAINED SEMIMAJOR AXIS

As noted in Table 2, the range of asini values searched was chosen based on preliminary information from Wang
(2017) which constrained the projected orbital velocity K; to lie between 10 and 90km/s. This was subsequently
refined to between 40 and 90 km/s. For comparison, we re-computed the upper limits discarding the results of searches
with asini < 1.441t-s, corresponding to the nine bottom-most parameter space cells shown in Fig. 2. The results were
not significantly different (for instance, they were barely noticeable on plots like Fig. 5), but for illustration we plot in
Fig. 8 the ratio of the two sets of upper limits. A bigger impact of the refined parameter space will be in future runs,
when computing resources can be concentrated on the allowed range of asini values.
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