
DES-2018-0389
FERMILAB-PUB-18-629-AE

DRAFT VERSION JANUARY 8, 2019
Typeset using LATEX twocolumn style in AASTeX62

First measurement of the Hubble constant from a dark standard siren using the Dark Energy Survey galaxies and the
LIGO/Virgo binary–black–hole merger GW170814

M. SOARES-SANTOS,1 A. PALMESE,2 W. HARTLEY,3 J. ANNIS,2 J. GARCIA-BELLIDO,4 O. LAHAV,3 Z. DOCTOR,5, 6 H. LIN,2

M. FISHBACH,6 M. E. S. PEREIRA,1 A. GARCIA,1 K. HERNER,2 R. KESSLER,7, 6 H. V. PEIRIS,3 M. SAKO,8 S. ALLAM,2 D. BROUT,8

A. CARNERO ROSELL,9, 10 C. CONSELICE,11 J. DEROSE,12, 13 J. DEVICENTE,9 H. T. DIEHL,2 M. S. S. GILL,14 J. GSCHWEND,10, 15

I. SEVILLA-NOARBE,9 D. L. TUCKER,2 R. WECHSLER,16, 17, 14 E. BERGER,18 P. S. COWPERTHWAITE,19, 20 B. D. METZGER,21

P. K. G. WILLIAMS,18, 22 T. M. C. ABBOTT,23 F. B. ABDALLA,3 S. AVILA,24 K. BECHTOL,25, 26 E. BERTIN,27, 28 D. BROOKS,3

E. BUCKLEY-GEER,2 D. L. BURKE,17, 14 M. CARRASCO KIND,29, 30 J. CARRETERO,31 F. J. CASTANDER,32, 33 M. CROCCE,34, 33

C. E. CUNHA,17 C. B. D’ANDREA,8 L. N. DA COSTA,10, 15 C. DAVIS,17 S. DESAI,35 P. DOEL,3 A. DRLICA-WAGNER,2, 36

T. F. EIFLER,37, 38 A. E. EVRARD,39, 40 B. FLAUGHER,2 P. FOSALBA,32, 33 J. FRIEMAN,2, 6 E. GAZTANAGA,32, 33 D. W. GERDES,39, 40

D. GRUEN,17, 14 R. A. GRUENDL,29, 30 G. GUTIERREZ,2 D. L. HOLLOWOOD,41 B. HOYLE,42, 43 D. J. JAMES,44 T. JELTEMA,41

K. KUEHN,45 N. KUROPATKIN,2 T. S. LI,2, 6 M. LIMA,46, 10 M. A. G. MAIA,10, 15 J. L. MARSHALL,47 F. MENANTEAU,29, 30

R. MIQUEL,48, 31 E. NEILSEN,2 R. L. C. OGANDO,10, 15 A. A. PLAZAS,38, 49 A. K. ROMER,50 A. ROODMAN,17, 14 E. SANCHEZ,9

V. SCARPINE,2 R. SCHINDLER,14 M. SCHUBNELL,40 S. SERRANO,32, 33 M. SMITH,51 R. C. SMITH,23 F. SOBREIRA,52, 10 E. SUCHYTA,53

M. E. C. SWANSON,30 G. TARLE,40 R. C. THOMAS,54 A. R. WALKER,23 W. WESTER,2 AND J. ZUNTZ55

(THE DES COLLABORATION)
B. P. ABBOTT,56 R. ABBOTT,56 T. D. ABBOTT,57 S. ABRAHAM,58 F. ACERNESE,59, 60 K. ACKLEY,61 C. ADAMS,62 R. X. ADHIKARI,56

V. B. ADYA,63, 64 C. AFFELDT,63, 64 M. AGATHOS,65 K. AGATSUMA,66 N. AGGARWAL,67 O. D. AGUIAR,68 L. AIELLO,69, 70 A. AIN,58

P. AJITH,71 G. ALLEN,72 A. ALLOCCA,73, 74 M. A. ALOY,75 P. A. ALTIN,76 A. AMATO,77 A. ANANYEVA,56 S. B. ANDERSON,56

W. G. ANDERSON,78 S. V. ANGELOVA,79 S. APPERT,56 K. ARAI,56 M. C. ARAYA,56 J. S. AREEDA,80 M. ARÈNE,81 S. ASCENZI,82, 83

G. ASHTON,61 S. M. ASTON,62 P. ASTONE,84 F. AUBIN,85 P. AUFMUTH,64 K. AULTONEAL,86 C. AUSTIN,57 V. AVENDANO,87

A. AVILA-ALVAREZ,80 S. BABAK,88, 81 P. BACON,81 F. BADARACCO,69, 70 M. K. M. BADER,89 S. BAE,90 P. T. BAKER,91

F. BALDACCINI,92, 93 G. BALLARDIN,94 S. W. BALLMER,95 S. BANAGIRI,96 J. C. BARAYOGA,56 S. E. BARCLAY,97 B. C. BARISH,56

D. BARKER,98 K. BARKETT,99 S. BARNUM,67 F. BARONE,59, 60 B. BARR,97 L. BARSOTTI,67 M. BARSUGLIA,81 D. BARTA,100

J. BARTLETT,98 I. BARTOS,101 R. BASSIRI,102 A. BASTI,73, 74 M. BAWAJ,103, 93 J. C. BAYLEY,97 M. BAZZAN,104, 105 B. BÉCSY,106

M. BEJGER,81, 107 A. S. BELL,97 D. BENIWAL,108 G. BERGMANN,63, 64 S. BERNUZZI,109, 110 J. J. BERO,111 C. P. L. BERRY,112

D. BERSANETTI,113 A. BERTOLINI,89 J. BETZWIESER,62 R. BHANDARE,114 J. BIDLER,80 I. A. BILENKO,115 S. A. BILGILI,91

G. BILLINGSLEY,56 J. BIRCH,62 R. BIRNEY,79 O. BIRNHOLTZ,111 S. BISCANS,56, 67 S. BISCOVEANU,61 A. BISHT,64 M. BITOSSI,94, 74

J. K. BLACKBURN,56 C. D. BLAIR,62 D. G. BLAIR,116 R. M. BLAIR,98 S. BLOEMEN,117 N. BODE,63, 64 M. BOER,118 Y. BOETZEL,119

G. BOGAERT,118 F. BONDU,120 E. BONILLA,102 R. BONNAND,85 P. BOOKER,63, 64 B. A. BOOM,89 C. D. BOOTH,121 R. BORK,56

V. BOSCHI,94 S. BOSE,122, 58 K. BOSSIE,62 V. BOSSILKOV,116 J. BOSVELD,116 Y. BOUFFANAIS,81 A. BOZZI,94 C. BRADASCHIA,74

P. R. BRADY,78 A. BRAMLEY,62 M. BRANCHESI,69, 70 J. E. BRAU,123 T. BRIANT,124 J. H. BRIGGS,97 F. BRIGHENTI,125, 126

A. BRILLET,118 M. BRINKMANN,63, 64 P. BROCKILL,78 A. F. BROOKS,56 D. D. BROWN,108 S. BRUNETT,56 A. BUIKEMA,67 T. BULIK,127

H. J. BULTEN,128, 89 A. BUONANNO,88, 129 D. BUSKULIC,85 C. BUY,81 R. L. BYER,102 M. CABERO,63, 64 L. CADONATI,130

G. CAGNOLI,77, 131 C. CAHILLANE,56 J. CALDERÓN BUSTILLO,61 T. A. CALLISTER,56 E. CALLONI,132, 60 J. B. CAMP,133

W. A. CAMPBELL,61 K. C. CANNON,134 H. CAO,108 J. CAO,135 E. CAPOCASA,81 F. CARBOGNANI,94 S. CARIDE,136 M. F. CARNEY,112

G. CARULLO,73 J. CASANUEVA DIAZ,74 C. CASENTINI,82, 83 S. CAUDILL,89 M. CAVAGLIÀ,137 R. CAVALIERI,94 G. CELLA,74

P. CERDÁ-DURÁN,75 G. CERRETANI,73, 74 E. CESARINI,138, 83 O. CHAIBI,118 K. CHAKRAVARTI,58 S. J. CHAMBERLIN,139 M. CHAN,97

S. CHAO,140 P. CHARLTON,141 E. A. CHASE,112 E. CHASSANDE-MOTTIN,81 D. CHATTERJEE,78 M. CHATURVEDI,114

B. D. CHEESEBORO,91 H. Y. CHEN,36 X. CHEN,116 Y. CHEN,99 H.-P. CHENG,101 C. K. CHEONG,142 H. Y. CHIA,101 A. CHINCARINI,113

A. CHIUMMO,94 G. CHO,143 H. S. CHO,144 M. CHO,129 N. CHRISTENSEN,118, 145 Q. CHU,116 S. CHUA,124 K. W. CHUNG,142

S. CHUNG,116 G. CIANI,104, 105 A. A. CIOBANU,108 R. CIOLFI,146, 147 F. CIPRIANO,118 A. CIRONE,148, 113 F. CLARA,98 J. A. CLARK,130

P. CLEARWATER,149 F. CLEVA,118 C. COCCHIERI,137 E. COCCIA,69, 70 P.-F. COHADON,124 R. COLGAN,150 M. COLLEONI,151

C. G. COLLETTE,152 C. COLLINS,66 L. R. COMINSKY,153 M. CONSTANCIO JR.,68 L. CONTI,105 S. J. COOPER,66 P. CORBAN,62

T. R. CORBITT,57 I. CORDERO-CARRIÓN,154 K. R. CORLEY,150 N. CORNISH,106 A. CORSI,136 S. CORTESE,94 C. A. COSTA,68

R. COTESTA,88 M. W. COUGHLIN,56 S. B. COUGHLIN,121, 112 J.-P. COULON,118 S. T. COUNTRYMAN,150 P. COUVARES,56

P. B. COVAS,151 E. E. COWAN,130 D. M. COWARD,116 M. J. COWART,62 D. C. COYNE,56 R. COYNE,155 J. D. E. CREIGHTON,78

T. D. CREIGHTON,156 J. CRIPE,57 M. CROQUETTE,124 S. G. CROWDER,157 T. J. CULLEN,57 A. CUMMING,97 L. CUNNINGHAM,97

E. CUOCO,94 T. DAL CANTON,133 G. DÁLYA,158 S. L. DANILISHIN,63, 64 S. D’ANTONIO,83 K. DANZMANN,64, 63 A. DASGUPTA,159

C. F. DA SILVA COSTA,101 L. E. H. DATRIER,97 V. DATTILO,94 I. DAVE,114 D. DAVIS,95 E. J. DAW,160 D. DEBRA,102

M. DEENADAYALAN,58 J. DEGALLAIX,77 M. DE LAURENTIS,132, 60 S. DELÉGLISE,124 W. DEL POZZO,73, 74 L. M. DEMARCHI,112

N. DEMOS,67 T. DENT,63, 64, 161 R. DE PIETRI,162, 110 J. DERBY,80 R. DE ROSA,132, 60 C. DE ROSSI,77, 94 R. DESALVO,163

O. DE VARONA,63, 64 S. DHURANDHAR,58 M. C. DÍAZ,156 T. DIETRICH,89 L. DI FIORE,60 M. DI GIOVANNI,164, 147

T. DI GIROLAMO,132, 60 A. DI LIETO,73, 74 B. DING,152 S. DI PACE,165, 84 I. DI PALMA,165, 84 F. DI RENZO,73, 74 A. DMITRIEV,66

Corresponding author: Antonella Palmese
palmese@fnal.gov

ar
X

iv
:1

90
1.

01
54

0v
1 

 [
as

tr
o-

ph
.C

O
] 

 6
 J

an
 2

01
9

mailto: palmese@fnal.gov


2 SOARES-SANTOS, PALMESE ET AL.

F. DONOVAN,67 K. L. DOOLEY,121, 137 S. DORAVARI,63, 64 I. DORRINGTON,121 T. P. DOWNES,78 M. DRAGO,69, 70 J. C. DRIGGERS,98

Z. DU,135 P. DUPEJ,97 S. E. DWYER,98 P. J. EASTER,61 T. B. EDO,160 M. C. EDWARDS,145 A. EFFLER,62 P. EHRENS,56 J. EICHHOLZ,56

S. S. EIKENBERRY,101 M. EISENMANN,85 R. A. EISENSTEIN,67 H. ESTELLES,151 D. ESTEVEZ,85 Z. B. ETIENNE,91 T. ETZEL,56

M. EVANS,67 T. M. EVANS,62 V. FAFONE,82, 83, 69 H. FAIR,95 S. FAIRHURST,121 X. FAN,135 S. FARINON,113 B. FARR,123 W. M. FARR,66

E. J. FAUCHON-JONES,121 M. FAVATA,87 M. FAYS,160 M. FAZIO,166 C. FEE,167 J. FEICHT,56 M. M. FEJER,102 F. FENG,81

A. FERNANDEZ-GALIANA,67 I. FERRANTE,73, 74 E. C. FERREIRA,68 T. A. FERREIRA,68 F. FERRINI,94 F. FIDECARO,73, 74 I. FIORI,94

D. FIORUCCI,81 R. P. FISHER,95, 168 J. M. FISHNER,67 M. FITZ-AXEN,96 R. FLAMINIO,85, 169 M. FLETCHER,97 E. FLYNN,80 H. FONG,170

J. A. FONT,75, 171 P. W. F. FORSYTH,76 J.-D. FOURNIER,118 S. FRASCA,165, 84 F. FRASCONI,74 Z. FREI,158 A. FREISE,66 R. FREY,123

P. FRITSCHEL,67 V. V. FROLOV,62 P. FULDA,101 M. FYFFE,62 H. A. GABBARD,97 B. U. GADRE,58 S. M. GAEBEL,66 J. R. GAIR,172

L. GAMMAITONI,92 M. R. GANIJA,108 S. G. GAONKAR,58 A. GARCIA,80 C. GARCÍA-QUIRÓS,151 F. GARUFI,132, 60 B. GATELEY,98

S. GAUDIO,86 G. GAUR,173 V. GAYATHRI,174 G. GEMME,113 E. GENIN,94 A. GENNAI,74 D. GEORGE,72 J. GEORGE,114 L. GERGELY,175

V. GERMAIN,85 S. GHONGE,130 ABHIRUP GHOSH,71 ARCHISMAN GHOSH,89 S. GHOSH,78 B. GIACOMAZZO,164, 147 J. A. GIAIME,57, 62

K. D. GIARDINA,62 A. GIAZOTTO,74 , ∗ K. GILL,86 G. GIORDANO,59, 60 L. GLOVER,163 P. GODWIN,139 E. GOETZ,98 R. GOETZ,101

B. GONCHAROV,61 G. GONZÁLEZ,57 J. M. GONZALEZ CASTRO,73, 74 A. GOPAKUMAR,176 M. L. GORODETSKY,115 S. E. GOSSAN,56

M. GOSSELIN,94 R. GOUATY,85 A. GRADO,177, 60 C. GRAEF,97 M. GRANATA,77 A. GRANT,97 S. GRAS,67 P. GRASSIA,56 C. GRAY,98

R. GRAY,97 G. GRECO,125, 126 A. C. GREEN,66, 101 R. GREEN,121 E. M. GRETARSSON,86 P. GROOT,117 H. GROTE,121 S. GRUNEWALD,88

G. M. GUIDI,125, 126 H. K. GULATI,159 Y. GUO,89 A. GUPTA,139 M. K. GUPTA,159 E. K. GUSTAFSON,56 R. GUSTAFSON,178

L. HAEGEL,151 O. HALIM,70, 69 B. R. HALL,122 E. D. HALL,67 E. Z. HAMILTON,121 G. HAMMOND,97 M. HANEY,119

M. M. HANKE,63, 64 J. HANKS,98 C. HANNA,139 M. D. HANNAM,121 O. A. HANNUKSELA,142 J. HANSON,62 T. HARDWICK,57

K. HARIS,71 J. HARMS,69, 70 G. M. HARRY,179 I. W. HARRY,88 C.-J. HASTER,170 K. HAUGHIAN,97 F. J. HAYES,97 J. HEALY,111

A. HEIDMANN,124 M. C. HEINTZE,62 H. HEITMANN,118 G. HEMMING,94 M. HENDRY,97 I. S. HENG,97 J. HENNIG,63, 64

A. W. HEPTONSTALL,56 FRANCISCO HERNANDEZ VIVANCO,61 M. HEURS,63, 64 S. HILD,97 T. HINDERER,180, 89, 181 D. HOAK,94

S. HOCHHEIM,63, 64 D. HOFMAN,77 A. M. HOLGADO,72 N. A. HOLLAND,76 K. HOLT,62 D. E. HOLZ,36 P. HOPKINS,121 C. HORST,78

J. HOUGH,97 E. J. HOWELL,116 C. G. HOY,121 A. HREIBI,118 E. A. HUERTA,72 B. HUGHEY,86 M. HULKO,56 S. HUSA,151

S. H. HUTTNER,97 T. HUYNH-DINH,62 B. IDZKOWSKI,127 A. IESS,82, 83 C. INGRAM,108 R. INTA,136 G. INTINI,165, 84 B. IRWIN,167

H. N. ISA,97 J.-M. ISAC,124 M. ISI,56 B. R. IYER,71 K. IZUMI,98 T. JACQMIN,124 S. J. JADHAV,182 K. JANI,130 N. N. JANTHALUR,182

P. JARANOWSKI,183 A. C. JENKINS,184 J. JIANG,101 D. S. JOHNSON,72 A. W. JONES,66 D. I. JONES,185 R. JONES,97 R. J. G. JONKER,89

L. JU,116 J. JUNKER,63, 64 C. V. KALAGHATGI,121 V. KALOGERA,112 B. KAMAI,56 S. KANDHASAMY,137 G. KANG,90 J. B. KANNER,56

S. J. KAPADIA,78 S. KARKI,123 K. S. KARVINEN,63, 64 R. KASHYAP,71 M. KASPRZACK,56 S. KATSANEVAS,94 E. KATSAVOUNIDIS,67

W. KATZMAN,62 S. KAUFER,64 K. KAWABE,98 N. V. KEERTHANA,58 F. KÉFÉLIAN,118 D. KEITEL,97 R. KENNEDY,160 J. S. KEY,186

F. Y. KHALILI,115 H. KHAN,80 I. KHAN,69, 83 S. KHAN,63, 64 Z. KHAN,159 E. A. KHAZANOV,187 M. KHURSHEED,114 N. KIJBUNCHOO,76

CHUNGLEE KIM,188 J. C. KIM,189 K. KIM,142 W. KIM,108 W. S. KIM,190 Y.-M. KIM,191 C. KIMBALL,112 E. J. KING,108 P. J. KING,98

M. KINLEY-HANLON,179 R. KIRCHHOFF,63, 64 J. S. KISSEL,98 L. KLEYBOLTE,192 J. H. KLIKA,78 S. KLIMENKO,101 T. D. KNOWLES,91

P. KOCH,63, 64 S. M. KOEHLENBECK,63, 64 G. KOEKOEK,89, 193 S. KOLEY,89 V. KONDRASHOV,56 A. KONTOS,67 N. KOPER,63, 64

M. KOROBKO,192 W. Z. KORTH,56 I. KOWALSKA,127 D. B. KOZAK,56 V. KRINGEL,63, 64 N. KRISHNENDU,194 A. KRÓLAK,195, 196

G. KUEHN,63, 64 A. KUMAR,182 P. KUMAR,197 R. KUMAR,159 S. KUMAR,71 L. KUO,140 A. KUTYNIA,195 S. KWANG,78 B. D. LACKEY,88

K. H. LAI,142 T. L. LAM,142 M. LANDRY,98 B. B. LANE,67 R. N. LANG,198 J. LANGE,111 B. LANTZ,102 R. K. LANZA,67 P. D. LASKY,61

M. LAXEN,62 A. LAZZARINI,56 C. LAZZARO,105 P. LEACI,165, 84 S. LEAVEY,63, 64 Y. K. LECOEUCHE,98 C. H. LEE,144 H. K. LEE,199

H. M. LEE,200 H. W. LEE,189 J. LEE,143 K. LEE,97 J. LEHMANN,63, 64 A. LENON,91 N. LETENDRE,85 Y. LEVIN,61, 150 J. LI,135

K. J. L. LI,142 T. G. F. LI,142 X. LI,99 F. LIN,61 F. LINDE,89 S. D. LINKER,163 T. B. LITTENBERG,201 J. LIU,116 X. LIU,78

R. K. L. LO,142, 56 N. A. LOCKERBIE,79 L. T. LONDON,121 A. LONGO,202, 203 M. LORENZINI,69, 70 V. LORIETTE,204 M. LORMAND,62

G. LOSURDO,74 J. D. LOUGH,63, 64 C. O. LOUSTO,111 G. LOVELACE,80 M. E. LOWER,205 H. LÜCK,64, 63 D. LUMACA,82, 83

A. P. LUNDGREN,206 R. LYNCH,67 Y. MA,99 R. MACAS,121 S. MACFOY,79 M. MACINNIS,67 D. M. MACLEOD,121 A. MACQUET,118

I. MAGAÑA HERNANDEZ,78 F. MAGAÑA-SANDOVAL,95 L. MAGAÑA ZERTUCHE,137 R. M. MAGEE,139 E. MAJORANA,84

I. MAKSIMOVIC,204 A. MALIK,114 N. MAN,118 V. MANDIC,96 V. MANGANO,97 G. L. MANSELL,98, 67 M. MANSKE,78, 76

M. MANTOVANI,94 F. MARCHESONI,103, 93 F. MARION,85 S. MÁRKA,150 Z. MÁRKA,150 C. MARKAKIS,65, 72 A. S. MARKOSYAN,102

A. MARKOWITZ,56 E. MAROS,56 A. MARQUINA,154 S. MARSAT,88 F. MARTELLI,125, 126 I. W. MARTIN,97 R. M. MARTIN,87

D. V. MARTYNOV,66 K. MASON,67 E. MASSERA,160 A. MASSEROT,85 T. J. MASSINGER,56 M. MASSO-REID,97

S. MASTROGIOVANNI,165, 84 A. MATAS,96, 88 F. MATICHARD,56, 67 L. MATONE,150 N. MAVALVALA,67 N. MAZUMDER,122

J. J. MCCANN,116 R. MCCARTHY,98 D. E. MCCLELLAND,76 S. MCCORMICK,62 L. MCCULLER,67 S. C. MCGUIRE,207 J. MCIVER,56

D. J. MCMANUS,76 T. MCRAE,76 S. T. MCWILLIAMS,91 D. MEACHER,139 G. D. MEADORS,61 M. MEHMET,63, 64 A. K. MEHTA,71

J. MEIDAM,89 A. MELATOS,149 G. MENDELL,98 R. A. MERCER,78 L. MERENI,77 E. L. MERILH,98 M. MERZOUGUI,118 S. MESHKOV,56

C. MESSENGER,97 C. MESSICK,139 R. METZDORFF,124 P. M. MEYERS,149 H. MIAO,66 C. MICHEL,77 H. MIDDLETON,149

E. E. MIKHAILOV,208 L. MILANO,132, 60 A. L. MILLER,101 A. MILLER,165, 84 M. MILLHOUSE,106 J. C. MILLS,121

M. C. MILOVICH-GOFF,163 O. MINAZZOLI,118, 209 Y. MINENKOV,83 A. MISHKIN,101 C. MISHRA,210 T. MISTRY,160 S. MITRA,58

V. P. MITROFANOV,115 G. MITSELMAKHER,101 R. MITTLEMAN,67 G. MO,145 D. MOFFA,167 K. MOGUSHI,137 S. R. P. MOHAPATRA,67

M. MONTANI,125, 126 C. J. MOORE,65 D. MORARU,98 G. MORENO,98 S. MORISAKI,134 B. MOURS,85 C. M. MOW-LOWRY,66

ARUNAVA MUKHERJEE,63, 64 D. MUKHERJEE,78 S. MUKHERJEE,156 N. MUKUND,58 A. MULLAVEY,62 J. MUNCH,108 E. A. MUÑIZ,95

M. MURATORE,86 P. G. MURRAY,97 I. NARDECCHIA,82, 83 L. NATICCHIONI,165, 84 R. K. NAYAK,211 J. NEILSON,163 G. NELEMANS,117, 89

T. J. N. NELSON,62 M. NERY,63, 64 A. NEUNZERT,178 K. Y. NG,67 S. NG,108 P. NGUYEN,123 D. NICHOLS,180, 89 S. NISSANKE,180, 89

F. NOCERA,94 C. NORTH,121 L. K. NUTTALL,206 M. OBERGAULINGER,75 J. OBERLING,98 B. D. O’BRIEN,101 G. D. O’DEA,163

G. H. OGIN,212 J. J. OH,190 S. H. OH,190 F. OHME,63, 64 H. OHTA,134 M. A. OKADA,68 M. OLIVER,151 P. OPPERMANN,63, 64

RICHARD J. ORAM,62 B. O’REILLY,62 R. G. ORMISTON,96 L. F. ORTEGA,101 R. O’SHAUGHNESSY,111 S. OSSOKINE,88

D. J. OTTAWAY,108 H. OVERMIER,62 B. J. OWEN,136 A. E. PACE,139 G. PAGANO,73, 74 M. A. PAGE,116 A. PAI,174 S. A. PAI,114

J. R. PALAMOS,123 O. PALASHOV,187 C. PALOMBA,84 A. PAL-SINGH,192 HUANG-WEI PAN,140 B. PANG,99 P. T. H. PANG,142



MEASUREMENT OF THE HUBBLE CONSTANT FROM GW170814 3

C. PANKOW,112 F. PANNARALE,165, 84 B. C. PANT,114 F. PAOLETTI,74 A. PAOLI,94 A. PARIDA,58 W. PARKER,62, 207 D. PASCUCCI,97

A. PASQUALETTI,94 R. PASSAQUIETI,73, 74 D. PASSUELLO,74 M. PATIL,196 B. PATRICELLI,73, 74 B. L. PEARLSTONE,97 C. PEDERSEN,121

M. PEDRAZA,56 R. PEDURAND,77, 213 A. PELE,62 S. PENN,214 C. J. PEREZ,98 A. PERRECA,164, 147 H. P. PFEIFFER,88, 170 M. PHELPS,63, 64

K. S. PHUKON,58 O. J. PICCINNI,165, 84 M. PICHOT,118 F. PIERGIOVANNI,125, 126 G. PILLANT,94 L. PINARD,77 M. PIRELLO,98

M. PITKIN,97 R. POGGIANI,73, 74 D. Y. T. PONG,142 S. PONRATHNAM,58 P. POPOLIZIO,94 E. K. PORTER,81 J. POWELL,205

A. K. PRAJAPATI,159 J. PRASAD,58 K. PRASAI,102 R. PRASANNA,182 G. PRATTEN,151 T. PRESTEGARD,78 S. PRIVITERA,88

G. A. PRODI,164, 147 L. G. PROKHOROV,115 O. PUNCKEN,63, 64 M. PUNTURO,93 P. PUPPO,84 M. PÜRRER,88 H. QI,78 V. QUETSCHKE,156

P. J. QUINONEZ,86 E. A. QUINTERO,56 R. QUITZOW-JAMES,123 H. RADKINS,98 N. RADULESCU,118 P. RAFFAI,158 S. RAJA,114

C. RAJAN,114 B. RAJBHANDARI,136 M. RAKHMANOV,156 K. E. RAMIREZ,156 A. RAMOS-BUADES,151 JAVED RANA,58 K. RAO,112

P. RAPAGNANI,165, 84 V. RAYMOND,121 M. RAZZANO,73, 74 J. READ,80 T. REGIMBAU,85 L. REI,113 S. REID,79 D. H. REITZE,56, 101

W. REN,72 F. RICCI,165, 84 C. J. RICHARDSON,86 J. W. RICHARDSON,56 P. M. RICKER,72 K. RILES,178 M. RIZZO,112

N. A. ROBERTSON,56, 97 R. ROBIE,97 A. ROCCHI,83 L. ROLLAND,85 J. G. ROLLINS,56 V. J. ROMA,123 M. ROMANELLI,120

R. ROMANO,59, 60 C. L. ROMEL,98 J. H. ROMIE,62 K. ROSE,167 D. ROSIŃSKA,215, 107 S. G. ROSOFSKY,72 M. P. ROSS,216 S. ROWAN,97
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ABSTRACT

We present a multi–messenger measurement of the Hubble constant H0 using the binary–black–hole merger
GW170814 as a standard siren, combined with a photometric redshift catalog from the Dark Energy Survey
(DES). The luminosity distance is obtained from the gravitational wave signal detected by the LIGO/Virgo
Collaboration (LVC) on 2017 August 14, and the redshift information is provided by the DES Year 3 data.
Black–hole mergers such as GW170814 are expected to lack bright electromagnetic emission to uniquely iden-
tify their host galaxies and build an object–by–object Hubble diagram. However, they are suitable for a sta-
tistical measurement, provided that a galaxy catalog of adequate depth and redshift completion is available.
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Here we present the first Hubble parameter measurement using a black–hole merger. Our analysis results in
H0 = 75.2+39.5

−32.4 km s−1 Mpc−1, which is consistent with both SN Ia and CMB measurements of the Hubble con-
stant. The quoted 68% credible region comprises 60% of the uniform prior range [20,140] km s−1 Mpc−1. This
result shows that even a single dark siren can provide a constraint on the Hubble constant, albeit a weak one.
Future combinations of many sirens will lead to improved constraints. A multifold increase in the LVC event
detection rate is expected in the coming years, and this bodes well since future combinations of many additional
sirens will lead to improved constraints.

Keywords: catalogs — cosmology: observations — gravitational waves — surveys

1. INTRODUCTION

Unlike most extragalactic distance observables, mergers of
neutron star and black hole binary systems are absolute dis-
tance indicators. Often referred to as “standard sirens”, they
emit gravitational waves (GW) from which the luminosity
distance can be inferred without relying on any calibration
with respect to another source: the rate of change in fre-
quency gives the system’s size and thus the intrinsic ampli-
tude, which is compared against the observed signal ampli-
tude to obtain the distance to the source. If redshifts are asso-
ciated with those sirens (in the simplest case, the host galaxy
is identified and its redshift is obtained via spectroscopic fol-
low up), a measurement of the present rate of expansion of
the Universe H0 can be achieved via the distance–redshift re-
lation. The use of gravitational wave sources as cosmological
probes was first proposed by Schutz (1986), and recently re-
visited in several works (e.g. Holz & Hughes 2005).

For dark energy research, the possibility of measuring H0

directly and independently from other methods is of great
interest. Local measurements obtained from type Ia Super-
novae (SN Ia) and other distance indicators, as well as the
predicted value inferred from the cosmic microwave back-
ground at z ∼ 1100, have achieved remarkable precision of
1 − 2.5% (e.g. Riess et al. 2018; Planck Collaboration et al.
2018). They disagree, however, by more than 3σ and inter-
preting this tension as evidence for beyond-ΛCDM dark en-
ergy or new physics at the early universe requires new mea-
surements of great precision and accuracy (Freedman 2017;
Mörtsell & Dhawan 2018). Those measurements are one of
the greatest challenges faced by current experiments in cos-
mology because the observables are subject to correlated sys-
tematic effects arising from their complex astrophysics. As
estimates become more precise, this challenge becomes more
severe and the need for novel independent methods becomes
more pressing. Those methods, however, are few and hard to
come by. One possibility is standard sirens, which remained
elusive for almost 30 years, until the detection of the first
gravitational wave event (GW150914; Abbott et al. 2016).

∗ Deceased, November 2017.
† Deceased, July 2018.

The first standard siren-based H0 measurement (Abbott et al.
2017a) came with the discovery of the binary–neutron–star
(BNS) merger GW170817 (Abbott et al. 2017) and its asso-
ciated electromagnetic counterpart (LIGO Scientific Collab-
oration et al. 2017; Soares-Santos et al. 2017; Arcavi et al.
2017; Coulter et al. 2017; Lipunov et al. 2017; Tanvir et al.
2017; Valenti et al. 2017). Several studies have developed
methodologies to infer cosmological parameters from stan-
dard sirens and establish their constraining power (Schutz
1986; Holz & Hughes 2005; MacLeod & Hogan 2008; Nis-
sanke et al. 2010; Del Pozzo 2012; Nissanke et al. 2013;
Chen et al. 2017a; Feeney et al. 2018; Vitale & Chen 2018;
Mortlock et al. 2018). Chen et al. (2017a) predict that we will
be able to constrain H0 with 2% precision within 5 years with
standard sirens detected by LIGO/Virgo, while Nair et al.
(2018) predict a∼ 7% measurement with just 25 binary black
hole (BBH) events from the Einstein telescope.

Anticipating that the LIGO/Virgo Collaboration (LVC)
network of gravitational wave detectors would eventually
achieve sensitivity sufficient to enable standard siren–based
measurements, the Dark Energy Survey (DES) collaboration
and external collaborators launched in 2015 the DES grav-
itational waves (DESGW) program. DESGW uses DECam
to search for optical emission associated with LVC detected
mergers and pursues cosmological measurements with stan-
dard sirens. In particular, the multi-messenger shared dis-
covery of the neutron–star merger GW170817 and of its
optical kilonova, resulted in a measurement of H0 (Abbott
et al. 2017a) that inaugurated the era of siren-based cos-
mology. We have also performed the most comprehensive
searches for optical emission to black hole events, including
GW150914 (Soares-Santos et al. 2016), GW151226 (Cow-
perthwaite et al. 2016), and GW170814 (Doctor et al. 2018).
These events are expected to be dark, although the possibility
of optical emission has yet to be observationally excluded.

Dark sirens can also be used for cosmology using a statis-
tical method, as first proposed in Schutz (1986). Provided a
catalog of potential host galaxies within the event localiza-
tion region, their redshifts will contribute in a probabilistic
way to the measurement of H0, depending on the galaxies’
distance and sky position. This approach has been developed
within a Bayesian framework by Del Pozzo (2012) and Chen
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et al. (2017a) and implemented in Fishbach et al. (2018) us-
ing GW170817, which produced results consistent with the
first measurement (Abbott et al. 2017a) where the identified
host galaxy, NGC 4993 (e.g., Palmese et al. 2017), was used.
Eventually, a large sample of events will enable precise cos-
mological measurements using the dark siren approach.

In this work, we measure H0 using the gravitational wave
event GW170814 (Abbott et al. 2017b) as a dark siren.
GW170814 resulted from the inspiral and merger of a binary
black hole system at a luminosity distance of 540+130

−210 Mpc
(median value with 90% credible interval). The masses of the
black holes were 30.5+5.7

−3.0 and 25.3+2.8
−4.2 M�, each. GW170814

is the first BBH detected by a triple network (including LIGO
Hanford and Livingston, plus Virgo), and it has the smallest
localization volume of any of the BBH events detected by
LVC thus far. Therefore the number of potential host galax-
ies is lower compared to other events, making GW170814
the most appropriate event for this measurement. Addition-
ally, the event localization region falls within the DES foot-
print, making DES galaxy catalogs a prime sample for mea-
surement of H0. With this one event, our goal is to provide
a proof of principle measurement, addressing the challenges
that are specific to the dark siren method, and establishing
its potential to yield precision cosmology results in the near
future.

A key component of the measurement is crafting the ap-
propriate galaxy catalog: completeness, as well as precise
and accurate photometric redshifts (photo–z’s), through-
out the entire volume probed are required. The overlap of
GW170814’s area with DES allows us to employ galaxy cat-
alogs produced from the first three years of the survey (DES
Y3; Abbott et al. 2018). This first dark siren measurement
is a step towards incorporating this new cosmological probe
into the portfolio of cosmic surveys for dark energy.

A detailed description of the data used in this analysis
is provided in §2, followed by a description of our imple-
mentation of the method in §3 and methodology illustra-
tions using simulations in §4. We present our results and
conclusions in §5. Throughout this paper we assume a
flat ΛCDM cosmology with Ωm = 0.3 and H0 values in the
20−140 km s−1 Mpc−1 range. All quoted error bars represent
the 68% confidence level (CL), unless otherwise stated.

2. DATA

2.1. The LVC sky map

The sky map used in this work is the publicly available
LALInference map (LIGO Scientific Collaboration &
Virgo Collaboration 2017)1, provided in HEALPIX (Górski
et al. 2005) pixels. The luminosity distance probability dis-

1 https://dcc.ligo.org/LIGO-T1700453/public

tribution is approximated with a Gaussian in each pixel. The
region of interest, enclosing 90% of the localization prob-
ability, is 61.66 deg2. The projected sky map and the dis-
tribution of luminosity distance mean values from the LVC
distance likelihood in each pixel within the region of inter-
est are shown in Figure 1. The probability peak is located
at RA, Dec = (47.523,−44.856) deg. At the peak location,
the luminosity distance is 504.7 Mpc and the Gaussian width
is 91.9 Mpc. Using the limiting values of our H0 prior range
([20,140] km s−1 Mpc−1) we can convert the 90% and 99.7%
distance range into a redshift range (0.02 < z < 0.26 and
z< 0.3, respectively) for this analysis.

2.2. The DES galaxy catalog

The DES2(The Dark Energy Survey Collaboration 2005;
Dark Energy Survey Collaboration et al. 2016) is an optical-
near-infrared survey that images 5000 deg2 of the South
Galactic Cap in the grizY bands. The survey is being car-
ried out using a ∼ 3 deg2 CCD camera (the DECam, see
Flaugher et al. 2015) mounted on the Blanco 4-m telescope
at the Cerro Tololo Inter-American Observatory (CTIO) in
Chile. The data used here are from the first 3 years of ob-
servations (September 2013 – February 2016, Abbott et al.
2018).

The DES Data Management (DESDM) pipeline was used
for data reduction (Morganson et al. 2018).The process in-
cludes calibration of the single-epoch images, which are co–
added after background subtraction and then cut into tiles.
The source catalogue was created using SOURCE EXTRAC-
TOR (SEXTRACTOR, Bertin & Arnouts 1996) to detect ob-
jects on the riz co-added images. The median 10σ limiting
magnitudes of Y3 data for galaxies are g = 24.33, r = 24.08,
i = 23.44, z = 22.69, and Y = 21.44 mag (Abbott et al. 2018).
The photometry used in this work is part of a value–added Y3
catalog not released with DR1, and is the result of the Multi-
Object Fitting (MOF) pipeline that uses the ngmix code.3

Following a procedure similar to Drlica-Wagner et al. (2017)
for Year 1 data, the DES collaboration made further selec-
tions to produce a high-quality object catalog called the Y3
“gold” catalog. For this sample, redshifts have been com-
puted using the Directional Neighborhood Fitting (DNF; De
Vicente et al. 2016), and they are not included in DR1.

The DNF method applied to Y3 data provides redshift in-
formation for each galaxy in the form of a probability distri-
bution function (PDF), from which a mean redshift, and half
of the central 68th percentile width are computed. The width
of the PDF can be over or under-estimated due to the sam-
pling of the training set and algorithmic details of DNF. This
issue is particularly relevant for the redshift range used in

2 www.darkenergysurvey.org
3 https://github.com/esheldon/ngmix

https://dcc.ligo.org/LIGO-T1700453/public
www.darkenergysurvey.org
https://github.com/esheldon/ngmix
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Figure 1. Left: Stellar mass distribution of the DES galaxies used in this analysis (color map) and the GW170814 localization region at 50 and
90% CL (white contours). The region in redshift space is valid for the prior range 20<H0 < 140 km s−1 Mpc−1. The stellar mass map has been
smoothed with a Gaussian filter of width 0.3 deg. The bottom panel shows the galaxies’ stellar mass distribution in RA and redshift, projected
over the Dec. Right: Distributions of the DES galaxy redshifts within the region of interest (top) and the luminosity distance in HEALPIX

pixels from the LVC distance likelihood, as given in the sky map (bottom). The histograms are obtained from a Monte–Carlo (MC) sampling
the galaxies’ redshift PDF and the luminosity distance likelihood in each pixel. The redshift distribution has been subtracted by a uniform
distribution in comoving volume (dN/dz)com, obtained assuming H0 = 70 km s−1 Mpc−1, and containing the same total number of galaxies to
highlight the overdensity of galaxies in the region.

this work, which is low compared to that exploited in weak
lensing and large scale structure cosmology, for which the
DNF method was optimized. We find that the typical un-
certainty below redshift z ∼ 0.1 is underestimated by a fac-
tor of 10 when compared to the typical scatter found for the
subset of the galaxies with available spectroscopic redshifts
(where the standard deviation is σ & 0.015). Thus, we add a
minimum uncertainty of 0.015 for these low–z galaxies. At
0.1 < z < 0.3, the uncertainty is well behaved and the aver-
age value follows σ̄z(z) ' 0.013 (1 + z)3, as we find using an
empirical fit.

We produce alternative photo–z estimates with another ma-
chine learning code, ANNZ2 (Sadeh et al. 2016). This al-
lows us to test the impact of the correction applied to the
DNF errors on the posterior of the Hubble constant. Photo–
z with ANNZ2 have previously been validated for cosmo-
logical analyses using DES Science Verification data (Bon-

nett et al. 2016; Leistedt et al. 2016; Abbott et al. 2016) and
for the Kilo–Degree Survey (KiDS; Bilicki et al. 2018), and
are produced as part of the DES photo–z pipeline (Gschwend
et al. 2018). In particular, it provides error estimates through
a k–nearest neighbor (kNN) method, and dedicated redshifts
for the purposes of this analysis. We additionally employ a
reweighting technique (Lima et al. 2008) specifically for our
galaxy sample to further tune our redshifts. We run ANNZ2
in randomized regression mode with 50 Boosted Decision
Trees (BDTs), using a spectroscopic sample of 245,458
matching Y3 galaxies out to redshift z & 1, randomly split
into subsamples for training, testing and validation. The
training and the reweighting use griz MOF magnitudes. We
find that the typical error roughly follows ∼ 0.02 (1 + z)3 in
the redshift range of interest. The two algorithms, DNF and
ANNz2, gave similar results, see section §5.



MEASUREMENT OF THE HUBBLE CONSTANT FROM GW170814 11

These redshifts, together with publicly available spectro-
scopic redshifts from 2dF, 6dF and SPT–GMOS (Colless
et al. 2001; Jones et al. 2009; Bayliss et al. 2016) and the
DES MOF photometry, are used to estimate galaxy proper-
ties (including stellar mass and absolute magnitude) of this
sample. This is achieved through a broadband Spectral En-
ergy Distribution (SED) fitting of galaxy magnitudes with
LEPHARE (Arnouts et al. 1999, Ilbert et al. 2006). Esti-
mates of the galaxy properties used here from DES data alone
have been tested and studied in several DES works (Palmese
et al. 2016; Etherington et al. 2017; Palmese et al. 2018).
We add a 0.05 systematic uncertainty in quadrature to the
magnitudes, to account for systematic uncertainties in mag-
nitude estimation and model variance.4 The simple stellar
population (SSP) templates used for the fitting are Bruzual
& Charlot (2003), with three metallicities (0.2 Z�, Z� and
2.5 Z�), a Chabrier (2003) Initial Mass Function (IMF) and
a Milky Way (Allen 1976) extinction law with five different
values between 0 and 0.5 for the E(B−V ) reddening. The star
formation history (SFH) chosen is exponentially declining as
e−t/τ with τ = 0.1,0.3,1,2,3,5,10,15 and 30 Gyr.

The source list of the Y3 gold catalogue is 95% complete
for galaxies within our apparent magnitude limit, r < 23.35
(Abbott et al. 2018). This value is computed through the re-
covery rate of sources from the deeper CFHTLenS survey
(Erben et al. 2013), and thus includes the correct distribu-
tion of surface brightnesses. Nevertheless, extended, low sur-
face brightness galaxies near our flux limit may be preferen-
tially missed by the detection pipeline. We therefore provide
an approximate completeness of sources throughout the red-
shift range of interest. Using DNF mean redshifts we con-
vert the source completeness to r < 23.35 from Abbott et al.
(2018) (Figure 12) into a completeness in redshift intervals,
∆z = 0.02. By taking the peak of the magnitude distribution
in each bin as roughly our observed magnitude limit at that
redshift, we find our sample is > 93% complete across the
range 0 < z < 0.26. We further determined that the fraction
of low redshift, extended galaxies missed by the DES Y3
pipeline is∼ 1%, when compared with the 2MASS extended
source catalog (Huchra et al. 2012). For the purpose of this
paper, we choose to ignore those ultra-low z sources as most
of them are at z < 0.02 and are not relevant for the present
analysis.

The DES Y3 gold catalog is nonetheless an observed
magnitude–limited sample. This analysis requires a volume-
limited sample, which we obtain by applying a luminosity
cut. In order to determine the appropriate cut to create a

4 This is a regularization to compensate for the synthetic model set grid
and the fact that many SED fitting codes do not include a model error func-
tion. The value chosen is based on past experience of what gives stable
results.

volume–limited sample, we compute the completeness limits
in terms of absolute quantities (luminositiy and stellar mass).
We follow the method outlined in Pozzetti et al. (2010) and
Hartley et al. (2013). We identify galaxies with observed
magnitudes that are bright enough to be complete and rep-
resentative of the real galaxy population within redshift bins.
To compute the 95% completeness limit in (rest–frame) lumi-
nosity, we scale the luminosities of this sample to that which
they would have if their observed magnitude were equal to
the survey completeness limit, and take the 95th percentile of
the resulting luminosity distribution. This value corresponds
to −17.2 in r-band absolute magnitude and ∼ 3.8× 108 M�
in stellar mass for the redshift range of interest. We cut the
DES catalog at the specific absolute luminosity value men-
tioned above. We conclude that our volume–limited galaxy
sample is complete within the redshift range of interest for
galaxies down to stellar masses of ∼ 3.8×108 M�. In other
words, our galaxy catalog contains ∼ 77% of the total stellar
mass in the volume considered by assuming that the galax-
ies follow a Schechter stellar mass function with the best fit
values from Weigel et al. (2016).

The final galaxy stellar mass and redshift distributions of
galaxies are shown in Figure 1. The stellar mass map clearly
shows the presence of large scale structure, including clus-
ters, voids and filaments. We recognize a number of well–
known clusters within the volume of interest, including sev-
eral Abell clusters. A uniform distribution of galaxies in co-
moving volume (dN/dz)com has been subtracted from the ob-
served galaxies’ redshift distribution in Figure 1 to highlight
the overdensities. The (dN/dz)com distribution has been ob-
tained by assuming H0 = 70 km s−1 Mpc−1 and it contains the
same total number of galaxies as the observed dN/dz over the
redshift range shown. We are able to identify a “wall”–like
structure around z∼ 0.06 spanning most of the area between
35 < RA < 55 and −55 < Dec < −35, which is spectroscop-
ically confirmed by 2dF, LCRS (Shectman et al. 1996), and
especially 6dF. A broader galaxy overdensity is found around
z∼ 0.12 (also seen in LCRS and 2dF, and composed of sev-
eral Abell galaxy clusters). This broad peak is also identified
in redshift distributions by other photo–z codes, including
a template based code, the Bayesian Photometric Redshift
(BPZ; Benítez 2000). We have further verified that overden-
sities at the lowest redshifts (z ∼ 0.06) are also present in
spectroscopic samples outside of the region of interest. This
is expected at these low redshifts, where large scale structure
projects onto vast areas of the sky. In summary, there are
77,092 galaxies within the 90% LIGO/Virgo probability vol-
ume, and 105,011 when 99.7% of the distance probability is
considered, of which ∼ 6,000 have spectroscopic redshifts.

3. METHOD
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In order to estimate the posterior probability of H0 given
GW data dGW from a single event detection, and electromag-
netic (EM) data from a galaxy survey, we follow Chen et al.
(2017a). By applying Bayes’ theorem, one can write the pos-
terior as:

p(H0|dGW,dEM)∝ p(dGW,dEM|H0)p(H0) . (1)

We assume that all cosmological parameters except for
H0 are fixed (Flat ΛCDM cosmology with Ωm = 0.3 and
ΩΛ = 0.7). We treat the joint GW and EM likelihood
p(dGW,dEM|H0) as the product of two individual likelihoods
(since the processes involved in producing the data from the
two experiments are independent) marginalized over all vari-
ables except for the true luminosity distance dL and solid
angle Ω̂GW of the GW source, and for the true host galaxy
redshift zi and solid angle Ω̂i. Note that the solid angles Ω̂ are
vectors with the angular position of the source/galaxy as di-
rection, and they all subtend the same area (∼ 3×10−3 deg2)
as the sky is pixelized with HEALPIX maps in this work. If
we assume that the event happened in one of the observed
galaxies i, then Ω̂GW and Ω̂i are related, and so are dL and zi

through the cosmology (in this case, H0). By marginalizing
also over the choice of galaxy i, the joint, marginal likelihood
can be written as:

p(dGW,dEM|{z j, Ω̂ j},H0)∝
∑

i

wi

∫
ddL dΩ̂GW p(dGW|dL, Ω̂GW)

×p(dEM|{z j, Ω̂ j})δD(dL − dL(zi,H0))δD(Ω̂GW − Ω̂i) ,
(2)

where δD is the Dirac delta function, wi are weights that
represent the relative probability that different galaxies host
a GW source, and {z j, Ω̂ j} represents all the galaxies’ red-
shift and solid angle. These weights could be based on some
galaxy properties, such as luminosity or star–formation rate,
but here we assume they are uniform across all galaxies given
our lack of knowledge of GW host galaxy properties.

We also need to marginalize over the galaxies’ redshifts
and sky positions, with a reasonable choice of prior p(zi,Ωi).
If one assumes that the galaxies are uniformly distributed in
comoving volume V , and volume–limited within Vmax:

p(zi, Ω̂i) dzi dΩ̂i ∝
1

Vmax

d2V

dzidΩ̂i
dzi dΩ̂i ∝

1
Vmax

r2(zi)
H(zi)

dzi dΩ̂i ,

(3)

where r is the comoving distance to the galaxy. While this
assumption holds on average over sufficiently large volumes,
it is possible that future precision cosmology analyses will
require taking into account the real clustering of galaxies in
this formalism.

Assuming that we precisely know the galaxies’ positions
{Ω̂ j} (which is realistic especially in the limit in which spa-
tial probabilities are considered within HEALPIX pixels),
we can integrate over the galaxies’ positions as delta func-
tions about the observed values. The marginal EM likelihood
reduces to p(dEM|{z j}), which we approximate for simplicity
by a product of Gaussian distributions, N , for each galaxy,
centred around the observed redshift values zobs,i with a width
given by the redshift’s uncertainty σz,i for each galaxy i:

p(dEM|{z j}) =
∏

i

p(zobs,i|zi) =
∏

i

N (zobs,i,σz,i;zi). (4)

The marginal GW likelihood p(dGW|dL,Ω) can be com-
puted as prescribed in Singer et al. (2016):

p(dGW|dL, Ω̂)∝ p(Ω̂)
1√

2πσ(Ω̂)
exp
[

−

(
dL −µ(Ω̂)

)2

2σ2(Ω̂)

]
N(Ω̂) ,

(5)
where the position probability, location, normalization and
scale (PROB p(Ω̂), DISTMU µ, DISTNORM N and DISTSTD
σ respectively) of the luminosity distance at each position are
provided in the sky map.

We now consider the selection effects of GW events and
galaxies introduced by the experiments’ sensitivities and de-
tection pipelines. We follow the approach of Chen et al.
(2017a) and Mandel et al. (2018), and include a [β(H0)]−1

factor that normalizes the likelihood over all possible GW
and EM data. Given that our galaxy catalog is volume–
limited out to larger distances than the maximum observable
distance for the GW events, this term reduces to:

β(H0) =
V [dmax

L,GW(H0)]
Vmax(H0)

, (6)

where V [dmax
L,GW(H0)] is the maximum observable volume for

the GW events considered.
Finally, Eq. (1) becomes:

p(H0|dGW,dEM)∝ p(H0)
V [dmax

L,GW(H0)]

∑
i

1
Zi

∫
dzi p(dGW|dL(zi,H0), Ω̂i)p(dEM|zi)

r2(zi)
H(zi)

, (7)

where Zi =
∫

p(dEM|zi)r2(zi)/H(zi) dzi are evidence terms
that arise from integrating out the other galaxy redshifts in

each term of the sum. This formalism can be extended to
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combine data {dGW, j} and dEM from a sample of multiple
events j, assuming that the GW events are independent and
that the galaxy catalog is fixed for all events:

p(H0|{dGW, j},dEM)∝ p(H0)
∫

dNzkdNΩ̂k p(zk, Ω̂k)×

p(dEM|{zk, Ω̂k})

∏
j

p(dGW, j|{zk, Ω̂k})

 . (8)

In the following, we assume a flat prior on H0 within
[20,140] km s−1 Mpc−1, unless otherwise stated. This is a
very broad prior, covering a range much larger than current
estimates of H0. We choose this weak prior so that our result
is mostly informed by the LVC and DES data rather than by
external constraints.

A blinded analysis has been performed when estimating
the H0 posterior from the data to avoid confirmation bias.
The values of the Hubble constant have been randomly dis-
placed by an unknown amount, and we unblinded after our
pipeline was able to reliably reproduce the input cosmology
on simulation tests.

4. SIMULATIONS

We use simulated data to illustrate the method presented in
§3 and estimate the impact of luminosity distance and red-
shift uncertainties, the two most important sources of uncer-
tainty for this measurement. For this purpose, we produce
two sets of simulated sky maps. The first set comprises ideal,
well–localized events with a 90% credible area of 1 deg2, to
illustrate the sensitivity of the posteriors to those uncertain-
ties, and how they combine into a final posterior. The second
set of simulated sky maps has a more realistic localization
area (60 deg2). We generate 100 sky maps for different dis-
tance uncertainties, for each of the two sets of simulations. In
all cases, the uncertainties are modeled as Gaussian. The im-
pact of non-Gaussian uncertainties, which will become im-
portant for precision cosmology analysis using multiple dark
sirens, will be the subject of future work.

In our simulations, we randomly draw GW event distances
from a uniform distribution in comoving volume out to a
maximum observable volume V (dmax

L,GW) corresponding to that
of the past LVC observing run (i.e., out to dL ∼ 650 Mpc
for merging black holes of 25 and 30 solar masses, as com-
puted with the calculator provided by Chen et al. 2017b).
Each generated event is matched in distance to a host galaxy
from the DES Y3 mock galaxy catalogs (DeRose et al., in
prep; Wechsler et al., in prep), using its input cosmology
(H0 = 70 km s−1Mpc−1, Ωm = 0.286). We use the host co-
ordinates to build sky maps, where the position probability
is modeled as a 2–dimensional Gaussian with width scaled
so that the 90% localization area corresponds to the chosen

value A (1 or 60 deg2). For the set of well–localized simu-
lated sky maps, the Gaussian is centered on the host galaxy.
To simulate the more realistic set of sky maps, we apply a
random offset to the coordinates of the center of the simu-
lated event region, drawing from Gaussian distributions with
widths given by the uncertainties in angular space and dis-
tance. The resulting maps are in the same format as the real
data, with a Gaussian distance probability distribution in each
pixel. The Gaussian widths σd are a fixed fraction of the dis-
tance d for all events in the sample: σd/d. Gaussian uncer-
tainties are also assigned to the galaxy redshifts, with widths
σz. When selecting the host galaxy for a given GW event, we
ignore incompleteness in the simulated galaxy catalog. How-
ever, when performing the analysis on the simulated data, we
apply the same luminosity cuts that we use in the analysis on
data to ensure a volume limited catalog of the same depth.
We generate samples of 100 events and then compare the re-
sults of our analysis to the input cosmology of the galaxy
catalog.

In the first 3 samples (Figure 2) σd/d varies between
2% and 10% (about half of the distance uncertainty of
GW170814) while σz varies between zero and 0.013 (1 + z)3

(uncertainty typical of our photometric redshift data). The
sky area A is fixed to 1 deg2 (90% c.l.), the prior range is
set to [50,90], and the random offsets are set to zero. This
is an ideal simulation, with a choice of parameters designed
for illustrative purposes. For single events, the posterior is
expected to have peaks corresponding to large scale struc-
ture along the line of sight. Those peaks are broadened and
blended if σd (or σz) increases. We first vary σd/d keeping
our redshifts fixed, with σz = 0, as if the EM data were from a
spectroscopic sample. We then introduce non-zero σz values
and estimate that for σd/d = 10%, the photometric redshift
uncertainties typical of DES Y3 data are sub-dominant.

The H0 uncertainties achieved with these ideal simulations
(1%) are unrealistic. Given the typical distance and red-
shift uncertainties, and the large localization area of real GW
events, we expect to recover one or few very broad peaks
from our analysis of GW170814. In order to quantify that
expectation, we produced new simulation samples of 100
events, with parameters similar to our data: A = 60 deg2 ar-
eas each, non-zero random offsets, and σz and σd values in
a grid around the values seen in our data. For typical dis-
tance uncertainties reported for merger events detected to
date (15−20%), our simulations indicate that DES photomet-
ric redshifts (0.01< σz/(1+ z)< 0.02) will support measure-
ments with precision better than 60% (±42 km s−1 Mpc−1)
per event. This is the expected sensitivity of the analysis pre-
sented in this work.

Extending the above simulation to 100 events, this analy-
sis achieves 4.5% precision. The uncertainty after 100 events
is insensitive to the H0 prior used; we find this same result
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Figure 2. Example posteriors for idealized simulations of 100 GW events out to 500 Mpc (grey lines), with a 90% probability region of
∼ 1 deg2. The peaks correspond to large scale structure along the line of sight. In each panel, from top to bottom, the same four random
events are highlighted in color to illustrate the shapes of individual event posteriors. The combined posterior is shown as a thick black line and
the true input cosmology is marked by the dotted line. An increase in distance uncertainty from 2% (top) to 10% (middle) per event causes
broadening of the peaks and results in an increase on the H0 uncertainty. While photometric redshift uncertainties cause further smearing of the
peaks (bottom), the combined posterior still peaks sharply around the input cosmology. This is an important validation of our method. These
idealized simulations result in H0 uncertainty of 1%, much smaller than what we expect to obtain for real GW events which have larger areas,
greater distance uncertainties, and sky map peak location offset from the true host galaxies.

if a [20,140] km s−1 Mpc−1 prior or other wide enough pri-
ors (even asymmetric around 70 km s−1 Mpc−1) is used. The
precision on H0 decreases with N events by 1/

√
N until sta-

tistical uncertainties are no longer dominant. We expect that
the main sources of systematics will include photo–z catas-
trophic outliers, non–Gaussian redshift PDFs and biases, and
the results presented here are optimistic estimates of the ex-
pected uncertainties.

In the past two LVC observing seasons, black–hole merg-
ers outnumbered neutron star events at a rate of approxi-
mately 10 to 1. Uncertainties on the expected detection rate
are large, but conservative estimates predict ∼ 1 event per
week for the upcoming observing campaign (scheduled to
start in early 2019). The majority of these events will have
larger localization volumes than GW170814 (Chen et al.
2017 estimate . 1% of BBHs will be localized to better than
104 Mpc3) and hence provide poorer constraints than those
reported here. However, given the high expected event rate
for dark sirens, larger event samples will be available in the
future.

5. RESULTS AND DISCUSSION

We apply the described methodology to the DES galaxies’
redshifts and the GW170814 LIGO/Virgo sky map to pro-
duce a posterior distribution for the Hubble constant. We
find that changes in the H0 estimate and its uncertainty be-
tween using the corrected DNF photo–z’s or the ANNZ2

outputs are below the percent level. This agreement is ex-
pected, since the two methods produce redshift distributions
that are consistent with similar uncertainties. We also add a
0.001 systematic redshift error in quadrature (corresponding
to a typical peculiar velocity of ∼ 300 km s−1). The effect of
this correction on the posterior is negligible because only a
few percent of the galaxies have a spectroscopic redshift, and
the effect of peculiar velocities on the remaining galaxies is
more than an order of magnitude below their typical photo–z
error.

Our maximum a posteriori estimate of the Hubble constant
is H0 = 75.2+39.5

−32.4 km s−1 Mpc−1 using a flat prior between
20 and 140 km s−1 Mpc−1. The full posterior distribution is
shown in Figure 3, and Table 1 summarizes our findings. The
presence of a main, though broad, peak, is expected given the
large scale structure seen in the observed volume.

As described in section 2.1, the galaxy sample used in
these results is selected as described in §2, and covers the
LIGO/Virgo 90% credible localization volume. The distance
cut is translated into a redshift cut (made on the mean photo-z
value of each galaxy) for a given H0 prior. This cut ensures
that the galaxy catalog is as complete as possible through-
out the whole redshift range of interest for the cosmological
parameters used, and includes the fainter galaxies observ-
able for a volume–limited sample defined as in §2. In fact,
in order to include more distant galaxies, the luminosity cut
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Figure 3. Hubble constant posterior distribution obtained by marginalizing over ∼ 77,000 possible host galaxies (red line), showing the
maximum value (solid vertical line). The maximum a posteriori and its 68% confidence level is H0 = 75.2+39.5

−32.4 km s−1 Mpc−1 for a flat prior in
the range [20,140] km s−1 Mpc−1. The shaded region represents the change in the posterior when different fractions of the localization volume
are considered (from 90 to 99.7% of the LIGO/Virgo luminosity distance posterior). The PDF computed from the larger volume has been
renormalized to have the same value of the 90% localization volume H0 posterior at the maximum, to highlight differences below and beyond
the main peak. The posterior obtained by Abbott et al. (2017a) for the bright standard siren event GW170817, associated to one galaxy, is shown
in grey. The prior used in that work was flat–in–log over a narrower range ([50,140] km s−1 Mpc−1), and the posterior has been rescaled by a
factor 0.2 for visualization purposes. The 68% CL of both PDFs is shown by the dashed lines. Constraints from Planck (Planck Collaboration
et al. 2018) and SHoES (Riess et al. 2016, 2018) at 1σ are shown in purple boxes.

needs to be brighter to ensure that the sample is still volume–
limited, with the risk of missing the true host galaxy. We
have explored the impact of the redshift cut on the H0 poste-
rior, while keeping the angular selection to be within the 90%
credible localization area. The effect of including galaxies
out to 99.7% of the distance localization (corresponding to
z . 0.3) is most pronounced at high H0 values, as shown by
the shaded red region in Figure 3. With this less restrictive
cut, the credible region shifts to H0 = 77+41

−33 km s−1 Mpc−1,
showing a ∼ 2% change of the maximum. The effect de-
scribed here arises from tens of thousand of galaxies at the
higher redshifts included with the more relaxed distance cut
and the ansatz of Gaussianity of the luminosity distance pos-
terior. In fact, these galaxies contribute with a non–negligible
probability to the posterior because of the high dL tail shown
in the bottom right panel of Figure 1, and they contribute
more significantly at high H0 values. This few percent effect
is insignificant at the current levels of precision, but will need
to be explored in the future using a more realistic luminosity
distance posterior.

Our result agrees well (as expected, due to the large uncer-
tainty) with the latest CMB estimate of the Hubble constant
by the Planck Collaboration (67.36 ± 0.54 km s−1 Mpc−1

from TT,TE,EE+lowP+lensing; Planck Collaboration et al.
2018), and with results using distance ladder methods by
ShoES (73.52±1.62 km s−1 Mpc−1; Riess et al. 2016) and by
DES (67.77±1.30 km s−1 Mpc−1 from SN+BAO; Macaulay
et al. 2018).

For the bright standard siren measurement using GW170817
and its electromagnetic counterpart, Abbott et al. (2017a)
found H0 = 70.0+12.0

−8.0 km s−1 Mpc−1 at 68% credible inter-
val. Without an EM counterpart leading to a unique host
galaxy redshift, we would have recovered a broader H0 pos-
terior since we average over all possible host galaxies in the
localization volume. For example, Fishbach et al. (2018) ap-
plied the statistical standard siren method to GW170817 and
found a larger uncertainty than the counterpart standard siren
result: H0 = 76+48

−23 km s−1 Mpc−1 for a uniform prior over
the range [10,220] km s−1 Mpc−1. For a BBH standard siren
measurement, as in this work, the combination of the larger
localization volume (implying a significantly greater number
of potential host galaxies) and the large photometric redshift
uncertainty for each galaxy results in an even broader H0 pos-
terior. Therefore, while applying the statistical standard siren
method to GW170817 yields a 68% credible region on H0

comprising 34% of the prior range (Fishbach et al. 2018), in
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Prior H0 +σH0 −σH0 σH0/H0 σH0/H0 prior
[20,140] 75.2 39.5 32.4 47.8% 54.3%

Table 1. Hubble constant estimate from this work. All H0 val-
ues and errors are in km s−1 Mpc−1. The uncertainty from the flat
prior only is derived by assuming the same H0 maximum found in
the analysis. Quoted uncertainties represent 68% confidence level
around the maximum of the posterior, and they are statistical only.
The last column quantity (σH0/H0 prior) corresponds to 68% times
the prior width divided by H0.

this work we obtain a 68% credible region on H0 that is 60%
of the prior range. We note that the prior used in Fishbach
et al. (2018) is 1.75 times broader than the prior used in this
work; if we adopt the same broader prior of [10,220] for our
analysis of GW170814, we find H0 = 78+96

−24 km s−1 Mpc−1.
The analysis in Fishbach et al. (2018) for GW170817 used
the GLADE galaxy catalog (Dálya et al. 2018), and ac-
counted for incompleteness at the distance of GW170817.
GLADE becomes significantly incomplete at the distance to
GW170814. As GW detectors improve in sensitivity, the ma-
jority of dark standard sirens will be detected at even greater
distances and with larger localization volumes, well beyond
the reach of spectroscopic galaxy catalogs. This highlights
the need for reliable and complete photometric galaxy cata-
logs. Surveys such as DES, Pan–STARRS1 (Chambers et al.
2016) and LSST are therefore likely to play an important role
in future constraints from BBH standard sirens.

The assumption throughout this work is that even if the
event occurred in a galaxy below our luminosity threshold,
large scale structure predicts that fainter galaxies follow the
clustering pattern of the more luminous galaxies in our sam-
ple. We have verified in our simulations that a threshold up to
1 magnitude brighter than the limit used here to place events
has a negligible impact over a sample of 100 events, provided
that the catalog is volume–limited for the range of redshifts
relevant to the measurement.

Since galaxies are biased tracers of the Universe’s dark
matter, some theories predict that the origin of the black holes
involved in these GW events is primordial, constituting part
or all of the dark matter (Bird et al. 2016; Clesse & García-
Bellido 2017; García-Bellido 2017; Clesse & García-Bellido
2018). In that case, GW events follow exactly the underlying
dark matter distribution (presenting an unbiased tracer). Be-
cause of the stellar mass to dark matter halo connection (see
Wechsler & Tinker 2018 and references therein) it is reason-
able to weight galaxies by their stellar mass in Eq. (2) as
wi ∝M?. The impact of this scaling with stellar mass or star–
formation rate has been explored in Fishbach et al. (2018).
We find that the stellar mass weighting has a negligible ef-
fect on the posterior. This is due to the large volume analyzed
(over which the stellar masses tend to be averaged out) and
to the precision level of this measurement. In other theories,

these black hole binaries are produced in very low metallic-
ity galaxies (e.g. Cao et al. 2018; Mapelli et al. 2018), biased
relative to the dark matter distribution differently than the lu-
minous galaxies in our catalog. Annis et al. (in prep.) explore
the effect of the tracer bias assumptions on the H0 posterior
for future analyses aiming at precision measurements.

Another assumption of our analysis that needs attention
concerns the redshift likelihood. As anticipated above for
the GW likelihood, this will not, in general, be well approx-
imated by a Gaussian. In the future, we plan to explore the
impact of realistic photometric redshift PDFs on the H0 pos-
terior, in order to enable precision cosmology with binary
black hole events. An analysis with the full, asymmetric,
GW likelihood will also be required. A number of analyses
are thus required to assess the systematics error budget and
potential biases due to various ansatzs, while the results re-
ported here only provide a statistical uncertainty. While an
estimate of those effects is needed, tests on off–source lines–
of–sight show that our constraint is likely not strongly im-
pacted by the photo–z training sample or systematic failures.
With these caveats is mind, we remind the reader that the dark
sirens method will provide precise measurements of cosmo-
logical parameters after a large sample of events is available
(cf. §4). In fact, the dependence of the H0 uncertainty on
the prior choice from this single event is a consequence of
the fact that with this method the likelihood will always be
above zero, as long as there are galaxies along the line of
sight. This demonstrates that dark siren measurements are
only interesting when multiple events can be combined.

6. CONCLUSIONS

In this paper, we have performed the first measurement
of the Hubble constant using a gravitational wave detec-
tion of a binary–black–hole merger as a dark standard siren
and the DES galaxies as a sample of potential host galax-
ies. Our analysis was blinded to avoid confirmation bias.
Our main results, discussed in §5, include a measurement of
H0 = 75.2+39.5

−32.4 km s−1 Mpc−1 for a flat prior within [20,140]
km s−1 Mpc−1, consistent with previous measurements of H0.
The 68% confidence interval quoted here is 60% of the uni-
form prior range, demonstrating that while dark sirens can
provide measurements of H0, the measurements from indi-
vidual events are relatively uninformative. Constraints will
improve as multiple dark sirens are combined.

Our analysis on simulated data, used to validate the
methodology in §4, shows that we will be able to reach a
∼ 5% statistical precision with O(100) LIGO/Virgo events
similar to GW170814 and a DES–like galaxy catalog. Pre-
dicted event rates for upcoming observing seasons are ap-
proximately one event per week, although the majority of
these events will not be as well localized as GW170814.
Note that a DES–like catalog is currently only available for
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∼ 1/8 of the sky. However, DES can be complemented
with other datasets taken with DECam (such as the Blanco
Imaging of the Southern Sky, BLISS, and the Dark Energy
Camera Legacy Survey, DECals), to cover the whole South-
ern sky to a good depth (r∼ 23.4, 5σ depth). An even deeper
survey with more precise photo–z’s, such as the Large Syn-
optic Survey Telescope (LSST; LSST Dark Energy Science
Collaboration 2012), would be of great value for further im-
proving these constraints. Overall, this new cosmological
probe has thus the potential of achieving results comparable
to the latest quasar time–delay strong lensing analyses (∼ 7%
precision, Birrer et al. 2018) in the future.

At the expected level of precision from hundreds of events,
systematics will play an important role. In future work,
we plan to incorporate systematic uncertainties in our sim-
ulated data studies, in order to prepare for precision cos-
mology analyses on real data. We anticipate that some of
the main sources of systematics will be photo–z biases and
catastrophic outliers, photo–z training sample sample vari-
ance, galaxy catalog cuts and galaxy catalog completeness.
In order to achieve the full potential of statistical standard
siren cosmology, wide and deep galaxy surveys such as DES
and LSST are necessary. Overall, our findings show that the
synergy between gravitational wave black–hole merger de-
tections and new generation large galaxy surveys will estab-
lish a new powerful probe for precision cosmology.
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