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ABSTRACT

This Supplement provides supporting material forAbbott et al.(2016a). We briefly summarize past electro-
magnetic follow-up efforts as well as the organization and policy of the current electromagnetic follow-up
program. We compare the four probability sky maps produced for the gravitational-wave transient GW150914,
and provide additional details of the electromagnetic follow-up observations that were performed in the differ-
ent bands.

Keywords: gravitational waves; methods: observational

1. PAST AND PRESENT FOLLOW-UP PROGRAM

The first GW-triggered EM observations were carried out
during the 2009–2010 science run of the initial LIGO and
Virgo detectors (Abadie et al. 2012b), featuring real-time
searches for un-modeled GW bursts and CBCs (Abadie et al.
2012b,a). GW candidates were identified—typically within
30 minutes—and their inferred sky locations were used
to plan follow-up observations with over a dozen optical
and radio telescopes on the ground plus theSwift satel-
lite (Gehrels et al. 2004). Tiles were assigned to individual fa-
cilities to target known galaxies that were consistent withthe
GW localizations and that were within the 50 Mpc nominal
binary neutron star (BNS) detectability horizon. Eight GW
candidates were followed up. Though none of the GW can-
didates were significant enough to constitute detections and
the EM candidates found were judged to be merely serendipi-
tous sources (Evans et al. 2012; Aasi et al. 2014), the program
demonstrated the feasibility of searching in real-time forGW
transients, triggering follow-up, and analyzing GW and EM
observations jointly.

The present program of follow-up of gravitational-wave
candidates involves a large number of facilities and observer
teams. Instead of centrally planning the assignment of tiles
to facilities, we have set up a common EM bulletin board
for facilities and observers to announce, coordinate, and vi-

lsc-spokesperson@ligo.org
virgo-spokesperson@ego-gw.eu

sualize the footprints and wavelength coverage of their ob-
servations. The new program builds on the Gamma-ray Co-
ordinates Network (GCN)1 system that has long been estab-
lished for broadband follow-up of gamma-ray bursts (GRBs).
We distribute times and sky positions of event candidates via
machine-readable GCN Notices, and participating facilities
communicate the results of observations via short bulletins,
GCN Circulars. A key difference is that GRB Notices and
Circulars are instantly public, whereas GW alert Notices and
follow-up Circulars currently are restricted to participating
groups until the event candidate in question has been pub-
lished. After four high-confidence GW events have been pub-
lished, further high-confidence GW event candidates will be
promptly released to the public.

2. COMPARISON OF GRAVITATIONAL-WAVE SKY
MAPS

In the main Letter (Abbott et al. 2016a), we introduced
four GW sky maps produced with different methods: cWB
(Klimenko et al. 2016), LIB (Lynch et al. 2015), BAYESTAR
(Singer & Price 2016), and LALInference (Veitch et al.
2015). cWB and LIB treat the GW signal as an un-modeled
burst; BAYESTAR and LALInference assume that the source
is a CBC. The LALInference sky map should be regarded as
the authoritative one for this event. Table1 shows that the
areas of the 10%, 50% and 90% confidence regions vary be-
tween the algorithms. For this event, cWB produces smaller

1 http://gcn.gsfc.nasa.gov
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Table 1. Description of Sky Maps

Areaa Comparisonc

10% 50% 90% θHL
b cWB LIB BSTR LALInf

cWB 10 100 310 43
+2

−2 — 190 180 230
LIB 30 210 750 45

+6
−5 0.55 — 220 300

BSTR 10 90 400 45
+2

−2 0.64 0.56 — 360
LALInf 20 150 630 46

+3

−3 0.60 0.57 0.90 —
aArea of credible level (deg2). Note that the LALInference area is consistent

with but not equal to the number reported inAbbott et al.(2016b) due to
minor differences in sampling and interpolation.

bMean and 10% and 90% percentiles of polar angle in degrees.
cFidelity (below diagonal) and the intersection in deg2 of the 90% confi-

dence regions (above diagonal).

confidence regions than the other algorithms. While cWB
produces reasonably accurate maps for typical binary black
hole (BBH) signals, it can systematically misestimate the
sizes of large confidence regions (Essick et al. 2015). The
other algorithms are self-consistent even in this regime. Only
the LALInference results account for calibration uncertainty
(systematic errors in the conversion of the photocurrent into
the GW strain signal). Because systematic errors in the cal-
ibration phase affect the measured arrival times at the detec-
tors, the main effect is to broaden the position uncertaintyrel-
ative to the other sky maps.

Table1 also shows the intersections of the 90% confidence
regions as well as the fidelityF (p, q) =

∫ √
pq dΩ ∈ [0, 1]

between two mapsp andq. All these measures show that the
sky maps are similar but not identical. Typically, this level of
quantitative disagreement is distinguishable by eye and has
been observed in large simulation campaigns (Singer et al.
2014; Berry et al. 2015; Essick et al. 2015) for approximately
10%–20% of the simulated signals. This even includes the bi-
modality of LIB’s θHL distribution (see inset of Fig. 2 of the
main paper), which is associated with a degeneracy between
sky location and the handedness of the binary orbit projected
on the plane of the sky. Similar features were noted for BNS
systems as well (Singer et al. 2014).

3. GAMMA-RAY AND X-RAY OBSERVATIONS

TheFermi Gamma-ray Burst Monitor (GBM;Meegan et al.
2009), INTEGRAL (Winkler et al. 2003), and the InterPlane-
tary Network (IPN;Hurley et al. 2010) searched for prompt
high-energy emission temporally coincident with the GW
event. Although no GRB in coincidence with GW150914
was reported, an offline analysis of the Fermi GBM (8
keV–40MeV) data revealed a weak transient with dura-
tion of ∼ 1 s (Connaughton et al. 2016). A similar anal-
ysis was performed for the instruments onboardINTE-
GRAL (Winkler et al. 2003), particularly the spectrometer’s
anticoincidence shield (SPI–ACS,von Kienlin et al. 2003,

75 keV–1 MeV)2. No significant signals were detected, set-
ting upper limits on the hard X-ray fluence at the time
of the event (Savchenko et al. 2016). Data from the six-
spacecraft, all-sky, full-time monitor IPN, (Odyssey–HEND,
Wind–Konus, RHESSI, INTEGRAL–SPI-ACS, andSwift–
BAT3) revealed no bursts around the time of GW150914 apart
from the weak GBM signal (Hurley et al., in preparation).

The Fermi Large Area Telescope (LAT), MAXI andSwift
searched for high-energy afterglow emission. The LIGO lo-
calization first entered theFermi LAT field of view (FOV) at
4200s after the GW trigger and was subsequently observed
in its entirety over the next 3 hr and every 3 hr thereafter at
GeV energies (Fermi-LAT collaboration 2016). The entire
region was also imaged in the 2–20keV X-ray band by the
MAXI Gas Slit Camera (GSC;Matsuoka et al. 2009) aboard
the International Space Station (ISS) from 86 to 77 min before
the GW trigger and was re-observed during each subsequent
∼ 92min orbit (Kawai et al., in preparation). TheSwift X-ray
Telescope (XRT;Burrows et al. 2005) followed up the GW
event starting 2.25 days after the GW event, and covered 5
tiles containing 8 nearby galaxies for a total∼0.3 deg2 area in
the 0.3–10keV energy range. A 37-point tiled observation of
the Large Magellanic Cloud was executed a day later.Swift
UV/Optical Telescope (UVOT) provided simultaneous ultra-
violet and optical observations, giving a broadband coverage
of 80% of theSwift XRT FOV. Details of these observations
are given inEvans et al.(2016).

4. OPTICAL AND NEAR-IR OBSERVATIONS

The optical and near-infrared observations fell into
roughly two stages. During the first week, wide FOV
(1–10deg2) telescopes tiled large areas to identify tran-
sient candidates, and then larger but narrower FOV
telescopes obtained classification spectroscopy and fur-
ther photometry. The wide FOV instruments included
DECam on the CTIO Blanco telescope (Flaugher et al.
2015; Dark Energy Survey Collaboration et al. 2016), the
Kiso Wide Field Camera (KWFC, J-GEM;Sako et al.
2012), La Silla QUEST (Baltay et al. 2007), the Global
MASTER Robotic Net (Lipunov et al. 2010), the Palomar
48 inch Oschin telescope (P48) as part of the interme-
diate Palomar Transient Factory (iPTF;Law et al. 2009),
Pan-STARRS1 (Kaiser et al. 2010), SkyMapper (Keller et al.
2007), TAROT-La Silla (Boër et al. 1999, node of the
TAROT-Zadko-Algerian National Observatory-C2PU col-
laboration), and the VLT Survey Telescope (VST@ESO;
Capaccioli & Schipani 2011, GRAvitational Wave Inaf
TeAm, Brocato et al. 2016 in preparation)4 in the op-
tical band, and the Visible and Infrared Survey Tele-

2 INTEGRAL’s coded-mask imager (IBIS,Ubertini et al. 2003,
20–200 keV) was pointed far outside the GW localization region.

3 Swift Burst Alert Telescope did not intersect the GW localizationat the
time of the trigger

4 ESO proposal ID:095.D-0195,095.D-0079
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scope (VISTA@ESO;Emerson et al. 2006)5 in the near in-
frared. They represent different classes of instruments rang-
ing in diameter from 0.25 to 4 m and reaching apparent mag-
nitudes from 18 to 22.5. About one third of these facilities fol-
lowed a galaxy-targeted observational strategy, while theoth-
ers tiled portions of the GW sky maps covering 70–590deg2.
A narrow (arcminute) FOV facility, the 1.5 m EABA tele-
scope in Bosque Alegre operated by the TOROS collaboration
(M. Diaz et al. 2016, in prep.), also participated in the optical
coverage of the GW sky maps.Swift UVOT observed simul-
taneously with XRT, giving a broadband coverage of 80% of
theSwift XRT FOV.

A few tens of transient candidates identified by the wide-
field telescopes were followed on the 10 m Keck II tele-
scope (DEIMOS;Faber et al. 2003), the 2 m Liverpool Tele-
scope (LT;Steele et al. 2004), the Palomar 200 inch Hale tele-
scope (P200;Bracher 1998), the 3.6 m ESO New Technology
Telescope (within the Public ESO Spectroscopic Survey of
Transient Objects, PESSTO;Smartt et al. 2015), and the Uni-
versity of Hawaii 2.2 m telescope (SuperNovae Integral Field
Spectrograph, SNIFS). The follow-up observations of the can-
didate counterparts are summarized in Table 3 of the main pa-
per.

An archival search for bright optical transients was con-
ducted in the CASANDRA-3 all-sky camera database of
BOOTES-3 (Castro-Tirado et al. 2012) and the all-sky survey
of the Pi of the Sky telescope (Mankiewicz et al. 2014), both
covering the entire southern sky map. The BOOTES-3 im-
ages are the only observations simultaneous to GW150914
available to search for prompt/early optical emission. They
reached a limiting magnitude of 5 due to poor weather condi-
tions (GCN19022). The Pi of the Sky telescope images were
taken 12 days after GW150914 and searched for transients
brighter thanR < 11.5 mag (GCN19034).

5. RADIO OBSERVATIONS

The radio telescopes involved in the EM follow-up pro-
gram have the capability to observe a wide range of fre-
quencies with different levels of sensitivity, and a range of
FOVs covering both the northern and southern skies (Ta-
bles 2 and 3 of the main paper). The Low Frequency
Array (LOFAR; van Haarlem et al. 2013) and the Murchi-
son Widefield Array (MWA;Tingay et al. 2013) are phased
array dipole antennas sensitive to meter wavelengths with
large FOVs (≈ 50deg2 with uniform sensitivity for the
LOFAR observations carried out as part of this follow-
up program; and up to 1200 deg2 for Murchison Wide-
field Array). The Australian Square Kilometer Array
Pathfinder (ASKAP;Schinckel et al. 2012) is an interferomet-
ric array composed of thirty-six 12 m-diameter dish anten-
nas. The Karl G. Jansky Very Large Array (VLA;Perley et al.
2009) is a twenty-seven antenna array, with dishes of 25 m di-

5 ESO proposal ID:095.D-0771

ameter. Both ASKAP and VLA are sensitive from centimeter
to decimeter wavelengths.

MWA started observing3d after the GW trigger with a
30 MHz bandwidth around a central frequency of 118 MHz
and reached a root mean square (RMS) noise level of about
40 mJy/beam in a synthesized beam of about3′. The ASKAP
observations used the five-element Boolardy Engineering Test
Array (BETA; Hotan et al. 2014), which has a FOV of≈
25deg2 and FWHM synthesized beam of1′−3′. These obser-
vations were performed with a 300 MHz bandwidth around a
central frequency of 863.5MHz, from≈ 7 to≈ 14d after the
GW trigger, reaching RMS sensitivities of1 − 3mJy/beam.
LOFAR conducted three observations from≈ 7 d to ≈ 3
months following the GW trigger, reaching a RMS sensi-
tivity of ≈ 2.5 mJy/beam at 145 MHz, with a bandwidth
of 11.9 MHz and a spatial resolution of≈ 50′′. ASKAP,
LOFAR, and MWA all performed tiled observations aimed
at covering a large area of the GW region.

The VLA performed follow-up observations of GW150914
from ≈ 1 month to≈ 4 months after the GW trigger6, and
targeted selected candidate optical counterparts detected by
iPTF. VLA observations were carried out in the most compact
array configuration (D configuration) at a central frequency
of ≈ 6GHz (primary beam FWHP of≈ 9′, and synthesized
beam FWHP of≈ 12′′). The RMS sensitivity of these VLA
observations was≈ 8− 10µJy/beam.

Software: Astropy (Robitaille et al. 2013)

Software: HEALPix (Górski et al. 2005)
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F. KÉFÉLIAN 53, M. S. KEHL69, D. KEITEL8,67, D. B. KELLEY35, W. KELLS1, R. KENNEDY86, J. S. KEY85,

A. K HALAIDOVSKI 8, F. Y. KHALILI 49, I. KHAN12, S. KHAN91, Z. KHAN95, E. A. KHAZANOV 107, N. KIJBUNCHOO37,
C. KIM 77, J. KIM 108, K. K IM 109, N. KIM 77, N. KIM 41, Y.-M. K IM 108, E. J. KING102, P. J. KING37, D. L. K INZEL6,

J. S. KISSEL37, L. KLEYBOLTE27, S. KLIMENKO 5, S. M. KOEHLENBECK8, K. KOKEYAMA 2, S. KOLEY9,
V. KONDRASHOV1, A. KONTOS10, M. KOROBKO27, W. Z. KORTH1, I. KOWALSKA61, D. B. KOZAK1, V. KRINGEL8,
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P. RUGGI34, K. RYAN 37, S. SACHDEV1, T. SADECKI37, L. SADEGHIAN16, L. SALCONI34, M. SALEEM106, F. SALEMI 8,
A. SAMAJDAR122, L. SAMMUT 84,113, E. J. SANCHEZ1, V. SANDBERG37, B. SANDEEN82, J. R. SANDERS98,35,

B. SASSOLAS66, B. S. SATHYAPRAKASH91, P. R. SAULSON35, O. SAUTER98, R. L. SAVAGE37, A. SAWADSKY 17,
P. SCHALE59, R. SCHILLING †8, J. SCHMIDT8, P. SCHMIDT1,76, R. SCHNABEL27, R. M. S. SCHOFIELD59,
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D. HORAN245, T. JOGLER229, G. JÓHANNESSON271, A. S. JOHNSON229, S. KENSEI260, D. KOCEVSKI244, M. KUSS240,
G. LA MURA239,268, S. LARSSON233,231, L. LATRONICO242, J. LI272, L. L I233,231, F. LONGO236,237, F. LOPARCO249,241,

M. N. LOVELLETTE266, P. LUBRANO253, J. MAGILL 264, S. MALDERA242, A. MANFREDA240, M. MARELLI 250,
M. M AYER227, M. N. MAZZIOTTA 241, J. E. MCENERY244,264,273, M. MEYER230,231, P. F. MICHELSON229,

N. M IRABAL 244,267, T. MIZUNO274, A. A. M OISEEV247,264, M. E. MONZANI229, E. MORETTI275, A. MORSELLI263,
I. V. M OSKALENKO229, M. NEGRO242,243, E. NUSS254, T. OHSUGI274, N. OMODEI229, M. ORIENTI256, E. ORLANDO229,

J. F. ORMES276, D. PANEQUE275,229, J. S. PERKINS244, M. PESCE-ROLLINS240,229, F. PIRON254, G. PIVATO 240,
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24Chennai Mathematical Institute, Chennai, India
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68Università di Napoli ’Federico II’, Complesso Universitario di Monte S.Angelo, I-80126 Napoli, Italy

69Canadian Institute for Theoretical Astrophysics, University of Toronto, Toronto, Ontario M5S 3H8, Canada
70Tsinghua University, Beijing 100084, China

71Texas Tech University, Lubbock, TX 79409, USA
72The Pennsylvania State University, University Park, PA 16802, USA
73National Tsing Hua University, Hsinchu City, Taiwan 30013,R.O.C.

74Charles Sturt University, Wagga Wagga, New South Wales 2678, Australia
75University of Chicago, Chicago, IL 60637, USA

76Caltech CaRT, Pasadena, CA 91125, USA
77Korea Institute of Science and Technology Information, Daejeon 305-806, Korea

78Carleton College, Northfield, MN 55057, USA
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265Laboratoire AIM, CEA-IRFU/CNRS/Université Paris Diderot, Service d’Astrophysique, CEA Saclay, F-91191 Gif sur Yvette, France

266Space Science Division, Naval Research Laboratory, Washington, DC 20375-5352, USA
267NASA Postdoctoral Program Fellow, USA

268Institut für Astro- und Teilchenphysik and Institut für Theoretische Physik, Leopold-Franzens-Universität Innsbruck, A-6020 Innsbruck, Austria
269University of North Florida, Department of Physics, 1 UNF Drive, Jacksonville, FL 32224 , USA

270School of Physics and Astronomy, University of Southampton, Highfield, Southampton, SO17 1BJ, UK
271Science Institute, University of Iceland, IS-107 Reykjavik, Iceland

272Institute of Space Sciences (IEEC-CSIC), Campus UAB, E-08193 Barcelona, Spain
273email: Julie.E.McEnery@nasa.gov

274Hiroshima Astrophysical Science Center, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-8526, Japan
275Max-Planck-Institut für Physik, D-80805 München, Germany

276Department of Physics and Astronomy, University of Denver,Denver, CO 80208, USA
277Department of Physics, University of Johannesburg, PO Box 524, Auckland Park 2006, South Africa

278Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong, China
279The University of Hong Kong, Laboratory for Space Research,Hong Kong, China

280NYCB Real-Time Computing Inc., Lattingtown, NY 11560-1025, USA
281Department of Chemistry and Physics, Purdue University Calumet, Hammond, IN 46323-2094, USA

282Solar-Terrestrial Environment Laboratory, Nagoya University, Nagoya 464-8601, Japan
283Max-Planck-Institut für Kernphysik, D-69029 Heidelberg, Germany
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381Instituto de Astrofı́sica, Pontificia Universidad Católica de Chile, Av. Vicuña Mackenna 4860, Santiago, Chile
382Instituto de Astrofı́sica de Andalucı́a, Consejo Superiorde Investigaciones Cientı́ficas, Glorieta de la Astronomı́a s/n, E-18008 Granada, Spain

383Centre for Astrophysics and Cosmology, Science Institute,University of Iceland, 107 Reykjavik, Iceland


