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timeline oF BuRst DeteCtion events

time (seC) event

0 GRB detection

20 Slew begins

20 BAT approx. location distributed

~
 50 GRB acquired

70 XRT location distributed

240 UVOT	finding	chart	distributed

300 XRT lightcurve distributed

1200 XRT spectrum distributed

~
	60,000 All automated observations 

complete (20,000 sec exposure)

Aperture Coded	Mask

Detecting Area 5200 cm
2

Detector CdZnTe

Detector	Operation Photon	Counting

Field	of	View 2.0 sr (partially coded)

Detection Elements 256	modules	of	128	elements

Detector Size 4mm x 4mm x 2mm

Telescope	PSF 17 arcminutes

Location Accuracy 1 - 4 arcminutes

Energy Range 15	-	150	keV

Burst Detection Rate >100	bursts/year

BuRst aleRt telesCope

Telescope Wolter I

Detector XMM	EPIC	CCD

Effective Area 135 cm
2	@	1.5	keV

Detector	Operation Photon	Counting,	Integrated
Imaging, & Rapid Timing

Field	of	View 23.6	x	23.6	arcminutes

Detection Element 600	x	600	pixels

Pixel	Scale 2.36	arcsec/pixel

Telescope	PSF 18	arcsec	HPD	@	1.5	keV

Location Accuracy 3 - 5 arcseconds

Energy Range 0.2	-	10	keV

Sensitivity 2 x 10
-14

 ergs cm
-2

 s
-1

 in 10
4
 sec

X-Ray telesCope

Telescope Modified	Ritchey-Chrétien

Aperture 30 cm diameter

F-number 12.7

Detector Intensified	CCD

Detector	Operation Photon	Counting

Field	of	View 17 x 17 arcminutes

Detection Element 2048	x	2048	pixels

Telescope	PSF 0.9 arcsec @ 350 nm

Location Accuracy 0.3 arcseconds

Wavelength Range 170		nm	-	650	nm

Colors 6

Spectral Resolution (Grisms) λ/Δλ 
~

 200 @ 400 nm

Sensitivity B = 24 in white light in 1000 sec

Pixel	Scale 0.48	arcseconds

Bright Limit m
v
 = 7 mag

ultRaviolet/optiCal telesCope

The	Mission	Operations	Center	(MOC)	at	Penn	State	

University	 provides	 real-time	 command	 and	 control	

of the spacecraft and monitors the observatory, while 

also taking care of science and mission planning, 

Targets	 of	 Opportunity	 (ToO)	 handling,	 and	 data	

capture and accounting. The Italian Space Agency’s 

ground station at Malindi, Kenya provides the 

primary communications. Swift burst alerts and burst 

characteristics are relayed almost instantaneously 

through	the	NASA	TDRSS	space	data	link	to	the	GCN	

for rapid distribution to the community.

Swift data will be made available to the world via three 

different	data	centers	located	in	the	United	States	(the	

High	 Energy	 Astrophysics	 Science	 Archive	 Research	

Center,	HEASARC),	the	UK	(the	UK	Swift	Science	Data	

Center,	UKSSDC),	and	Italy	(the	Italian	Swift	Archive	

Center,	ISAC).

The	 Swift	 Science	 Center	 (SSC)	 assists	 the	 science	

community in fully utilizing the Swift data. It is also 

responsible for coordinating the development of the 

data analysis tools for Swift data. The BAT instrument 

team	 and	 the	 Italian	 Swift	 Archive	 Center	 will	

develop data analysis tools for the BAT and XRT data 

respectively.	The	Swift	Science	Center	is	responsible	

for	developing	the	UVOT	tools.
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Figure 1. The top two panels show the ‘LIB skymap’ GW localisation map
produced by the LVC team on 2015 September 15, in the original form
(top) and convolved with our luminosity-weighted GWGC map (middle).
The bottom panel shows the revised ‘LALInference’ skymap released on
2016 January 13. Coordinates are equatorial, J2000. The yellow and cyan
circles show the regions of the sky which Swift could not observe due to
the presence of the Sun and Moon respectively, calculated at the time of the
first Swift observations. The small, lilac ellipse marks the LMC. The large
purple region approximates the BAT field of view at the time of the GW
trigger.

the 1SXPS catalogue corresponded to a single XRT field of view,
and even where multiple fields of view overlapped, images were
limited to 1000⇥1000 pixels (39.30⇥39.30) in size. For GW150914
we observed a large contiguous region (part of the LMC; Fig. 2)
– this region is so large that the background mapping developed
for 1SXPS is not properly calibrated, and the coordinates in the
tangent-plane projection become inaccurate. We therefore broke
the data into ‘analysis blocks’. Each block was no more than 0.55�

in radius (equivalent to a 7-point tile), and every XRT field of view
had to be in at least one block. Any redundant blocks (i.e. where
every XRT field in the block was also in another block) were re-
moved. Since this meant that some areas of sky were in multiple
blocks, we checked for duplicate detections of the same source
(based on spatial coincidence) from multiple blocks and merged
any that occured.

In 1SXPS the minimum exposure time permitted was 100 s,
however Table 1 shows that many of the observations (those of the
LMC) were shorter than this. This is not likely to be a problem re-
garding spurious source detections; Evans et al. (2014) found that at

Table 1. Swift observations of the error region of GW150914

Pointing direction Start timea Exposure
(J2000) (UTC) (s)

09h13m29.65s,�60�43037.400 Sep 16 at 15:19:27 777
08h16m30.77s,�67�38006.700 Sep 16 at 16:54:41 987
07h28m42.38s,�66�59043.100 Sep 16 at 18:28:32 970
08h03m23.72s,�67�37017.200 Sep 16 at 20:05:37 970
08h57m17.34s,�65�26034.100 Sep 16 at 21:42:15 985

LMC Observations
06h55m30.59s,�68�18044.300 Sep 17 at 18:26:54 20
06h59m13.43s,�68�18029.700 Sep 17 at 18:28:03 42
06h57m21.25s,�68�36012.800 Sep 17 at 18:29:12 20
06h53m42.84s,�68�36004.400 Sep 17 at 18:30:21 22
06h51m53.97s,�68�18016.700 Sep 17 at 18:31:29 32
06h53m45.48s,�68�00043.400 Sep 17 at 18:32:38 22
06h57m25.10s,�68�01002.600 Sep 17 at 18:33:46 25
07h01m1.84s,�68�01005.600 Sep 17 at 18:34:54 35
07h02m52.89s,�68�18056.600 Sep 17 at 18:36:02 72
07h01m0.50s,�68�36016.100 Sep 17 at 18:37:09 82
06h59m11.14s,�68�53042.600 Sep 17 at 18:38:17 37
06h55m32.45s,�68�53032.400 Sep 17 at 18:39:25 25
06h51m54.75s,�68�53032.000 Sep 17 at 18:40:33 65
06h50m5.28s,�68�35051.800 Sep 17 at 18:41:40 52
06h48m15.62s,�68�18020.600 Sep 17 at 18:42:47 65
06h50m6.94s,�68�00054.000 Sep 17 at 18:43:53 60
06h51m56.98s,�67�43022.900 Sep 17 at 18:44:59 67
06h55m34.08s,�67�43036.100 Sep 17 at 18:46:04 72
06h59m13.52s,�67�43033.400 Sep 17 at 18:47:10 55
07h02m51.97s,�67�43041.400 Sep 17 at 18:48:15 62
07h04m42.41s,�68�01015.100 Sep 17 at 18:49:21 75
07h06m30.83s,�68�18050.400 Sep 17 at 18:50:27 70
07h04m41.09s,�68�36037.200 Sep 17 at 18:51:32 60
07h02m50.35s,�68�53043.900 Sep 17 at 18:52:38 60
07h01m1.00s,�69�11019.800 Sep 17 at 18:53:43 62
06h57m21.83s,�69�11005.000 Sep 17 at 18:54:49 67
06h53m43.60s,�69�11006.900 Sep 17 at 18:55:55 42
06h50m4.65s,�69�11001.600 Sep 17 at 20:02:45 20
06h48m14.61s,�68�53022.800 Sep 17 at 20:03:54 32
06h46m25.66s,�68�35044.900 Sep 17 at 20:05:02 20
06h44m35.32s,�68�18021.100 Sep 17 at 20:06:11 25
06h46m27.88s,�68�00048.600 Sep 17 at 20:07:19 35
06h48m17.47s,�67�43023.800 Sep 17 at 20:08:27 60
06h50m7.30s,�67�25050.900 Sep 17 at 20:09:34 70
06h53m44.83s,�67�26005.600 Sep 17 at 20:10:41 77
06h57m24.51s,�67�26004.100 Sep 17 at 20:11:48 67
07h01m2.66s,�67�26008.100 Sep 17 at 20:12:54 57

a All observations were in 2015.

short exposure times there are very few spurious sources due to the
lack of background events. However, this lack of background may
mean that we can reduce the signal-to-noise ratio (S/N) threshold
for sources to be accepted in short exposure. We simulated 50-s
exposure images (both single fields, and 7-point tiles, to represent
the extreme sizes of the analysis blocks) in a manner analagous to
Evans et al. (2014) and found that for an S/N threshold of 1.3, the
rate of spurious detections was < 3/1000, equivalent to the ‘Good’
flag in 1SXPS; this was therefore used for the short (< 100 s) ob-
servations.

As discussed in Paper I, the discovery of an X-ray source alone
does not identify it as the counterpart to the GW trigger. We there-
fore gave each detected source a ‘rank’ indicating how likely it is to
be related to the GW event, from 1 (very likely) to 4 (very unlikely).
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ABSTRACT
The Advanced LIGO observatory recently reported the first direct detection of gravitational
waves (GW) which triggered ALIGO on 2015 September 14. We report on observations taken
with the Swift satellite two days after the trigger. No new X-ray, optical, UV or hard X-ray
sources were detected in our observations, which were focussed on nearby galaxies in the GW
error region and covered 4.7 square degrees (⇠2% of the probability in the rapidly-available
GW error region; 0.3% of the probability from the final GW error region, which was pro-
duced several months after the trigger). We describe the rapid Swift response and automated
analysis of the X-ray telescope and UV/Optical Telescope data, and note the importance to
electromagnetic follow up of early notification of the progenitor details inferred from GW
analysis.

Key words: Gravitional Waves – Xrays: general – methods: data analysis

1 INTRODUCTION

The Advanced LIGO (ALIGO) observatory (LIGO Scientific Col-
laboration et al. 2015) recently reported the first ever direct de-
tection of gravitational waves (GW; Abbott et al. 2016c), ALIGO
event GW150914. One of the most likely sources of GW detectable
by ALIGO is the coalesence of a compact binary, i.e. one contain-
ining neutron stars (NS) or stellar-mass black holes (BH). Such
events may be accompanied by transient electromagnetic (EM) ra-
diation such as a short gamma ray burst (‘sGRB’; if the binary is
viewed close to face-on; see Berger 2014 for a review) or a kilo-
nova (see, e.g. Metzger & Berger 2012; Cowperthwaite & Berger
2015). Previous searches for coincident EM and GW emission have

? pae9@leicester.ac.uk

produced null results (e.g. Evans et al. 2012; Aasi et al. 2014). In a
previous work (Evans et al. 2016; hereafter ‘Paper I’) we discussed
how the Swift satellite (Gehrels et al. 2004) could respond to such
triggers to search for emission from a short GRB afterglow with the
Swift X-ray telescope (XRT; Burrows et al. 2005). For GW150914,
Swift was able to rapidly respond and was the first EM-facility to
report results (⇠15 hr after the GW trigger was announced, Evans
et al. 2015).

ALIGO uses two approaches to search for GW. The first
(‘burst’) searches for GW signals with no prior assumptions about
the nature of the signal; the second (compact binary coalescence,
or CBC) assumes that the signal comes from the coalescence of a
binary comprising neutron stars (NS) and/or black holes (BH), and
uses a template library of expected signals. The ‘Coherent Wave-
Burst’ (cWB) pipeline, one of the ‘burst’ pipelines, triggered on
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Figure 2. The XRT exposure map of the 37-point tiled observations of the
LMC performed with Swift, demonstrating the structure of the pattern. The
black lines are the vetoed columns on the CCD. The cyan circle has radius
of 1.1� and is shown for reference. Axis are RA and Dec, J2000.

This involved comparing our source detections with the ROSAT All
Sky Survey (RASS; Voges et al. 1999). To do this we assumed a
typical AGN spectrum, a power-law with hydrogen column density
NH = 3⇥ 1020 cm�2 and a photon index of G = 1.7. These ranks
were defined as follows:
Rank 1: Good GW counterpart candidate. Sources which lie within
200 kpc of a GWGC galaxy, and are either uncatalogued and
brighter than the 3-s catalogue limit, or catalogued but brighter
than their catalogued flux. In both cases, ‘brighter than’ means
that the measured and historical values (or upper limits) disagree
at the 5-s level. For uncatalogued sources, the comparison is to the
RASS, or to 1SXPS or the XMM-Newton catalogues, if an upper
limit from those catalogues is available and deeper than the RASS
limit.
Rank 2: Possible counterpart. The criteria for this are similar to
those above, except that ‘brighter’ is determined at the 3-s level,
and there is no requirement for the source to be near a known
galaxy.
Rank 3: Undistinguished source. Sources which are uncatalogued,
but are fainter than existing catalogue limits, or consistent with
those limits at the 3-s level. i.e. sources which cannot be distin-
guished from field sources.
Rank 4: Not a counterpart. Sources which are catalogued, and
which have fluxes consistent with (at the 3-s level) or fainter than
their catalogued values.

The relatively conservative flux requirements of rank 1 arise
because of biases which cause us to overestimate the ratio between
the observed flux and historical flux or limit. The Eddington bias
(Eddington 1940) results in the fluxes of sources close to the detec-
tion limit being overestimated; this was discussed and quantified
for Swift-XRT by Evans et al. (2014) (section 6.2.1 and figs. 9–
10). Also, ROSAT had a much softer response than Swift (0.1–
2.4 keV compared to 0.3–10 keV); for sources with harder spec-
tra than in our assumed model (especially those more heavily ab-
sorbed) this means that ROSAT was less sensitive, i.e. our calcu-
lated XRT/ROSAT ratio will be too low.

As well as the checks performed to automatically rank
each XRT source, the 2MASS catalogue (Skrutskie et al. 2006)
and SIMBAD database (Wenger et al. 2000) were automatically
searched, and any sources within the 3-s XRT error region were
identified. This information was not used to determine the source
rank, but to inform human decisions as to the nature of the source.
It is important to note that this spatial correlation does not neces-
sarily mean that the XRT source and the 2MASS/SIMBAD object
are the same thing: Evans et al. (2014) showed that ⇠11% of XRT
sources with SIMBAD matches, and ⇠64% of those with 2MASS
matches are not related but chance alignments.

An automated pipeline was built to search for candidate coun-
terparts in the UVOT observations using standard HEASOFT analy-
sis tools. In the pipeline the tool UVOTDETECT was used to search
for sources in the sky image files. For each observation searches
were made using the longest exposure and the sum of all images if
the summed exposure was significantly longer than the longest ex-
posure. Candidate sources whose images were not star-like or were
too close to other sources were rejected. Sources without counter-
parts in the USNO-B1.0 catalogue (Monet et al. 2003) or Hubble
Guide Star Catalog (Lasker et al. 2008) were considered possible
candidates. The UVOT image near each of these possible candi-
dates was then visually compared with the corresponding region
in the Digitized Sky Survey. This visual comparison was used to
reject candidates due to readout streaks or ghost images of bright
sources.

The UVOT images near Rank 1 or Rank 2 XRT sources were
also examined and compared with the DSS. UVOT source magni-
tudes or upper limits were determined using the tool UVOTSOURCE.

4 RESULTS

Three X-ray objects were found in the initial observations (the five
most probable XRT fields, Section 2) and announced by Evans
et al. (2015). These were all known X-ray emitters showing no
sign of outburst and assigned a rank of 4, see Table 2 for details.
XMMSL1 J091406.5-603212 was automatically flagged as being
potentially spurious due to optical loading as it is spatially coinci-
dent with HD 79905 which SIMBAD reports as a B9.5 star (Houk
& Cowley 1975) with a V magnitude of 7.436 (Kiraga 2012), above
the threshold where optical loading is likely to affect the X-ray
measurements6. The measured count-rate (0.045± 0.011 ct s�1)
is however slightly lower than that in the RASS (0.10±0.01 ct s�1

when converted to an XRT-equivalent rate using the AGN spec-
trum introduce above), suggesting that the optical loading has not
resulted in a spurious X-ray detection. No other SIMBAD objects
match the position of this source. ESO126-2 is listed as an AGN by
SIMBAD, whereas 1RXS J081731.6-674414 is simply listed as an
X-ray source.

The 3-s upper limit on any other X-ray point source in the
initial five fields is 1.5⇥10�2 ct s�1, which correponds to a flux
of 6.5⇥10�13 erg cm�2 s�1, assuming the AGN spectrum defined
above. For the LMC observations the typical upper limit was 0.16
ct s�1, or 6.9⇥10�12 erg cm�2 s�1, corresponding to a luminosity
of 2.0⇥1036 erg s�1.

UVOT observations were all carried out in the u filter, 2 of the
sources were detected and one lay outside the UVOT field of view.
Details are in Table 2. No transient sources were detected by UVOT

6 http://www.swift.ac.uk/analysis/xrt/optical tool.php
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R E S U LT S 5 initial pointings: <1.5×10−2
 ct s−1,  

 <6.5×10−13
 erg cm−2 s−1 

LMC tiling: <1.6×10−1
 ct s−1,  

 <6.9×10−12
 erg cm−2 s−1 

<2.0×1036 
 erg s−1 @ LMC

Observation in u-band 
No transient brighter than  
- 5 pointings uAB<19.8 
- LMC uAB<18.8

Swift observations of GW150914 5

Table 2. Sources detected by Swift-XRT in follow-up of GW150914, with u-band magnitudes from UVOT.

RA Dec Error Flux u Magnitude Catalogued name
(J2000) (J2000) 90% conf. 0.3–10 keV, erg cm�2 s�1 AB mag

09h 14m 06.54s -60�320 07.700 4.800 (1.9±0.5)⇥10�12 N/A XMMSL1 J091406.5-603212
09h 13m 30.24s -60�470 18.100 6.100 (5.3±2.0)⇥10�13 15.44±0.02a ESO 126-2 = 1RXS J091330.1-604707
08h 17m 60.62s -67�440 03.900 4.700 (8.9±2.4)⇥10�13 17.53±0.05 1RXS J081731.6-674414

a Magnitude of the core. The galaxy as a whole (removing foreground stars) has a u magnitude of 14.15±0.02.

down to an AB magnitude of ⇠19.8 for the initial 5 galaxies, and
18.8 for the LMC.

Both the rapidly available ALIGO sky localisation and the
later, revised version had no probability within Swift-BAT’s nomi-
nal field of view, therefore the lack of a simultaneous trigger from
BAT is not informative. However, BAT can detect GRBs from out-
side of the field of view, by means of gamma-rays that leak through
the sidewall shielding. A search for any corresponding rate in-
creases from a correlated GRB within ±100 s of the GW signal
found no peaks above the 3-s value of 200 ct s�1 above back-
ground in the nominal 50–300 keV energy range at a 1-s timescale.
To convert this to a flux limit requires precise knowledge of the di-
rection in which the event occured which we do not have for GW
150914.

Fermi-GBM reported a possible low significance gamma-ray
event temporally coincident with the ALIGO trigger (Blackburn
et al. 2015; Connaughton et al. 2016), although this was not de-
tected by INTEGRAL (Ferrigno et al. 2015) and no signal was seen
in BAT either. The best position deduced by Connaughton et al.
(2016) was below the Earth limb from the perspective of BAT, so
the lack of signal is perhaps not surprising; however the GBM lo-
calisation is very poor, covering thousands of square degrees. As
just noted, this prevented us from creating an accurate flux limit for
BAT; however, considering the range of possible angles, an approx-
imate 5-s upper limit over the 14–195 keV band is ⇠2.4⇥10�6 erg
cm�2 s�1. Connaughton et al. (2016) fit the spectrum of the GBM
event as a power-law with a photon index of 1.4; the fluence from
this spectrum was 2.4+1.7

�1.0 ⇥ 10�7 erg cm�2. Since the duration of
the pulse was 1 s, the flux has the same numeric value. This spec-
trum gives a flux of 7.63⇥ 10�8 erg cm�2 s�1; below the upper
limit derived from BAT. Therefore even if the GBM detection was
a real astrophysical event, it was likely too faint for BAT to have
detected, given that the source was outside the coded field of view.

5 DISCUSSION AND CONCLUSIONS

The XRT observations covered 4.7 square degrees, and contained
2% of the probability from the original ‘LIB skymap’ ALIGO error
region (8% if this is convolved with the GWGC), and were obtained
from 53.5 to 82.3 hr after the GW trigger. However, Abbott et al.
(2016c) reported that the most likely source of the GW event is a bi-
nary black-hole trigger at 500 Mpc. Since the GWGC only extends
to 100 Mpc and the coalescence of two stellar mass black holes
is not expected to produce EM radiation, our lack of detection is
not surprising. Additionally, the recently-released revised skymap
‘LALInference’ contains much less probability at the location of
the XRT fields, with those field containing only 0.3% of the GW
probability (this figure does not change with galaxy convolution).

The possible detection of an sGRB coincident with the

ALIGO trigger reported by Fermi-GBM is intriguing, but unfor-
tunately we are not able to place any meaningful constraints on its
brightness with the BAT. None of the GW probability was within
the BAT field of view, and the flux limits we can derive for emis-
sion received through the sidewalls of the instrument are above the
level expected from the GBM data.

Although the Swift observations did not yield the detection of
an EM counterpart to the GW trigger, we have demonstrated that
Swift is able to respond very rapidly to GW triggers with Swift: the
3 X-ray sources we detected were reported to the GW-EM commu-
nity within 15 hours of the trigger being announced. In the event of
a nearby binary neutron-star merger triggering ALIGO, such rapid
response, analysis and dissemination will be vital. It is also evi-
dent that the decisions made regarding where to observe with Swift
are best informed if details such as estimated distances and masses
are available rapidly from the GW teams, as noted by the GW-EM
summary paper (Abbott et al. 2016b), and it is expected that the
latencies in deriving these parameters will be reduced in the fu-
ture. We have also commissioned new observing modes with Swift
which will allow us to perform much more extensive follow-up ob-
servations of future GW triggers.
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Motivated by short GRBs 
Convolve LIB with GWGC galaxy catalog 
- ASAP 
search for an on-axis short GRB afterglow 
short 50-100 s observations 
- days after 
search for an off-axis orphan  
longer 500 s observations
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Table 1. Completeness of the GWGC,
based on fig. 5 of White et al. (2011).

Distance Completeness
(Mpc) ( per cent)

≤40 100
50 70
60 65
70 65
80 60
90 58
100 55
>100 0a

Note. aThe GWGC only includes galaxies
within 100 Mpc, hence the sudden cut-off.

by Fong et al. (2013), sGRB ‘demographics are consistent with a
short GRB rate driven by both stellar mass and star formation’.
Therefore, the published GWGC completeness will give a useful
indication of the value or otherwise of using galaxy catalogues in
the follow-up of GW triggers.

A drawback to the GWGC is that it only extends to 100 Mpc,
whereas in the 2016 science run, when both ALIGO and AVirgo
are active, we expect to detect GW events from beyond this horizon
(Singer et al. 2014). While alternative catalogues exist which do
extend beyond 100 Mpc, e.g. the 2MASS Photometric Redshift
Catalog (2MPZ; Bilicki et al. 2014) – which contains photometric
redshifts for galaxies detected in the 2MASS infrared survey, with
a median of z = 0.08 (∼ 300 Mpc) – the completeness of these has
not been quantified, and the redshifts are photometric, so we have
not used these in our simulations.

3 SI M U L ATI O N PRO C E D U R E

In order to simulate the Swift-XRT follow-up of sGRBs which trig-
ger ALIGO/AVirgo, and explore the impact of different observing
strategies, we used the GW simulations of Singer et al. (2014).
These authors simulated the GW emission from a large number
of NS–NS mergers distributed homogeneously in space, produced
the ALIGO/AVirgo signals which would be detected from these
and applied the data analysis routines to those signals. This was
done for the expected ALIGO configuration in 2015, and for the
ALIGO-AVirgo configuration (and duty cycles) expected in 2016.
For the mergers which were detected by this process, the probability
map and the input binary system parameters, are available online.4

We are only interested in the mergers which are accompanied by
sGRBs, for which the jet of outflowing material is directed towards
the Earth. The opening angle of sGRB jets is not well known (e.g.
Margutti et al. 2012; Fong et al. 2014), so in order to allow a good
number of simulations, we took a value at the wide end of those
predicted, and selected from the Singer et al. (2014) simulations all
those with a binary inclination5 i ≤ 30◦, resulting in ∼ 200 simulated
objects each year (corresponding to ∼ 40 per cent of the mergers
‘detected’ in the Singer et al. 2014 simulations). Singer et al. (2014)
provided two probability maps – all-sky maps where each pixel’s
value is the probability that the GW event occurred in that pixel –

4 http://www.ligo.org/scientists/first2years/
5 While binary inclination angle is normally given in the range 0◦–90◦, the
GW simulations differentiate between clockwise and anticlockwise rota-
tions, allowing i to be in the range 0–180; therefore, we formally selected
objects with i ≤ 30◦ and i ≥ 150◦.

one map was derived rapidly using an algorithm called BAYESTAR, the
second created using a full Markov Chain Monte Carlo (MCMC)
analysis, which takes much longer to run (typically ∼109 h ac-
cording to Berry et al. 2015). We used the BAYESTAR maps, since
these are available for all of the triggers on the LIGO website (the
MCMC map is not), and because, due to their rapid creation and
their similarity to the full MCMC results (for 2015, at least) they
are likely to be the maps that will be used for real XRT follow-up
of a GW trigger.

As noted above, these simulations were distributed homoge-
neously in space, whereas NS–NS mergers are expected to occur in
or near to galaxies, so we needed to modify the spatial distribution
of the simulated GW events to reflect this expectation. This can be
done relatively simply, because the shape of the GW error region
is determined not by the celestial location of the merger, but by the
geocentric coordinates. This means that we can shift the simulated
mergers and probability map in RA without invalidating them, pro-
vided we also adjust the trigger time such that the GRB is at the
same geocentric position as in the original simulations.

Therefore, for each GW simulation we determined the complete-
ness of the GWGC at the distance of the GRB (Table 1). For objects
less than 100 Mpc away (i.e. the distance range covered by the
GWGC), a random number was generated to determine whether
this object should lie in a GWGC galaxy.6 If it should, a galaxy
was selected at random7 from those within the GWGC which had
a distance consistent with that of the simulated merger, and a dec-
lination within 3◦ of the original LIGO simulation.8 A position
was randomly selected within this galaxy, with uniform probability
through the galaxy, and then a kick of random magnitude (up to
100 kpc) and direction was applied to it. The GW probability map
was then rotated on the celestial sphere such that the GRB lay at
this position. For mergers where the random number determined
that it was not inside a GWGC galaxy, or mergers at a distance
greater than 100 Mpc (i.e. not covered by the catalogue) no shift
was applied.

For each merger, regardless of whether we repositioned it, the
day of the trigger was selected at random. The time of day at which
the merger would lie at the geocentric location used for the GW
simulations on this day was determined: this was set to be the GRB
trigger time. For the 2015 simulations, the times were all in a 90 d
window starting on 2015 September 1 (i.e. approximately the time
expected to be covered by the science run); for 2016 we used a
180 d window starting in mid-June. The only impact this has on the
simulations is to set the positions of the Sun and Moon, hence the
regions of sky which Swift cannot observe.

As well as the GRB location, distance and error region just de-
scribed, the following two parameters were also needed for each
simulation:

time delay. τ d – the time interval in hours between the GW trig-
ger, and the commencement of Swift observations. Since the initial
GW probability map will be produced within minutes of the trigger

6 I.e. the random number, R, had a value in the range 0 ≤ R < 1. If the GWGC
was, e.g. 70 per cent complete at the merger distance, then the merger was
considered to be in a GWGC galaxy if R ≤ 0.7.
7 A better approach would be to weight the galaxies by luminosity, however
since we cannot move the Singer et al. (2014) simulations in RA this is not
possible.
8 It is not practical to require the shift to be purely in RA; however, a 3◦

declination shift is so small that the GW probability maps are not invalidated
by this shift.
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Figure 1. The impact of targeting galaxies. When 2400 XRT fields are
created to cover the most probable region of the ALIGO error region, the
solid line shows the cumulative distribution of which field (ordered by
probability) the GRB actually lies in. The dashed line shows the same, if
the ALIGO error region is first convolved with the GWGC (Section 2.2.1).
Top: the 2015 ALIGO configuration (based on the BAYESTAR probability
map). Using the GWGC fewer fields are needed to reach a given probability
of observing the GRB. Bottom: the 2016 ALIGO-AVirgo configuration: the
BAYESTAR-based results are in black, those derived from the full MCMC error
region are in red. Using the GWGC reduces the number of GRBs observed,
because most of them occur beyond the 100 Mpc limit of GWGC catalogue.

4 R E S U LT 1 : SH O U L D W E TA R G E T
G A L A X I E S ?

4.1 2015

To investigate the effect of convolving the GW error region with
the GWGC (Section 2.2.1), we recorded which field (ordered by
decreasing probability) the GRB actually lay in. Not all GRBs lay
within the 2400 most probable fields, regardless of whether galaxy
targeting was employed. For the 2015 ALIGO configuration, the
number of bursts which did lie in these regions was barely affected
by use of the GWGC: 1291 (/2 350) GRBs lay inside the most-
probable 2400 fields whether or not the GWGC was used; 425
GRB only lay in these fields if the GWGC was used, and 394
were only present if the GWGC was not used. However, use of the
GWGC enables the GRB to be observed quicker. Fig. 1 shows the
cumulative distribution of which field contained the GRB, for both
approaches. Convolving the ALIGO error with the GWGC means

Figure 2. The distribution of the simulated NS–NS mergers detected
by the simulated 2015 ALIGO configuration (solid black) and 2016
ALIGO+AVirgo configuration (dashed red). Both plots are normalized to 1.

that we need to observe far fewer fields to image the GRB. For
example, to contain 50 per cent of the ALIGO triggers if we use
GWGC convolution, we need to observe ‘only’ 500 fields; without
the convolution 1030 fields are needed.

In summary; for 2015, it is best to target galaxies provided the
GW events arise from NS–NS binaries. For NS–BH binaries, the
horizon distance of aLIGO is greater, and the situation is more akin
to the 2016 NS–NS case discussed below.

4.2 2016

For 2016, the situation is very different. Unlike 2015, most of
the NS–NS mergers detected were more than 100 Mpc away (see
Fig. 2) and so do not reside in GWGC galaxies. In consequence,
targeting those galaxies reduces the number of NS–NS mergers that
lie in XRT fields. Thus for the 2016 configuration, targeting GWGC
galaxies is detrimental to our chances of detecting the X-ray coun-
terpart to a GW trigger. Without galaxy targeting, the typical number
of fields required to image the merger location in 2016 is similar to
that in 2015. That is, the 2016 configuration increases the horizon
distance without reducing the size of the error region. However, this
is a software issue. Singer et al. (2014) show (their fig. 3) that for
the 2016 configuration the fast BAYESTAR algorithm which is used to
construct the GW error region does not perform particularly well,
and results in a larger than necessary error region. The full MCMC
approach typically gives much smaller error regions; however, it
also takes much longer to run, (‘hours to days’ according to Singer
et al. 2014), which makes waiting for it impractical. Singer et al.
(2014) were optimistic that, by 2016, the time delay may have
been dramatically reduced. Indeed, the latest news (Singer, private
communication) is that the MCMC process has been made faster,
and BAYESTAR has been improved and now performs as well as the
full MCMC for the 2016 configuration. Therefore, the full MCMC
probability maps from Singer et al. (2014) are more representa-
tive of what the rapidly available BAYESTAR maps will actually be
like in 2016, so we repeated our simulations for 2016, this time
using the MCMC probability map instead of BAYESTAR. Unfortu-
nately, only 100 of the 193 on-axis mergers for 2016 in Singer et al.
(2014) had MCMC probability maps, resulting in lower statistics.
However, Fig. 1 shows that, with MCMC, the situation is dramat-
ically improved. It is of course still true that use of the GWGC is
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Figure 12. The number of bursts (out of 100 000 simulated) detectable in a 50 s (black) or 500 s (red) observation, as a function of how long after the
merger the observation begins. The solid lines are bursts viewed ‘on-axis’, that is the 10◦ jet is oriented towards the observer. The dashed lines are the off-axis
events. The different panels correspond to different values of jet energy (Ejet) and circumburst density (n0). At early times, the on-axis bursts dominate the
visible population, despite comprising only 1.5 per cent of all mergers. At late times, as the afterglow becomes visible off-axis, the off-axis population starts
to dominate.

we can identify with XRT. Beyond 2015 (or when considering
NS–BH mergers), as the sensitivity of the GW network increases,
galaxy catalogues that extend to greater distances (200–300 Mpc)
while remaining highly complete will be necessary. One possibility
is the 2MPZ catalogue (Bilicki et al. 2014); its advantages are
large sky coverage and uniformity, its disadvantages are use of

photometric redshifts and the current lack of detailed completeness
analysis.

If Fermi-GBM also triggers on the event detected by the GW
facilities, we can convolve the GBM and GW error regions, which
reduces the amount of sky we need to cover, typically by a factor
of ∼2.

MNRAS 455, 1522–1537 (2016)

 at IN
A

F Brera M
ilano (O

sservatorio A
stronom

ico di Brera) on A
pril 8, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

10 deg opening angle



C O N C L U S I O N S

• Swift is the only sensitive soft X-ray and UV facility able to 
search for a GW counterpart (as well as a large FOV hard X-
ray detector, BAT) 

• Immediate search with short 50-100 s exposures looking for 
a short GRB afterglow (ALV+galaxy) 

• Late time search (days) with long 1,000 s exposures looking 
for an orphan GRB afterglow (ALV+galaxy) 

• Italian involvement: Swift team members & connections 
with GRAWITA 


