
, . 

All-sky search for gravitational-wave bursts in the second joint LIGO-Virgo run 

J. Abadie"', B. P. Abbott"', R. Abbott"" T. D. Abbott"', M. Abernathy"· ' , T. Accadia4 •1, F. Acernese5a•5,.t , 
C. Adams··., R. Adhikari'··. C. Affeldt"·"' , M. Agatho.9 • • I , K. AgatsumalO •• , P. Ajith"' , B. Allen'·ll .• . ., 

E. Amador Ceronll ,. , D. Amariutei12, .. , S. B. Anderson 1," , W. G. Andersonll •• , K. Arai1 ,., h.I. A. Arain l2 ,., 

M. C. Arayal ,., S. M. Aston13,., P. Astone14a,t I D. Atkinson15,., P. Aufrnuth8 ,7,., C. Aulbert7·8 ,., 

B. E. Aylott '3.\ S. Babak'6,., P. Baker"'-, G. Ballardin,··t, S. Ballmer'9.-, J. C. B. Barayoga"', D. Barker's" , 
F. Baronel'ia,5c,t ) B. Bar~ ' · , L. Barsotti20,. t M. Barsuglia21 ,t, M. A. BartoniS, •. I. Bartos22,*, R. Bassiri3,. , 

M. Bastarrika3,., A. Basti23a,23b, t 1 J. Batch15, . , J. Bauchrowitz7,8,., Th, S. Bauer98.,t, M. Bebronne4,t I 
D. Beck24.,* 1 B. Behnke16,., M. Bejger25c,t I M.G. Beker9a,t, A. S. Bell3 • ., A. Belletoile4.,t, I. Belopolski22,., 

11. Benacquista26,., J. M. Berliner15, ... , A. Bertolini7,8,., J. Betzwieser1,\ N. Beveridge3,. , P. T. Beyersdor(l1,. , 
I. A. Bilenko28, \ G. Billingsleyl • ., J. Birch6,., R. Biswas26,\ M. Bitossi23a,1, M. A. Bizouard29a..1, E. Blackl ,.., 
J. K. Blackburn I,"', L. Blackburn30,., D. Blair3I,"', B. Bland15,., M. Blom9a"t, O. Bock7,8, .. , T. P. Bodiya20,·, 

C. Bogan7,8,., R. Bondarescu32,., F. Bondu33b,t, L. Bonelli23a,23b,t, R. Bonnand34,t t R. Borkl , ... J M. Born7,8,. I 
V. Boschi23a,t, S. Bose35, .. , L. Bosi36a,t, B. Bouhou21,t, S. Braccini23a,t, C. Bradaschia23a,t

J 
P. R. Bradyll, .. , 

V. B. Braginsky28,. , l\{. Branchesi37a,37b.t, J. E. Brau38 • ., J. Breyer1,8,\ T. Briant39•t I D. O. Bridges6,\ 
A. Brillet33a.,t,?o.-1. Brinkmann1,s,. , V. Brisson29a,t, -M. Britzger7,8,\ A. F. Brooks l , .. , D. A. Brown19,\ T. BuHk25b,t , 

H. J. Bulten9a,9b,t, A. Buonanno40, .. , J . Burguet-Caste1l41 ,*, D. Buskulic4,t, C. Buy21,t, R. L. Byer24,., 
L. Cadonati42,., G. Cagnoli37a,t, E. Calloni5a,.5b,t, J . B. Carnp3U ,\ P. CampsieJ ,·, J. Canniz:w30 ... , K. Cannon43,. , 

B. Canuel18•t , J. Cao44, ~" C. D. Capanol9,.., F. Carbognanil8,t I L. Carbonel3,. , S. Caride45,., S. Caudill46,. I 
M. Cavaglia47, .. , F . Ca,alier29a,t , R. CavaHerils,t, G. Cella23a,t , C. Cepedal ,., E. Cesarini37b,t , O. Chaibi33a,t, 
T. Chalermsongsakl ,., P. Charlton48, ... , E. Chassande-Mottin21,t 1 S. ChelkowskiI3,\ W. Chen44,., X. Chen31,. , 

Y. Chen49,., A. Chincarini5o,t, A, Chiummol8,t, H. S. Cho.51,., J. Chow52,. , N, Christensen53, ... , S. S. Y. Chua.52,. , 
C. T . Y. Chung'4", S. Chung3"" c: Ciani"" , F. Claral5

··, D. E. Clark"", J. Clark .. ··, J. H. Clayton" '" 
F. Cleova33a., t , E. Coccia56a,.56b,t, P.-F. Cohadon39,t, C. N. Colacino23a,23b,t, J. Colas18,t, A. Colla14a,14b,t, 

~L Colombinil4b,t, A. Conte14a,14b,t, R. Conte.57,\ D. Cook15,., T . R. Corbitt20, .. , M. Cordier27, ... , N. Cornishl7, .. , 
A. Corsi I, . , C. A. Costa46,., M. Coughlin53,., J.-P. Coulon33a,t, P. Couvaresl9,., D. 1\1. Coward31,"', M. Cowart6,. , 
D. C. Coyue"" J. D. E. Creighton"", T. D. Creighton2 • •• , A. M. Cruise]3 .• , A. Cumming3·" L. Cunningham3,. , 

E. CuocolS,t, R. ?o.-1. Cutlerl3,. , K. Dah}7,s,., S. L. Danilishin2s, .. , R. Dannenbergl ,., S. D'Antonio56a•t , 
K. Danzmann7,8,. , V. Dattilol8,t, B. Daudertl,\ H. Daveloza26,. , :r..L Davier29a.,t, E. J . Daw58,., R. Day18,t , 

T. Dayanga35,. , R. De Rosa5a,5b,t, D. DeBra24,., G: Debreczeni59,., W. Del p ozzo9a, t , M. del Prete60b,t, 
T . Dent55,., V. Dergachev1 • ., R . DeRosa46,., R. DeSalvo1 • ., S. Dhurandhar6l,. I L. Di Fiore.5a,t , A. Di Lieto23a,23b,t, 

I. Di Palma7,s,., :U. Di Paolo Emilio568.,56c,t, A. Di Virgilio23a,t, M. Diaz26,., A. Dietz4,t, F. Donovan20,·, 
K. L. DooleyI2,., ~1. Drago60a.,6ob,t, R. W. P. Drever62,., J. C. Driggersl ,., Z. DU44, .. , J.-C. Dumas31, ... , S. Dwyer20,., 

T. Eberle7,8,. I M. Edgar3,. , ~L Edwards55, .. , A. EfRer46, ... , P. Emensl ,. , G. Endr5czi59, .. , R. Engell ,. , 
T. Etzell ,., K. Evans3, .. , M. Evans20,\ T . Evans6,. , M. Factourovich22 • .., V. Fafone56a•56b,t, S. Fairhurst55,. , 
Y. Fan31 ,., B. F. Farr63, ... , D. Fazi63, ~ , H. Fehrrnann7,8,., D. FeldbaumI2,., F. Feroz64,. , I. Ferrante23a,23b,t, 

F. Fidecaro23a,23b,t, L. S. Finn32,., I. Fiori18,t, R. P. Fisher32, .. , R. Flaminio34,t, ~L Flaniganl.5, .. , S. Foley2o,., 
E. Forsi6,\ L. A. Forte.5a,t, N. Fotopoulos l ,·" J.-D. Fournier33a.,t , J. Franc34,t , S. Frascal4a,14b,t , F. Frasconi23a,t , 

~1. Frede7,s,. , M. F'rei65,66.\ Z. Frei67,*, A. Freisel3~ "', R. Frers'·, T. T. Fricke46, .. , D. Friedrich7,8,., 
P. Fbtschel20,·, V. V. Frolov6, , ~ , M.-K. FujimotolO,., P. J. Fuldal3,., M. Fyffe6, .. , J. Gair64,\ 11. Galimberti34,t, 

L. Gammaitoni36a,36b,t , J. Garcial6,., F. Garufi5a,5b,t, M. E. Gaspa.r59,., G. Gemme50,t, R. Geng44,., E. Genin1B,t, 
A. Gennai23a,t I L. A. Gergely68, .. , S. Ghosh35,", J . A. Giaime46,6,., S. Giampanisll ,. , K. D. Giardina6,. , 

A. Giazotto23a,t , S. Gil-Casanova41,., C. Gills,. , J. GleasonI2,. I E. Goetz7,8,. , L. I\.L Gogginll ,., G. Gonzalez46,., 
M. L. Gorodetsky28, .. , S. GoBler7,8,., R. Gouaty4,t, C. Graef'1,8,. , P. B. Graff64 , ... , M. Granata21,t, A. Grant3,., 

S. Gras3l, .. , C. Grayl.5,., N. Gray3, .. , R. J. S. Greenhalgh69, .. , A. M. Gretarsson70, .. , C. Greverie33a.,t, R. Grosso26,., 
H. Grote7,8,. , S. Grunewald16,. , G. M. Guidi37a,37b,t, R. Gupta61 ,. , E . K. Gustafsonl , .. , R. Gustafson45,. , 
T. Ha7l ,. , J. M. Hallam13,., D. Hammerll,., G. Hammond3,\ J. HanksI5,. , C. Hannal ,72,., J. Hanson6,., 

J. Harms62,., A. Hardt53 , G. M. Harry2°,·, I. W. Harry55, \ E. D. Harstad38, .. , 1\1. T. HartmanI2,., K. Haughian3, .. , 
K. Hayama10,., J.-F. Hayau33b,t, J. Heefnerl ,., A. Heidmann39,t, M. C. Heintzel2,"', H. Heitmann33a.,t, 

P. Hello29a,t , M. A. HendIJ..3·.., I. S. Heng3,\ A. W. Heptonstalll ,\ V. Herrera24,. , M. Hewitson7,8,., S. Hild3, .. , 
D. Hoak42,., K. A. Hodgel ,., K. Holt6'''', :tvL Holtrop73,"', T. Hong49 •• , S. Hooper31,,\ D. J. Hosken74 ,"" 

J. Hough3,"" E. J. Howell31, .. , B. Hugheyll, ... , S. Husa41,., S. H. Huttner3,\ D. R. IngramI5,., R. Inta52,., 
T. Isogai.53,., A. Ivanov l , ... , K. IzumilO,. , 1.1. Jacobsonl ,..., E. Jamesl , .. , Y. J. Jang43, .. , P. Jaranowski25d,t, 



2 

E. Jesse70,., W. W. Johnson46,\ D. I. Jones75,., G. Jones55,., R. Jones3 ,., L. JU3l,., P. Kalmus! ' ''', V. Kaiogera63,., 

S. Kandhasamy76, . , G. Kang77.'", J. B. Kanner40,. , R. Kasturj18 . ., E. Katsavounidis20·., W. Katzman6,"', 

H. Kaufer7,8,. , K. Kawabe15, ~ , S. KawamuralO ,,, ! F. Kawazoe7,8,., D. Kelley19,., W. Kellsl ,., D. G. Keppel l ." , 

Z. Keresztes68,\ A. Khalaidovski7,8, ., F. Y. Khalili28,., E. A. Khazanov79,\ B. K. Kim 77,., C. KimSo,*, H. Kim7,8,. I 

K. KimSl,., N. Kim24,"', Y. M. RimS!,., P. J. Kingl ,"', D. L. Kinze16,., J. S. Kisse12o,., S. Klimenko12,., 

K. Kokeyama13,"', V. Kondrashov1 ,. , S. Korandall ,·,.W. Z. Korthl , .. , I. Kowalska25b,t, D. Kozakl ,'", O. Kranz7 ,8,"', 

V. KringeI7,8,. , S, Krishnamurthy63,. , B. Krishnan16 •• , A. Kr61ak25a,25e,t 1 G. Kuehn7•8,. , R. Kumar3,., P. Kwee8,7,. , 
P. K. LamS2,., M. Landry15,\ B. Lantz24,. , N. Lastzka.7,8,. , C. Lawrie3 •• , A. Lazzarinil ,. , P. Leacil6,. , C. H. LeeS1,., 

H. K. Lee81,\ H. M. Lee82,\ J. R. Leong7,8,., I. Leono~'" N. Leroy29a.,t, N. Letendre4•t , J. Li44,., 
T. G. F. Li9a.,t, N. Liguori60Il,60b,t, P. E. Lindquist l ,"', Y. Liu44,\ Z. Liu12,:, N. A. LockerbieB3, .~" D. Lodhia13,. , 
M. Lorenzini37a,t, V. Loriette29b,t , M. Lormand6,., G. Losurdo37a,t, J. Lough19,. , J. Luan49,. , M. Lubinski1S, .. , 
H. Ltick7,a,., A. P. Lundgren32,., E. Macdonald3,. I B. Machenschalk7,8,. , M. ·Maclnnis20,· , D. M. :MacleodM ,., 

M. Mageswaran1,. , K. Mailand1,., E. Majorana14a,t , I. Maksimovic29b,t, N. Man33a,t, 1. Mandel20,l3,., 
V. lVIandic76,., M. Mantovani23a,23c, t, A. Marandi24,"'t F. Marchesoni36a,t, F. ~larion4,t, S: Marka22,., Z. ~.tarka22,-, 
A. 1\.laxkosyan24, .. , E. Marosl ,., J. ~IarqueI8,t, F. Uartelli37a,37b,t, 1. W.1fartin3, .. , R. M. Martin12,., J. N. MarxI,., 
K. Mason20,., A. Masserot4,t 1 F. Matichard20,., L. 1Iatone22 ,,,., R. A. Matzner65,., N. ~Iavalvala2o,., G. Mazzolo7,8,. , 

R. McCarthy"" , D. E. McClelland"", S. C. McGuire84,., G. McIntyre" ' , J. McIver42,. , D. J. A. ~lcKechan" " , 
S. MCWilliams22,. , G. D. Meadors45 •• , M. Mehmet7.8,., T. Meier8,7 •• , A. Melatos54 •• , A. C. ~Ielissino585 •• , 

G. Mendell15,., R. A. Mercerll ,., S, Meshkov1,., C. Messenger55, .. , ~l. S. Meyer6,. , C. Miche134,t, L. Milano.5a,5b,t , 
J. :vfiller52,~, Y. Minenkov56a,t, V. P. ~.fitrofanov28, .. , G. MitselmakherI2, .. , R, Mittleman2o,"', O. MiyakawalO,., 

B. !foell, .~ , 11. Mohanl8,t 1 S. D. :Mohanty26,., S. R. P. Mohapatra42,., D. Moraru15,., G. ~lorenoI5,. , 
N. Morgado34,t, A, Morgia56a,56b,t , T. Morilo, .. , S. R. Morriss26,. I S. 1>.iosca5a,5b,t I K. Mossavi7,8, ., B. Mours4,t , 

C. M. Mow-LowrY'2,. , C. L. lIIueller'2,. , G. Mueller l2, ,, , S. Mukherjee2. ,. , A. Mullavey"'" H. 1IIiiller-Ebhardt7,8,., 
J . Munch74,"', D. Murphy22,., P. G. Murray3,"', A. Mytidis12,., T. Nashl,., L. Naticchioni14a,14b,t, V. Necula12,., 

J. Nelson3,., I. Neri36ab,t, G. Newton3,., T. Nguyen52,., A. Nishizawa10,., A. NitzI9,., F. Nocera18,t, D. Nolting6,. , 
M. E. Normandin26,., L. NuttaIl55,., E. Ochsnerll ,., J. O'De1l69,., E. Oelker2o,., G. H. Oginl ,., J. J. Oh71, ... , 

S. H. Oh71 ,., B. O'Reilly·", R. O'Shaughnessy"", C. Osthelder
"
., C. D. Ott49,., D. J. Ottaway74,., 

R . S. OttensI2,. , H. Overmier6,., B, J. Owen32 •• , A. Pagel3, .. I G. Pagliaroli56a.,56c.t , L. Palladino5&,56c,t , 
C. Paiombal4a,t , Y. Pan40, .. , C. PankowI2,., F. Paoletti23a.18,t, M. A. Papa16,ll."', M. Parisi5a,6b,t, A. Pasqualetti l8,t, 

R. Passaquieti23a,23b.t , D. Passuello23a,t, P. Patell ,., 1\1. Pedrazal , .. , P. Peiris66,., L. Pekowskyl9,., S. Penn7a,., 
A. PerrecaI9,., G. Persichetti5a,5b,t, M. Phelpsl, .. , 1\1. Pichot33a,t, U. Pickenpack7,8,·:, F. Piergiovanni37a,37b,t, 

~1. Pietka25d,t, L. Pinard34,t 1 I. M, Pinto86,., M. Pitkin3,., H. J. Pletsch7,8, .. 1 1\1. V. Plissi3,"', R. Poggiani23a,23b,t, 
J. Pold7,8,"', F. Postiglione57,. , M. Prato50•t I V, Predoi55,"', T. Prestegard76,"', L. R. Pricel ."', M. Prijatelj7,B, .. , 

M. Principe86,. , S. Priviteral , .. , R. Prix7,8,. , G. A. Prodi60a.,60b.t • L. G. Prokhoror8, .. , O. Puncken7,8,. , 
11. Punturo36a,t, P. p uppo14a,t, V, Quetschke26,., R. Quitzow-James38,., F. J. RaabI5,"', D. S. Rabeling9a,9b,t, 

I. Racz59,., H. RadkinsI5, .. , P. Raffai67,*, 1f. Rakhmanav26,., B. Rankins47,., P. RapagnaniI4a,14b,t, 
V, Raymond63, .. , V, Re56a,56b,t, K. Redwine22, .. , C. M. Reed15,., T. Reed87,., T. Regimbau33a,t, S. Reid3,., 

D. H. Reitze12,., F. Ricci14a,14b,t I R. Riesen6,. , K. Riles45,., N. A. Robertsonl ,3,. I F. Robinet29a.,t , C. RobinsonIS5,. , 
E. L. Robinson'6,. , A. Rocchi"" ! , S. Roddy·,", C. Rodriguez"" , M. Rodruck'"" , L. Rolland· '!, J. G. Rollins"., 

J . D. Romano2ti, ·, R. Romano5a,5c, t , J . H. Romie6, .. , D. Rosinska25c,25f,t , C. R6ver7,8,., S. Rowan3,., A. Riidiger7,8,. , 
P. Ruggi I8,t, K. Ryan15,., P. SainathanI2,., F, Salemi7,8,., L, Sammut54,f. , V. SandbergI5,"', V. Sannibalel ,., 

L. Santamarial ,., I. Santiago-Prieto3,., G. SantostaBi88,., B. SaBsola.s34,t, B. S. SathyaprakashIS5 ,., S. SatolO,., 
P. R. Saulson' 9,. , R. L. Savage'S", R. Schilling7,8, . , R. Schnabej1,8,., R. ~I. S. Schofield38,., E. Schreiber7,8,. , 

B. Schulz7,8,. , B. F. Schutzl.,ss,. , P. Schwinberg15,·, J . Scott3,., S. M. Scott52,., F. Seifert
"

' , D. Sellers·" , 
D. Sentenac18,t, A. Sergeey19,., D. A. Shaddock52, .. I M. Shaltev7,8,,,, B. Shapiro20,., P. Shawhan40,·, 

D. H. Shoemaker20,., A. Sibley6,., X. Siemensl1 ,., D. SiggI5,., A. Singerl ,., L. Singerl ,., A. M. Sintes41,., 
G. R. Skelton"", B. J. J. Slagmolen52,., J. Slutsky46,., J. R. Smith2,., M. R. Smith

"
., R. J. E. Smithl3,·, 

N. D. Smith-Lefebvrel5,., K. Somiya49,., B. Sorazu3,., J. Soto20,., F, C. Speirits3,"', L. Sperandio56a,1S6b,t, 
M. Stefszky52,., A. J. Stein20, .. , L. C. Stein20,· , E. Steinertl5.", J. Steinlechner7•8 •• , S. Steinlechner7•8,., 

S. Steplewski35,., A. Stochino1,"', R . Stone2ti, ·, K. A. Strain3,., S. E. Strigin28,., A. S. Stroeer26,. , R. Sturani37a,37b,t, 
A. L. Stuver6,. , T. Z. Summerscaies89,., M. Sung46,., S. Susmithan31,., P. J. Sutton55,., B. SwinkelsI8,t, 

M. Tacca18,t, L. Taffarello60c,t, D. Talukder35, .. , D. B. TannerI2,. , S. P. Tarabrin7,8,., J. R. Taylor7,B,., R. Taylorl ,., 
P. ThomasI5,. I K. A. Thorne6,., K. S. Thorne49,., E. Thrane76," , A. Thiiring8,7,., K. V. Tokmakav83,., 



3 

C. Tomlinson58 , .. , A, Toncelli23a,23b,t, M. Tonelli23a,23b,t, O. Torre23a,23c,t, C. Torres6, ... , C. I. Torrie1,3,\ 

E. Thurnefier4•t , F. Travasso36a,36b,t, G. Traylor6,., K. T seng24, ... , E. Tucker53 , D. Ugolini90 ... , H. Vahlbruch8•7 ,., 

G. Vajente23a,23b,t, J. F. J. van den Brand9a•9b,t, C. Van Den Broeck9a,t, S. van der Putten9a,t, A. A. van Vegge13,. , 

S. Vass l , .. I M. Vasuth59,'*, R. Vaulin20,'*, M. VavDulidis29a,t, A. Vecchio13", G. Vedovato6oc,t, J. Veitch55, .. , 

P. J. Veitch74,\ C. Veltkamp7,8,*, D. Verkindt4,t, F. Vetrano37e.,37b,t, A. Vicere37a,37b.t , A. E . Villarl ,., 

J.-Y. Vinet33a,t, S. Vitale70, 9a,t I H. Vocca36a,t, C. Vorvick15,., S, P. Vyatchanin28,., A. Wade52,. , L. Wadell ,., 

M. Wadell,., S. J. WaJdman20, .. , L. Wallace l ,., Y. \Van44,., M. Wang13, .. , X. Wang44, ) , Z. Wang44, .. , A. Wanner7,8,*, 

R L. Ward2l ,t, M. Was29"1,t, ~l. Weinert7,8,., A. J. Weinstein l ,., R. Weiss2o,", L. Wen49,3l,., P. Wessels7,8,., 

M. Westl9,. , T. WestphatT,8,., K. Wette7,8,., J. T. Whelan66,., S. E. Wllitcombl ,3 l, .. , D. J. WhiteS8,., 

B. F. Whitingl2,., C. Wilkinson Hi," , P. A. Willemsl , " 1. Williamsl2,., R. Williamsl , .. , B. Willke7,8,*, 
L. Winkelmann7,8,\ W. Winkler7,8, .. , C. C. Wippo, .. , A. G. Wisemanll ,., H. Witte17,8, .. , G. Woan3,*, R. Wooley6,", 

J . Worden1S,., I. Yakushin6,., H. Yamamotol ,., K. Yamamoto7,8,60b,6Od,t, C. C. Yancey40,., H. Yang49,., 
D. Yeaton-Uasseyl,., S. Yoshida9l,., P. yull ,., M. Yvert4,t , A. Zadroz.ny25P,t, M. Zanolin70,'", J.-P. Zendri60c,t, 

F. Zhang44,'", L. Zhangl, ·. , W. Zhang44,*, C. Zhao3l,"', N. ZotoyB7,., M. E. Zucker20,*, and J. Zweizigl ,* 
("The LlGO Scientific Collaboration and tTbe Virgo Collaboration) 

1 LIGO _ California Institute of Technology, Pasadena, CA 91125, USA 
.'1 California State University Fullerton, Fullerton CA 92831 USA 

'SUPA, Univer,ity 0/ Glll3gow, Glasgow, Glf! 8QQ, United Kingdom 
-4 Laboratoire d'Annecy-le- Vieux de Physique des PamC1J.les (LAPP), 

Universite de Savoie, GNRS/IN2P3, F-74941 Annecy-Le- Vieux, France 
5INFN, Sezione di Napoli G; Universittl di Napoli 'Federico IIi> Complesso Universitano di Monre S.Angel.o, 

1-80126 Napoli,' Unillersitti di Salerno, Fisciano, 1-84084 Salernoc, Italy 
6 LICO _ Livingston Observatory, Livingston, LA 70754, USA 

7 Albert-Einstein-Institut, Max-Planck-InlJtitut Iii" Gravitationsphysik, D-30167 Hannover, Germany 
8 Leibniz Universitiit HannOtJe.r, D-30167 Hannover, Germany 

9 Nikhef, Science Park, Amsterdam, the NetherlandsG
,. VU University Amsterdam, 

De Boelelaan 1081, 1081 HV Amsterdam, the Netherlandsb 

JONationa/. Astronomical ObsenJatory of lapan, Tokyo 181-8588, Japan 
11 University of Wisconsin-Milwaukee, Milwaukee, WI 59201, USA 

J~Unit)ersity of FlOrida, GainutJille, FL 92611, USA 
lSUniversity of Birmingham, Birmingham, BI52TT, United Kingdom 

14INFN, Serione di Romaaj Universitd 'La Sapienza/I, 1-00185 Rama, ltalV 
"LIGO - Han/om Observatory, Richland, WA 99352, USA 

J6 Albert-Einstein-Institut, Max-Planck-Institut for Gravitationsphysik, D-14476 Colm, Germany 
17 Montana State University, Bozeman, MT 59717, USA 

lB European Gravitational Ob,ervatory (EGO), [-56021 Gll3cina (PI), [Ialy 
19Syracuse University, Syrac'IJ.Se, NY 19244, USA 

:0 LIGO _ Massachusetts lTi'Jtitute of Technol09Y, Cambridge, MA 021J9, USA 
21 APC, AstroParticule et Cosmologie, UniversiU Paris Diderot, 

GNRS/IN2P3, GEA/[rfu, Obse"'atoi',~ de Paris, Sarbonne Paris Gite, 
10, rue Alice Domon et Leonie Duquet, 75205 Paris Cedex 13, France 

.32 Columbia University, New York, NY 10027, USA 
:!.3 INFNI Sezione di Pisaa 

j Universita di Pisab
; 1-56127 Pisa; Universita di Siena, 1-53100 Siena", lta/.JI 

24 Stanford, University, Stanford., CA 94305, USA 
;:.5IM_PAN 00-956 Warsauf; Astronomical Observatory Warsaw University 00-478 Warsat.t1'j CAMK-PAN 00-716 Warsaufj 
Bialystok University 15-424 Biatystokfj NCBl 05-400 Swierk-Otwock'\ Institute of Astronomy 65-265 Zielona Gora!, Poland 

1!6 The UniverSity of Texas at Brownsville and Texas Southmost College, Brownsville, TX 78520, USA 
.nSan lose State University, San lose, CA 95192, USA 

i8 Moscow State University, Moscow, 119992, RusJia 
f!

9 LAL, Universite Paris-Sud, IN2P!J/CNRS, F-91898 Orsayaj ESPCI, CNRS, F-75005 Parii, Prance 
,oNASA/Goddard Space Flight Genter, Greenbelt, MD 20771, USA 

31 University of Western Austmlia, Crawley, ""'it 6009, Australia 
3:JThe Pennsylvania State University, University Park, PA 16802, USA 

33 Universite Nice-Sophia-Antipolis, CNRS, Obse1'1.Jatoire de ta Cote d'Azur, 
F-06304 NiceQ

,. Jnstitut de Physique de Rennes; CNRS, Universite de Rennes 1, 35042 Rennei', Prance 
3-4 Laboratoire des Materiaux Avances (LMA), IN2PJ/CNRS, F-69622 Villeurbanne, Lyon, France 

35Washington State Un~versity, Pullman, WA 99164, USA 
J6 1NFN, Sezione di Perugiaa,. Universita di Perugiab , 1-06123 Perugia,ltaly 

s7[NFN, Sezione di Firenze, [-50019 Sesto Fiorentinoaj UniversitO. degli Studi di Urbina 'Carlo Bo', 1-61029 Urbinob
, Italy 

38 University of Oregon, Eugene, OR 97408, USA 



39 Labomtoire Kastler Brassel, ENS, CNRS, UPMC, 
UniversiU Pierre et Marie Curie, .4 Place JU8sieu, F-75005 Paris, Fhlnce 

,0 University of Maryland, College Park, MD 1!074:! USA 
41 Universitat de le8 Illes Ealears, £'-07122 Palma de Mallorr.a, Spain .! Universii.y of Massachusetts - Amherst, Amher."t, MA 01009, USA 

4;;' Canadian IruJtitute for Theoretical Astrophysic,~, 
University of Toronto, Toronto, Ontario, M5S SH8, Canada 

.<4 Tsinghua University, Beijing 100084 China 
<45 University of Michigan, Ann Arbor, MI 48109, USA 

<46 Louisiana State University, Baton Rouge, LA 70809, USA 
FThe University of Mi8sissippi, University, MS 98677, USA 

<48Charles Sturt University, Wagga Wagga, NSW 2678, Australia 
"CalleOO-CaRT, Pasadena, CA 91125, USA 

Sf) INFN, Sezione di Genova, 1-16146 Genova, Italy 
51 Pusan National University, Busan 609-735, KO'!'ea 

5::Au.stralian National University, Canberra, ACT 0200, Au.stralia 
53 Carleton College, Northfield, MN 55057, USA 

5-4. The University of Melbourne, Parkville, VIC 3010, Australia 
55 Cardiff Univer8ity, Cardiff, CF24 SAA, United Kingdom 

56INFN, Sezione di Roma Tor VergataO; Uni1Jer8itO. di Roma Tor Ve1Tlata, 
1-00133 Romab ; (/nivet"sita dell'Aquila, 1-67100 L'Aquilac, Italy 

57 University of Salerno, 1-84084 Fisciano (Salerno), Italy and INFN (Sezione di Napoli), Italy 
38The University of Sheffield, Sheffield S10 2TN, United Kingdom 

69WIGNER RCP, RMKl, H·1121 Budape.st, Konkoly Thege Miklo, "t 29-99, Hungary 
60INFN, Gruppo Collegato di Trentotl. and Universitd di Trentob , 1-38050 Povo, Trento, 

Italy; INFN, Sezione di Padovac and Universita di Padovad., I-35131 Padova, It4lll 
61 Inter- University Centl'e for Astronomy and AstrophY8ics, Pune - 411007, India 

6!tCali/ornia Institute of Technology, Pasaden~, CA 91125, USA 
69 Northwestern University, Evanston, IL 60208, USA 

6" u-niversity of Cambridge, Cambl-idgc, CB2 1 TN, United Kingdom 
65 The University of Texas at Austin, Austin, TX 78712, USA 

66 Roche.Jter Institute of Technology, Rochester, NY 14629, USA 
67Eotvos Lorand Uni1Jersity, Budapest, 1117 Hungary 

68 University 0/ Suged, 6720 Szeged, D6m ter 9, Hungary 
69Rutherford Appleton Laboratory, HSIC, Chilton, Didcot, Oxon OX11 OQX United Kingdom 

70 Embry-Riddle Aeronautical Un~v(,r8ity, Prescott, AZ 86301 USA 
71 National Institute for Mathematical Sciences, Daejeon 305-990, K area 

7;~ Perimeter Institute for Theoretical Physics, Ontario, N2L 2Y5, Canada 
73 University of New Hampshire, DtJ.J'ham, NH 09824, USA 

74 Unive.sity of Adelaide, Adelaide, SA 5005, Australia 
75 University 0/ Southampton, Southampton, S017 1BJ, United Kingdom 

76 Univer:.ity 0/ Minnesota, Minneapolis, MN 55455, USA 
77Koreo. Institute of Science and Technology Information, Daejeon 905-806, Korea 

78 Hobart and William Smith Colleges, Geneva., NY 14456, USA 
79 Institute of Applied PhysiC8, Nizhny Novgorod, 603950, Russia 

80 Lund Observatory, Box 43, SE-221 00, Lund" Sweden 
81 Hanyang University, Seoul 189-791, Korea 

82Seoul National University, Seoul 151-742, Korea 
13 Univusity of Stmthclyde, Glasgow, Gl lXQ, United Kingdom 

8+Southern University and AF:JM CoUege, Baton Rouge, LA 70813, USA 
85 University of Rochester, Rochester, NY 14627, USA 

86 University of Sannio at Benevent.o, 1-82100 Bene1Jento, Italy and INFN (Sezione di Napoli), Italy 
1J7 Louisiana Tech Uni!'ersity, Ru.ston, LA 71272, USA 

88 McNee8e State Univer8ity, Lake Charles, LA 7060.9 USA 
89 Andrews Univer8ity, Berrien Spring.'l, Ml 4g104 USA 

90Thnity University, San Antonio, TX 78212, USA 
91 Southeastern Louisiana Univerl~ity, Hammond, LA 70402, USA 

We present results from a search for gravitational-wave bursts in the data collected by the LIGO 
and Virgo detectors between July 7, 2009 and October 20, 2010: data are analyzed when at least 
two of the three LIGO-Virgo detectors are in coincident operation, with a total observation time of 
207 days. The analysis searches for transients of duration ;S 1 s over the frequency band 64-5000 Hz, 
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without other assumptions on the signal wa.veform, polarization, direction or occurrence time. All 
identified events are c.onsistent with the expected accidental background. We set frequentist upper 
limits on the rate of gravitational-wave bursts by combining this search with the previous LIGO­
Virgo search on the data collected "between November 2005 and October 2007. The upper limit on 
the rate of strong gravita.tional-wave bursts at the Earth is 1.3 events per year at 90% confidence. 
We also present upper limits on source rate density per yea.r and Mpc3 for sample popula.tions of 
standard-candle sources. As in the previous joint run, typical sensitivities of the search in terms of 
the root-sum-squared strain amplitude for these waveforms lie in the range ...... 5 x 10- 2

:1 Hz-1t.a to 
...... 1 X 10- 20 HZ- 1/ 2 . The combination of the two joint runs entails the most sensitive all-sky search 
for generic gravitational-wa.ve bursts and synthesizes the results achieved by the initial generation 
of interferometric detectors. 

PACS numbers: 04.SO.Nn, 07.0S.Kf, 95.30.5f, 95.85.Sz 

I. INTRODUCTION 

Astrophysical sow-ces of transient gravitational waves 
(duration of :s 1 s) [lJ include merging compact bi­
nary systems consisting of black boles and/or neutron 
stars [2, 3J, core-collapse supemo,a. [4J, neutron star 
collapse to black boles [5]. star-quakes a.ssociated witb 
magnetar flares [6] or pulsar glitches [7J, cosmic string 
cusps [8], and other violent events in the Universe. Since 
many classes of gravitational-wave (GW) bursts cannot 
be modeled well - if at all - a search for those sources 
must be sensitive to the widest possible variety of wave­
forms. 

This paper reports on a search for GV\7 bursts occurring 
during the second joint observation run of the LIGO [9J 
and Virgo [10J detectors, which took place in 2009-2010. 
This search makes no prior assumptions on source sky lo­
cation, signal arrival time, or the waveform itself. Event 
rate upper limits from long-term searches of this category 
have been derived with networks of resonant bar detec­
tors with spectral sensitivity limited to around 900 Hz in 
1997-2000 [11, 12J and in 200[,-2007 [13, 14J. Networks 
of interferometric detectors set more stringent upper lim­
its for GW bursts on a wider bandwidth using the LIGO 
detectors in 200[,-2006 [15-17J and during the first joint 
observation of LIGO and Virgo detectors in 2007 [18J. 

This second joint LIGO-Virgo search for GW bursts 
anaiyre<i the frequency band spanning 64-5000 Hz. We 
achieved a frequency-dependent sensitivity comparable 
to or better than that of the first joint run, and accu­
mulated ~ 207 days of observation time interlaced with 
periods of installing or commissioning major hardware 
upgrades. Moreover, for the first time a low-lat.encv 
analysis was run with the goal of providing triggers for 
electromagnetic follow-ups of candidates by robotic opti­
cal telescopes [19]. radio telescopes, and the Swift satel­
lite [20, 211. In this paper we focus on the final results of 
the GW stand-alone search) which found no evidence for 
GW bursts. 

This paper is organized as follows. In Section II we 
describe the second joint scientific rllD: we report on the 
LIGO and Virgo instrumental upgrades with respect to 
the first run and all data quality studies. In Section III 
we give a brief overview of the search: the search algo-

rithm, background estimation, the simulations and the 
calibration uncertainties. The signal models (GW wave­
forms and source populations) we tested are described in 
Section III C. The results of the search are presented in 
Section IV, and astrophysical implications are discussed 
in Section V. The Appendices provide additional details 
on data characterization and analysis methods. 

II. SECOND LIGO-VIRGO SCIENCE RUN 

The network of detectors used in this search comprises 
the two LIGO 4 km interferometers, denoted "HI" (It>­
cated in Hanford, WA) and "L1" (Livingston, LA), as 
well as the Virgo 3 km interferometer, denoted c'VI" 
(close to Pisa, Italy) 1 

The LIGO detectors operated from July 7, 2009 to 
October 20, 2010 in their sixth science run (S6). The 
Virgo detector operated from July 7, 2009 to January 8, 
2010 in its second science run (VSR2) and again from 
August 1l to October 20, 2010 in its third science run 
(VSR3). 

As ill the first joint LIGO-Virgo run [18, 221, tbe oper­
atio]) of three differently oriented and widely separa.ted 
detectors allows for reasonably complete coverage of the 
sky for at least one gravitational-wave polarization com­
ponent as well as the recovery of some source character­
istics such as sky location [19, 23, 24J. 

A. Detector Upgrades 

Before the beginning of the runs, several detector hard­
ware upgrades were implemented in order to prototype 
new subsystems planned for the next generation of de­
tectors, referred to as "advanced detectors~' [25, 26], ex­
pected to start obsen"ations in 2015. The upgrades of 

1 The 2 km detector at the Hanford ~ite (H2) was decommissioned 
before the second joint LIGO-Virgo run . During previous runs, 
the latter detector was mainly used to enforce additional event 
selection criteria. b~' taking 3cl\-antage of the special relationship 
for GW sign&.ls from the oo-located interferometers H1 and H2. 
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FIG. 1: Noise spectra. for the three LSC-Virgo detectors 
achi",-,d during 86-V8R2/3. 

the LIGO detectors for 86 include a higher power 35 W 
laser, the implementation of a DC readout system, a new 
output mode cleaner I and an advanced L1GO seismic iso­
lation table [27}. The upgrades of the Virgo detectors 
were achieved in two steps. Fbr V8R2, Virgo operated 
with 8. more powerful laser and a thermal compensation 
system. Virgo then went offline to undertake a major up­
grade of its suspensions, mainly in the installation of new 
test masses consisting of mirrors hung from fused silica 
fibers [28} . Virgo resumed observations in August 2010 
with VSR3. Best sensitivities, in terms of noise spec­
tral densities, of the LlGO and Virgo detectors achieved 
during their second joint run (henceforth defined as 86-
VSR2/ 3), as a function of signal frequency, are shown in 
Figure 1. 

B . Data Quality 

To mitigate the consequences of new hardware instal­
lations and detector commissioning during this run, sig­
nificant effort has been made to identify and charao­
terize instrumental or data acquisition artifacts, periods 
of degraded sensitivity, or an eXcessive rate of transient 
noise due to environmental conditions [291. During such 
times, the data were tagged with Data Quality Flags 
(DQFs). Following the same approach used in previous 
searches [16--18}. these DQFs are divided into three cate­
gories depending on their impact on the search and on the 
understanding of the behavior of the detector. A further 
description of DQF categories is presented in Appendix 
A. 

AftEr DQFs have been applied, the total analyzable 
time for the 86--V8R2/3 run is 242.8 days for HI, 220.2 
days for Ll , and 187.8 days for VI. 
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III. SEARCH OVERVIEW 

]n this B...'1aiysis, we considered. all four available detec­
tor network configurations: the three detector network, 
HILI VI, and the three combinations of detector pairs, 
HILI, HI VI and Ll VI. We decided a priori to search for 
GW bursts in the entire available time of three-fold ob­
servation and in the remaining exclusive times of the tw0-
fold networks. Table I reports the total (non-overlapping) 
coincident observation time for each configuration of de­
tectors searched for GW signals. Information about dis­
tinct sub-periods of the run may be found in Appendix C. 

Due to the commissioning breaks and installation ac­
tivities described in Section II, the total observation time 
is dominated by 2-fold configurations. 

network 
observation time Ida.ys 

TABLE I: Mutually exclush-e observation time for each de­
tector configuration after the application of category 2 DQFs 
(see Appendix A for the definition of data qualit!, flags and 
their categories). 

The useful frequency band is limited to 64-5000 Hz by 
the sensitivity of the detectors and by the valid range of 
data calibration. For computational reasons, the event 
search was performed separately in two suitable bands, 
64- 2048 Hz and 1600-5000 Hz, overlapping to preserve 
sensitivity to events with spectral power at intermediate 
frequencies. The analysis of the events (including the 
tuning of the search) was performed independently on 
each configuration of detectors and on three sub--bands, 
namely 64-200 Hz, 200--1600 Hz and 160(}-5000 Hz, by 
classifying the found events according to their recon­
structed central frequency. The motivation for this band 
splitting is to tune the search within event sets of ,homo­
geneous glitch behaviour. 

A. Search A1goritlun 

This search is based on the coherent WaveBurst (cWB) 
algorithm [30}. which has been used since LIGO's fourth 
science run in various searches for transient GWs [16-
18, 31}. 

The c WB analysis is performed in several steps. First, 
detector data is decomposed into a time-frequency repre­
sentation and then v:hitened and conditioned to remove 
narrow-band noise fea.tures. Events arc identified by 
clustering time-frequency pixels with significant energy 
which is coherent among detectors and characterized us­
ing test statistics derived from the likelihood (which is 
also a measure of the signal energy detected. in the net­
work and is calculated as described in [16]). The primary 
statistics are the network correlation coefficient cc, which 
is a measure of the degree of correlation between the de­
tectors, and the coherent network amplitude 11, which is 



proportional to the signal-to-noise ratio and is used to 
rank ".:!vents within a homogeneous sub-period. 

Both of these statistics are described in detail in [16]. 
The Rpplication of the event selection criteria is thor­
oughly described in [18, 32]. 

An:-r gravitational-wave candidate event detected by 
cWB is subject to additional data-quality vetoes based on 
statistical correlations between the GW data channel and 
environmental and instrumental auxiliary channels; a sig­
nificant correlation indicates the event may have been 
produced by local noise. Further details can be found in 
Appendix B . 

B. Background Estimation and Search Tuning 

A sample of "off-source" (background) events is re­
quired to determine the selection thresholds to re­
ject noise-induced events contaminating the "on-soarce" 
(foreground) measurement. We estimate the distribution 
of background events by performing the analysis on time­
shifted data, typically in ~ 1 s steps. The shifts minimize 
the chance of drawing an actual GW into the background 
sample. To accumulate a sufficient sampling, t.his shifting 
procedure is performed hundreds or thousands of times 
without repeating the same relative time shifts among de­
tectors. Background events corresponding to times which 
are fI.gged by data quality studies are discarded, just as 
an event candidate from the foreground would be. 

Due to the different characteristics of the background 
noise for the various sub-periods between commissioning 
breaks and for the different frequency bands and net­
works, the thresholda on cc and '7 are tumid separately 
for each homogeneous sub-period. Moreover, we consider 
the action of conditional DQFs (Category 3 DQFs, see 
Appendix A) on the event significance, by introducing 
a new ranking scheme which assigns lower significance 
to events flagged by such DQFs. More detalis on this 
procedure are reported in Appendix D. 

The thresholda reported in Table VB are selected to 
require a false alarm rate (FAR) ~ 1/(8 yr) or lower per 
frequency band (to be considered as a warning thresh­
old), as described in Appendix D. By considering the 
union of all searches performed (network configurations, 
sub-periods, and frequency bands) we estimate an overall 
false alarm probability (FAP) of ~ 15%. 

The method to Ineasure the statistical significance 
of any "on-source" candidate GW event which passes 
the aforementioned false alarm thresholda was decided 
a priori, namely performing additional independent time 
slides to increase the statistics of the background esti­
mates. 

C. Simulated Signals and Detection Efficiencies 

In order to test the sensitivity of our search to 
gravitational-wave bursts,- we add ("inject") various 00-

7 

hoc software signals, both polarized and un-polarized, 
to the detector data and measure the detection effi­
ciencies of the search. The injected waveforms can be 
parametrized as: 

[~] A x 2 

'" 
= x (3.1) 

where A is the amplitude, <> the ellipticity 2 and H+/x 
are the waveforms for the two independent polarizations. 
In this search, we investigated elliptically polarized sig­
nals (i.e. '" uniformly chosen in [0, 1]), as well as sets of 
only linearly or circularly polarized waves ('" fixed to 0 
or 1, respectively). A variety of GW signal morphologies 
spanning a wide range of signal durations, frequencies 
and amplitudes were tested. See Figure 2 for a sample of 
representative waveforms from various families and Ta­
bles II, III, IV for the chosen waveform parameters. 

The injected waveform families include: 

• Sine- Gaussian: 

H+(t) = exp (_t2 IT2) sin(2rr lot) (3.2) 

H x (t) = exp (_t2 IT2) cos(2rr lot) (3.3) 

where T = QI(.,fi7r/o). We consider waveforms 
of this type with central frequencies fo chosen be­
tween 70 to 5000 Hz and quality factors Q = 
3,9,100. Sine-Gaussian waveforms with a few cy­
cles are qualitatively similar to signals produced by 
the mergers of two black holes [2]. 

• Gaussian: 

H+(t) = exp (_t2 IT2) 

Hx(t) = O 
(3.4) 
(3.5) 

where the duration parameter T is chosen to be one 
of 0.1 , 1.0, 2.5, or 4.0 ms. 

• Ring-doum waveforms: 

H+(t) = exp(-tIT) sin(21f/ot) (3.6) 
Hx(t) = exp(-tIT) cos(21f/ot) (3.7) 

We use several central frequencies from 1590 Hz to 
3067 Hz, and decay times T = 0.2 s or Q = 9. Ring­
downs can occur in the end stages of black hole 
binary mergers. Longer duration ring-downs are 
also similar to signals predicted from the excitation 
of fundamental modes in neutron stars [33]. 

2 For binary SOuree8, the ellipticit!- i !O_ the cosine of the 80urce in­
cUnation angle, i.e. the angle between the source rotational axis 
and the line of sight to Earth. 
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FIG. 2: Representative waveforms injected into data for simulation studies. The top rov. is the time domain and the bottom 
row is a time-frequency domain representation of the waveform. From left to right: a 361 Hz Q = 9 sine-Gaussian, aT = 4.0 rna 
Gau.ssian waveform, a white noise burst with a bandwidth of 1000-2000 Hz and characteristic duration of T = 20 InS and, 
finally, a ringdown waveform with a frequency of 2000 Hz and T = 1 IIl8. 

• Band-limited. white noise signal~; 
The polarization components are bursts of uncorre­
iated band-limited white noise, time shaped with a 
Gaussian profile; H+ and Hx have - on average ­
equal RMS amplitudes and symmetric shape about 
the central frequency (see Figure 2). 

• Neutron star collapse wavefoTTns: 
For a comparison with previous searches [17, 18], 
we considered numerical simulations by Bajotti et 
aL [51, who modeled neutron star gravitational col­
lapse to a black hole and the subsequent ring-down, 
As in previous searches, we chose the models D 1 (a 
nearly spherical 1.67 110 neutron star) and D4 (a 
1.86 110 neutron star that is maximally deformed 
at the time of its collapse into a black hole) to rep­
resent the extremes of the parameter space in mass 
and spin considered in the aforementioned work. 
Both waveforms are linearly polarized (Hx = 0) 
and their emission is peaked at a few kHz. 

The simulated signals were injected with many ampli­
tude scale factors to trace out the detection efficiency as 
a funct ion of signal strength. The amplitude of the sig­
nal is expressed in terms of the root-sum-square strain 
amplitude (h,~) arriving at the Earth, defined as: 

(3.8) 

The signal amplitude at a detector is modulated by the 
detector antenna pattern functions, expressed as follows: 

where F + and F x are the antenna pattern functions, 
which depend on the orientation of the wavefront relative 
to the detector, denoted here in terms of the sky position 

(e, ~), and on the polarization angle ,h. The sky po­
sitions of simulated signals are distributed isotropically 
and polarization angles are chosen to be uniformly dis­
tributed, The detection efficiency is defined as the frac­
tion of signals successfully recovered using the same se­
lection thresholds and DQFs as in the actual search. The 
detection efficiency of the search depends on the network 
configuration and the selection cuts used in the analysis. 

Detection efficiencies for the HILI VI network for se­
lected waveforms as a function of signal amplitude "'" 
and as a function of distance (for the DI and D4 wave­
forms from Baiotti et a1. [5]) are reported in Figures 3 
and 4 , respectively. As in the previous joint run, typical 
sensitivities for this network in terms of hr&; for the se­
lected waveforms lie in the range ~ 5 x 10-22 Hz- 1/ 2 to 
~ I X 10- 20 Hz- 1/ 2 ; typical distances at 50% detection 
effidency for neutron star collapse waveforms lie in the 
range ~ 50 pc to ~ 200 pc. 

Two convenient characterizations of the sensitivity, 
the h"" at 50% and 90% detection efficiency (h':,% and 
h~ respectively) are obtained from fitting the efficiency 
curves and are reported in Tables II, III, and IV for the 
various families. Notice that the 3-fold network, HILIVI, 
has a better sensitivity than the weighted average over 
all networks: 2-fold networks have ~ 3/4 ofthe analyzed 
live time, but feature a. lower sensitivity. 

D. Systematic Uncertainties 

The most relevant systematic uncertainty in the astro­
physical interpretation of our results is due to the cal­
ibration error on the strain data prod ueed by each de­
tector [34, 35J. The effect of calibration systematics on 
network detection efficiency has been estimated by dedi­
cated simulations of GW signals in which the signal am­
plitude and phase at each detector is randomly jittered 

I 
I 

I 
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FIG. 3: Detection efficiency for selected waveforms as a 
function of signal amplitude hrss f01' the HILIVl network. 
Top: Comparison of detection efficiency for linear (L) and 
elliptical (E) sine-Gaussians with central frequencies of 235 
and 1304 Hz. Middle: Comparison of detection efficiency fOT 

linear (L) and circular (C) ring-down signals with frequencies 
of 2090 and 2590 Hz. Bottom: Detection efficiency for white 
noise pursts with frequency spanning between 100 and 4500 
Hz. 

according to the modeled distribution of calibration er­
rors for that detector. The resulting netrork detection 
efficiency marginalizes the effect of the systematic uncer­
tainties over the observation time. The main effect can 
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FIG. 4: Efficiency for the HILIVl network as a function of 
distance for the DI and D4 waveforms predicted by polytropic 
general-relativistic models of neutron star collapse. 

be parametrized as an overall shift of the detection effi­
ciency curves along the signal strength axis. The largest 
effect over the injected signal waveforms was a 8% in­
crease of the h~ amplitude at fixed detection efficieucy 
3. To produce the astrophysical limits shown in Section 
IV, we use the reduced detection efficiency curves ob­
tained by shifting . the original fits from Subsection III C 
and the results in Tables II, III, and IV to 8% larger h,~ 
values. 

IV. SEARCH RESULTS 

The on-source data have been analyzed following the 
procedures tuned through the investigation of the ofI­
source background sample, as described in Appendix D. 
No on-source event has been found above the threshold 
false alarm rate of once in 8 years per frequency band, 
and the distribution of on-source events is in agreement 
with the measured backgrOlUld. Table V lists the five 
most significant on-source events, as ranked by their In­
verse False Alarm Rate (IFAR = l/FAR), and taking 
into account the tria.l factor due to the three indepen­
dent searches performed on the disjoint frequency bands. 

In addition to the events reported in Table V, this 
search also detected an on-source event showing a chirp­
ing waveform compatible with a compact binary coales­
cence at a signal-to-noise ratio r'V 17 in the HILIVl net­
work. This event was first identified by a low-latency 
burst search within minutes of its occurrence on Septem-

3 Note that, due to an incomplete knowledge of the actuation res­
onances in [3000,4000J Hz band of the Hanford detector, very 
consen:ative assumptions have been made on calibra.tion uncer­
tainties; the networks including HI in that frequency band fea­
t ure a large efficiency loss due to calibration systematics of 24%. 



HILIYl all networks 

fo Q Linear Elliptical Linear Elliptical 
[Hz] hSO% 

'" 
h 50% ' M h;~% h~~t" h6O% ". h9O% ". 

70 3 18.9 18.0 28.4 311.9 23.2 92.7 

70 9 21.5 20.4 31.6 269.4 25.8 91.7 

70 100 24 .2 21.4 34.4 484.9 27.4 131.9 

100 9 10.5 9.6 15.6 156.6 12.6 57.6 

153 9 6.7 5.8 10.3 105.4 8.0 35.2 

235 3 5.7 5.5 8.5 45.3 7.4 24.4 

235 9 5.2 4.9 7.7 39.7 6.6 20.7 

235 100 4.6 4.4 7.2 37.6 6.0 19.0 

361 9 8.6 8.7 12.4 67.S 11.1 32.7 

554 9 8.9 8.4 13.1 69.4 ILl 35.2 

849 3 15.1 14.4 20.8 128.7 IS.4 56.6 

849 9 14.1 13.3 19.7 116.0 17.2 52.0 

849 100 12.3 11.4 17.4 88.7 14.8 44.9 

1053 9 16.9 17.5 24.2 133.5 21.9 63.9 

1304 9 21.1 19.7 30.4 177.9 25.3 78.6 
1615 3 41.6 54.5 349.8 

1515 9 35.2 46.3 259.9 

1515 100 28.3 38.8 219.3 

1797 9 26.8 35.4 206.0 

2000 3 41.6 51.8 322.9 

2000 9 30.8 38.7 229.1 
2QOO 100 27.4 36.0 181.8 

2226 9 36.6 47.2 272.1 

2477 3 51.6 61.2 425.9 

2477 9 44.3 55.2 307.3 

2477 100 34.6 46.3 233.5 

2756 9 44.2 56.8 389.8 

3067 3 74.1 81.7 600.0 

3D67 9 64.6 78.0 499.6 

3067 100 41.1 53.8 278.2 

3413 9 65.7 80.0 510.4 

3799 9 81.7 99.3 719.9 

TABLE IT: Values of h~~ and h~~t" (for 50% and 90% de­
tection efficiency at the chosen thresholds of 1/(8 yr) per fre­
quency band), in units of 10-22 HZ- 1: 2 , for linear and ellip­
tical sine-Gaussian waveforms with the central frequency fo 
and quality factor Q, The center two columns are the h~2H% 
for. linear and elliptical waveforms during the total 86 period 
measured for the HILIVl network. The rightmost columns 
report the values of h~% and h!;~% over the whole 86-VSR2/ 3 
for the combined results (i.e. averaged over time) from al1 the 
networks. 

ber 16. 2010 and was thoroughly investigated in follow-up 
studies. Its Inverse False Alarm Rate was estim.ated at 
1.1 yr from comparison with the burst reference back­
ground over all trials. After the completion of the anal­
ysis, this event was revealed to he a blind hardware in­
jection (36] intended as an end-to-end test of the search 
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all networks 

f T Linear Circular 

1Hz] ]m, h~~IJ% h~~H% h5O% 
'" 

h9O% ". 
2000 1.0 47.3 288 34.8 78.9 

2090 200 42.9 218 31.7 66.0 

2590 200 52.2 255 39.1 79.5 

30670.65 91.9 540 72.9 569 

TABLE III: Values of h;~,% and h~8% (for 50% and 90% de­
tection efficiency at the chosen thresholds of 1/(8 yr) per fre­
quency band), in units of 10--22 Hz- 1/ 2 , for linearly and cir­
cularly polarized ring-downs characterized by parameters f 
and T, 

fl~ !;.f T HILIYI all networks 
1Hz] ]Hz] ]ms h,~ h~ h90 '!\ 

'M 
100 100 100 8.1 11.5 91.2 
250 100 100 7.5 10.5 43.1 

1000 10 100 15.5 22.5 93.6 
1000 1000 10 30.5 39.7 130 

1000 1000 100 76.8 76.7 492 
2000 100 100 35.7 40.3 193 
2000 1000 10 55.6 63.1 211 

3500 100 100 71.8 90.3 332 

3500 1000 10 114 125 371 

TABLE IV: Values of h~~f and h~8% (for 50% and 90% de­
tection efficiency at the chosen thresholds of 1/(8 yr) per 
frequency band), in units of 10- 22 Hz- 1

/
2

, for band-limited 
white noise waveforIIlB characterized by parameters fl~w, 6./, 
and T, 

for transient signals 4 . As such, the event was removed 
from the final results. 

4 Signal injections were performed via direct excitation of the 
interferometer mirror test masses. Some of thp'ie hardware in­
jections were intended to mimic a. coherent GW excitation acros') 
the network and to provide an end-to-end verification of the de­
tector instrumentation, the data. acquisition system and the data. 
analysis software. In addition to those, a. blind hjection chal­
lenge. was realized consisting of injecting a few simula.ted signals 
at times not announced to the collaborations, This was done 
for the purpose of testing t.he data. BLlalysis pipelines and event 
validation protocolB. 



IFARJyrl freq. band network SNR FAP 
0.64 0.2-1.6 kHz HILI 11 0.59 
0.36 64-200 Hz HlL1Vl 19 0.47 

0.28 0.2-1.6 kHz HILI 12 0.33 
0.19 0.2-1.6 kHz HILI 10 0.35 
0.17 I 1.6-5 kHz H1Vl 9 0.24 

TABLE V: The five most significant events present ill the 011-

source data. IFAR is the Inyerse False Alarm Rate [yrJ of the 
event in the entirp search, SNR is the signal.to--noise ratio in 
the whole network, and FAP is the false alarm probability 
(probability of getting at least as many accidental events a,.<; 

those observed with IFAR :;::: the value reported in the first 
colum::l). 

A . Upper Limits 

The new null result can be combined with the pre~:ious 
ones from the latest scientific runs by LIGO and Virgo 
[16-18J to complete the results achieved by initial gener­
ation interferometric detectors. 

Assuming a Poisson distribution of astrophysical 
sources and in the special case of no sun iving candidate 
events, the 90% confidence upper limit is computed as 

D ~ 2.3 
'..,.0% = " ~, 

L..Jk fk.l. k 
(4.1) 

where 2.3 = - log(1 - 0.9) , (k and Tk are respectively the 
detection efficiency and the observation time of the differ­
ent network configurations in homogeneous sub-periods 
of observation k [37], including all available LIGO and 
LIGO-Virgo observations since November 2005 [16-18J. 

Figure 5 shows the upper limits on the rate of 
gravitational-wave bursts at the Earth as a function of 
signal strength (h,,,) for selected sine-Gaussian wave­
forms. The second joint LIGO-Virgo run increases the 
previous total observation time by roughly 50%, total­
ing 1.74 }T. Therefore, the resulting 90% upper limit 
on the rate for strong signals (asymptotic behaviour for 
(k --+ 100%) decreases from 2.0 to 1.3 yc1 for the 64 -
1600 Hz band (from 2.2 to 1.4 yr-l for the band above 
1.6 kHz). 

The results can also be interpreted as limits on the 
rate density of GW bursts (number per year and per 
Alpc3) assuming a standard-candle source, isotropicaliy 
distributed, as previously reported in [18J . Denoting by 
h~ the average value of the GW squared amplitude h~~ 
at a fiducial distance ro from the source, the energy con­
verted to GWs is 

where fo is the central frequency of GW emission. 
Considering a population of standard-candle sources 

randomly oriented with respect to the Earth and at a 
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FIG. 5: Upper limits at 90% c.onfidence on the ra.te of 
gra.vitational-wave bursts a.t Earth as a function of hr •• signal. 
amplitude for selected sine-Gaussian waveforms with Q = 9. 
The results include all the LIGO and LIGO-Virgo observa­
tions since November 2005. 

distance ro, we can interpret the ~ as the average GW 
squared amplitude impinging on the Earth (e.g. averaged 
over source parameters such as inclination angle). Equa­
tion 4.2 can then be used to estimate ho(EGw , 10, ro) and 
in particular sets the inverse proportionality between the 
average hrss at Earth and source distance r: hr = horo. 
Assuming a uniform distribution in the sky and" in time 
of these standard-candle sources, the expected rate of 
detections is 

Nd,t 47r1?T I.'" drr2«(r) 

= 47r1?T(hor O)3 J.~ dh h-4f( h). (4.3) 

where 1? is t he rate density of the standard-candle 
sources, T the overall observation time, and «(h) the de­
tection effi.ciem:y as measured by our simulations. 

Hence, the 90% confidence upper limit on rate density 
1? of such standard-<:andle sources is 

2.3 
1?00% = 47rT(horol' Jo"'dhh 4«(h) . (4.4) 

The resulting 1?90% is dominated by the part of the de­
tection efficiency curve at small GW amplitude h. Due 
to the relative orientations of the LIGO-Virgo detectors, 
detection efficiency curves for linearly po!arized sine­
Ga.ussian waveforms are approximately the same of those 
for elliptically polarized ones; the numerical values of 
'RgO% are close within a few percent for both source mod­
els. 

Figure 6 shows the rate density upper limits of 
sources as a function of frequency. This result 
can be interpreted in the following way: given a 
standard-candle source with a characteristic frequency 
f and energy EGw. the corresponding rate limit is 
1?oo%(f)(Mec2 / EGW )3/2 yr-' Mpc-3. 
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FIG. 6: Rate limit per unit volume for standard-candle 
sources at the 90% confidence level for a. linearly polarized 
sine-Ga.ussian standard-candle with EGy,,' = M0C2. Within 
an accuracy of a few percent, the same numerical results 
hold also for sources emitting circularly polarized GWs, which 
would subsequently appear elliptically polarized at the Earth. 
In this Figure, all LIGO and LIGO-Virgo observations since 
November 2005 have been combined together. 
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FIG. 7: Typical GV: energy in solar masses at 50% detection 
efficieccy for standard-candle sources emitting at 10 kpc for 
the waveforms listed in Tables IT, III, and IV considering the 
HILIVI network and the LIGO-Virgo observations since July 
2009. 

The typical GW energy in units of solar masses for 
LIGO-Virgo observation is shown in Figure 7 computed 
with Equation 4.2 using the measured hrss at 50% detec­
tion efficiency for the tested waveforms assuming a stan­
dard candle source emitting at a distance of 10 kpc. The 
mass scales with the square of the fiducial distance and 
the results are robust over the very wide class of wave­
forms tested. As expected, the GW energy is strongly de­
pendent on the spectral sensitivity of the network, with 
a negligible dependence on the" specific waveform charac­
teristics. 
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V. SUMMARY AND DISCUSSION 

This paper reports the results achieved by the LIGO 
and Virgo detectors in the search for GW translents of 
duration;S 1 s, without assumptions on the signal wave­
form, polarization, direction or arrival time. 

Three detectors were operating at the Hanford, Liv­
ingston and Pisa sites during the second joint observa­
tion of LIGO and Virgo in 2009-2010. The detectors im­
plemented hardware upgrades-in order to prototype new 
subsystems planned for the upcoming advanced detec­
tors. The resulting sensitivities to GW 5 were comparable 
to those achieved during the first LlGO-Virgo nill. The 
main contribution of the second run is a 50% increase in 
accwnulated observation time. 

No event candidates were found in this search. We 
set better upper limits on the rate of gravitational-wave 
bursts at Earth and on the rate density of burst sources 
per unit time and volume. These limits combine all avail­
able information from the LIGO-Virgo joint runs and set 
the state-of-the-art on all-sky searches for transient grav­
itational waves of short duration. 

The reported h,,, amplitude of t he GW at Earth can 
be converted into the energy emitted by a source at some 
fiducial distance assuming a simple model as in Equa­
tion 4.2. For example, the energy emitted in gravita­
tional waves in units of solar masses at a distance of 10 
kpc and considering measured hrss at 50% detection ef­
ficiency (Table II) is '" 2.2· 10-8 M0 for signal frequen­
cies near 150 Hz (5.6· 1O-2M0 at 16 Mpc). These GW 
energies, though obviously depending on the signal fre­
quency, are approximately constant over different polar­
ization models of the GW emission, including linearly 
polarized sources, circularly polarized sources and un­
polarized emission with random polarization amplitudes 
(see Tabl .. II, III, and IV). 

The long baseline interferometric detectors LIGO and 
Virgo are currently being upgraded to their advanced 
(",oofiguratiollS, and the next joint observation is planned 
for 2015. Another advanced detector, LCGT [38,39], is 
being built in Japan, and there arc proposals to realize 
an additional advanced LIGO detector outside the USA. 
These advanced detectors should achieve strain sensi­
tivities a factor of ten better than the first-genera.tion 
detectors. For example, at design sensitivity these de­
tectors should detect a typical core-collapse supernova 
anywhere in the galaxy [401 and will be able to put con­
straints on extreme scenarios for core collapse supernovae 
within the Local Group [4,411. Other possible short du­
ration sources, such as the merger of very high mass stel­
lar black hole binaries, could be visible at distances ex­
ceeding 1 Gpc. During advanced detector observations, 
gravitat ional-wave detections are predicted to occur on 
a regular basis [42], thus greatly expanding the field of 
gravitational-wave astrophrsics. 
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Appendix A: Data Quality Flags 

Data Quality Flags (DQFs) are intended to indicate 
perioas of data taking which suffer from environmental 
and instrumenta.l effects inducing noise into the data [29). 
We followed the DQF strategy used in previous searches 
[H,-IS], organizing DQFs into 3 categories. The differ­
ent categories reflect the level of understanding of the de­
tector3' performances as well as of the relation between 
disturbances in the data set and environmental or instru­
mental causes. 

Category I DQFs mark segments of time (typically 
more than tens of seconds) when disturbances make anal­
ysis unfeasible. Data segments remaining after their ap­
plicat:on are used in the analysis. 

Category 2 DQFs are connected to well-understood 
short duration (typically a few seconds) periods of noise 
transients. Data segments flagged by this category can be 
used for data conditioning and noise property estimation, 
but enmts emerging from these periods are discarded as 
very likely originating from the detector environment. 

Finally, Category 3 DQFs denote periods that are 
only '9:eakly correlated to environmental and instrumen­
tal monitors. Such cuts are not reliable enough to be used 
as unconditional cuts. When appUed to events generated 
by the search algorithm, they would reject a significant 
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fraction (in extreme c""es up to 15-20%) of data. Their 
use is limited to significance calculations using the MI­
FAR statistic (see Appendix D). 

Appendix B: Event-by-event vetoes 

Often, GW candidate events identified in the on-source 
time can be linked to disturbances propagating through 
the detector from the em-ironment or within the detector 
itself. Our procedure for identifying such event-by-event 
vetoes in 86 and VSR2/3 follows that used in 85 and 
VSRI [16, 18]. The GW channel and a large number of 
auxiliary channels are processed with the Kleine-Welle 
[43] algorithm, which looks for excess power transients. 
A hierarchical method [44] is used to rank the statistical 
relationship between the transients found in the auxiliary 
channels and those found in the detector output. Based 
on these rankings, vetoes are defined for suspected noise 
events. Another veto used was based on significant sta.­
tistical association of events observed in the GW channel 
and the auxiliary channels [45] . 

An additional set of Category 3 vetoes [46] are applied 
to events emerging from networks including Virgo; vetoes 
from this set are based on detector read-out channels 
which are known to be insensitive to gravitational waves. 

Procedurally, the event-by-event vetoes are applied 
with the same conditions as their corresponding Cate­
gory of data quality flags described in Appendix A. 

Appendix C: Detector networks and live times 

The total observation time for the analysis has been 
divided into four suh-periods (labeled A, B, C and D) , 
separated by planned commissioning and upgrade breaks 
which changed the performance of the detectors. Ta­
ble VI shows the observation time of each network config­
uration after the application of Category I and 2 DQFs. 
These times are not overlapping. During the period from 
January to June 2010 (sub-period C), Virgo did not par­
ticipate in the run because of hardware upgrades. 

detectors A [days B [days C [days D [days TOT [days 
HILIVI 10.6 16.7 - 24.9 52.2 

HILI - 6.2 51.4 26.8 84.5 
LIVI 10.2 10.7 - 8.1 28.9 
HIVI 12.6 21.3 - 7.1 41.0 
TOT 33.4 54.8 51.4 66.9 206.6 

TABLE VI: Observation time for each detector configuration 
after application of Category 1 and 2 DQFs for the four sub­
periods .\, B, C, and p. For period A, the observation time of 
the HILI network after subtracting the HILI VI observation 
time is negligible (- I day). During period C, Virgo did not 
participate in the run. 



Appendix D: Modified Inverse False Alarm Rate 
(MIFAR) 

We introduce the Modified Inverse False Alarm Rate 
(MIFAR) to account for the effect of Category 3 DQFs 
on the background. 

Category 3 DQFs indicate a weak statistical correla­
tion (If the GW data with environmental and instrumen­
tal nC!ise sources, and thus were used only as a caution­
ary tag when examining an event in candidate follow-ups. 
:Moreover, the effectiveness of these flags is not constant 
betw€en different .sub-periods, network configurations or 
frequency bands. The use of Category 3 data quality as 
a tag allows us to produce two sets of events: the "raw" 
set (polluted to some extent by noise glitches) and the 
subse;; of those events that are not tagged, the "clean" 
set (with reduced observation time). 

In order to account for the difference in background 
distributions when assessing the significance of candidate 
GW events from the ra-\\.- and clean sets, we use the fol­
lowing procedure: 

1. Within each homogeneous analysis (same detec­
tor's configuration, same tuning of analysis, same 
frequency band), we rank events from the two sets 
separately by their coherent network amplitude 1); 

i.e., if the event candidate is flagged by Category 
3 data quality, it is ranked against the raw set of 
events, otherwise it is ranked against the clean set. 

2. Each event is then assigned a J\IIFAR as the inverse 
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with equal MIFAR the one with larger '1 is ranked 
higher. This ranking is performed separately for 
each homogeneous analysis. 

4. According to this merged ranking, we measure the 
IFAR of the events as the rate of the corresponding 
background event with equal MIFAR. This mea­
sured IFAR is used as our "universaF' ranking for 
all events in all anal:vses. 
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Frequency Band [Hz] 

network 64-200 200-2000 2000-5000 

cc ~j ~ cc ~1 ~ cc ~1 ~ 

A 0.70 5.9 - 0.70 6.0 - 0.65 4.6 -
H1L1V1 B 0.60 6.5 6.5 0.60 4.6 3.9 0.60 3.9 -

D 0.60 6.7 4.7 0.60 4.5 4.3 0.60 4.7 4.4 

A 0.65 32.0 - 0.65 7.4 - 0.65 5.8 -

B 0.60 8.5 8.1 0.60 5.5 5.5 0.604.7 -
HILI C 0.60 8.8 6.4 0.60 6.4 5.5 0.604.6 -

D 0.60 8.9 8.9 
0.60 12.9 9.9 0.60 4.7 4.6 
0.60 5.1 4.8 

A 0.65 16.8 - 0.65 6.0 - 0.65 5.5 -

L1Vl B 0.60 5.8 5.8 0.60 6.4 5.0 0.60 4.6 -
D 0.60 17.0 17.0 0.60 10.3 10.3 0.60 7.3 6.9 

A 0.65 10.2 - 0.65 5.2 - 0.65 5.4 -

H1V1 B 0.60 6.3 5.3 0.60 5.2 5.0 0.60 4.4 -
00.60 9.1 9.0 0.60 6.1 6.1 0.606.36.2 

TABL3 VII: Thresholds per network, sub--period and frequency band for the homogeneous analyses performed. The threshold 
TJl is applied to the events in the raw set (those in coincidence with a Category 3 DQF) and 1Jl is applied to events in the clea.n 
set (not in coincidence with a DQF). These thresholds have been selected in order to ensure a IFAR ~ 8 yr. 
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