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ABSTRACT

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

Keywords: gravitational waves; methods: observational

1. PAST AND PRESENT FOLLOW-UP PROGRAM

The first gravitational-wave (GW)-triggered electromag-
netic (EM) observations were carried out during the
2009–2010 science run of the initial LIGO and Virgo detec-
tors (Abadie et al. 2012b), featuring real-time searches for un-
modeled GW bursts and compact binary coalescences (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 for GW
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 unmod-
eled burst; BAYESTAR and LALInference assume that the
source is a CBC. The LALInference sky map should be re-
garded as the authoritative one for this event. Table1 shows
that the areas of the 10%, 50%, and 90% confidence regions
vary between the algorithms. For this event, cWB produces

1 http://gcn.gsfc.nasa.gov

http://arxiv.org/abs/1604.07864v3
mailto:lsc-spokesperson@ligo.org
mailto:virgo-spokesperson@ego-gw.eu
http://gcn.gsfc.nasa.gov
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Table 1. Description of Sky Maps

Areaa Comparisonb

10% 50% 90% θHL
c 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.

bFidelity (below diagonal) and the intersection in deg2 of the 90% confi-
dence regions (above diagonal).

cMean and 10% and 90% percentiles of polar angle in degrees.

smaller 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 the 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 andhas
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 the inset of Fig. 2
of the main paper), which is associated with a degeneracy be-
tween sky location and the handedness of the binary orbit pro-
jected 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 Inter-
Planetary 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 theFermi
GBM (8 keV–40MeV) data revealed a weak transient with
a duration of∼ 1 s (Connaughton et al. 2016). A similar
analysis was performed for the instruments on boardINTE-
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, and theSwift–
BAT3) revealed no bursts around the time of GW150914 apart
from the weak GBM signal (K. Hurley et al. 2016, in prepa-
ration).

TheFermi 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 (Ackermann et al. 2016). The entire region was also
imaged in the 2–20 keV X-ray band by the MAXI Gas Slit
Camera (Matsuoka et al. 2009) aboard the International Space
Station from 86 to 77 minutes before the GW trigger and was
re-observed during each subsequent∼ 92 minute orbit (N.
Kawai et al. 2016, in preparation). TheSwift X-ray Telescope
(XRT; Burrows et al. 2005) followed up the GW event start-
ing 2.25 days after the GW event, and covered five tiles con-
taining eight 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. TheSwift
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 intermediate 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 collaboration), and the
VLT Survey Telescope (VST@ESO;Capaccioli & Schipani
2011, GRAvitational Wave Inaf TeAm, Brocato et al. 2016, in
preparation)4 in the optical band, and the Visible and Infrared

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

3 TheSwift 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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Survey Telescope (VISTA@ESO;Emerson et al. 2006)5 in
the near infrared. They represent different classes of instru-
ments ranging in diameter from 0.25 to 4 m and reaching ap-
parent magnitudes from 18 to 22.5. About one-third of these
facilities followed a galaxy-targeted observational strategy,
while the others tiled portions of the GW sky maps covering
70–590deg2. A narrow (arcminute) FOV facility, the 1.5 m
EABA telescope in Bosque Alegre operated by the TOROS
collaboration (M. Diaz et al. 2016, in preparation), also par-
ticipated in the optical coverage of the GW sky maps.Swift
UVOT observed simultaneously with XRT, giving a broad-
band 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 telescope
(DEIMOS; Faber et al. 2003), the 2 m Liverpool Telescope
(LT; Steele et al. 2004), the Palomar 200 inch Hale telescope
(P200;Bracher 1998), the 3.6 m ESO New Technology Tele-
scope (within the Public ESO Spectroscopic Survey of Tran-
sient Objects, PESSTO;Smartt et al. 2015), and the Univer-
sity 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 < 11.5mag (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 Ar-
ray (LOFAR; van Haarlem et al. 2013) and the Murchison
Widefield Array (MWA; Tingay et al. 2013) are phased ar-
ray dipole antennas sensitive to meter wavelengths with large
FOVs (≈50 deg2 with uniform sensitivity for the LOFAR ob-
servations carried out as part of this follow-up program; and
up to 1200 deg2 for MWA). The Australian Square Kilometer
Array Pathfinder (ASKAP;Schinckel et al. 2012) is an inter-
ferometric array composed of 36 12 m diameter dish anten-
nas. The Karl G. Jansky Very Large Array (VLA;Perley et al.
2009) is a 27 antenna array, with dishes of 25 m diame-
ter. Both ASKAP and VLA are sensitive from centimeter to

5 ESO proposal ID:095.D-0771

decimeter wavelengths.
MWA started observing3 days after the GW trigger with a

30 MHz bandwidth around a central frequency of 118 MHz
and reached an rms noise level of about 40 mJy beam−1

in a synthesized beam of about3′. The ASKAP observa-
tions used the five-element Boolardy Engineering Test Array
(BETA; Hotan et al. 2014), which has an FOV of≈25 deg2

and FWHM synthesized beam of1′ − 3′. These observations
were performed with a 300 MHz bandwidth around a cen-
tral frequency of 863.5 MHz, from≈7 to≈14 days after the
GW trigger, reaching rms sensitivities of1 − 3mJy beam−1.
LOFAR conducted three observations from≈7 days to≈3
months following the GW trigger, reaching a rms sensitiv-
ity of ≈2.5 mJy beam−1 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 to≈4 months after the GW trigger6, and targeted se-
lected candidate optical counterparts detected by iPTF. VLA
observations were carried out in the most compact array con-
figuration (D configuration) at a central frequency of≈6 GHz
(primary beam FWHP of≈9′, and synthesized beam FWHP
of ≈12′′). The rms sensitivity of these VLA observations was
≈8–10µJy beam−1.

Software: Astropy (Robitaille et al. 2013), HEALPix
(Górski et al. 2005)
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R. DUBOIS229, C. FAVUZZI 249,241, E. C. FERRARA244, A. FRANCKOWIAK 229, Y. FUKAZAWA 260, S. FUNK261,
P. FUSCO249,241, F. GARGANO241, D. GASPARRINI251,253, N. GIGLIETTO249,241, P. GIOMMI 251, F. GIORDANO249,241,

M. GIROLETTI256, T. GLANZMAN 229, G. GODFREY229, G. A. GOMEZ-VARGAS262,13, D. GREEN263,244, I. A. GRENIER264,
J. E. GROVE265, S. GUIRIEC244,266, D. HADASCH267, A. K. HARDING244, E. HAYS244, J.W. HEWITT268, A. B. HILL 269,229,
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