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ABSTRACT
In this paper, we report on the observational performance of the Swift Ultra-violet/Optical Telescope (UVOT) in response to
the gravitational wave (GW) alerts announced by the Advanced Laser Interferometer Gravitational Wave Observatory and the
Advanced Virgo detector during the O3 period. We provide the observational strategy for follow-up of GW alerts and provide
an overview of the processing and analysis of candidate optical/UV sources. For the O3 period, we also provide a statistical
overview and report on serendipitous sources discovered by Swift/UVOT. Swift followed 18 GW candidate alerts, with UVOT
observing a total of 424 deg2. We found 27 sources that changed in magnitude at the 3σ level compared with archival u- or
g-band catalogued values. Swift/UVOT also followed up a further 13 sources reported by other facilities during the O3 period.
Using catalogue information, we divided these 40 sources into five initial classifications: 11 candidate active galactic nuclei
(AGNs)/quasars, three cataclysmic variables (CVs), nine supernovae, 11 unidentified sources that had archival photometry, and
six uncatalogued sources for which no archival photometry was available. We have no strong evidence to identify any of these
transients as counterparts to the GW events. The 17 unclassified sources are likely a mix of AGN and a class of fast-evolving
transient, and one source may be a CV.

Key words: gravitational waves – ultraviolet: general.

1 INTRODUCTION

The detection of the electromagnetic (EM) counterpart to gravi-
tational wave (GW) event GW170817 (e.g. Abbott et al. 2017a,
b; Coulter et al. 2017; Evans et al. 2017; Goldstein et al. 2017)
marked our entry into the era of GW–EM multimessenger astronomy.
With observations by a large number of dedicated telescopes and
follow-up programs1 such as were implemented at the Neil Gehrels
Swift Observatory (henceforth Swift; Gehrels et al. 2004), we expect
routine detection of astrophysical sources in both gravitational
and electromagnetic waves. A variety of astrophysical phenomena
are expected to produce GW signals, including compact binary
coalescence (CBC, the coalescence of e.g. binary black hole, BBH;
binary neutron stars, BNS; or black hole–neutron star, BH–NS),
core-collapse supernovae (CCSN), and magnetar flares (e.g Abbott
et al. 2009). The detection of GW signals together with their EM

� E-mail: sroates@star.sr.bham.ac.uk
1To gain an idea of the number and breadth of EM facilities following GW
events, we refer the reader to Abbott et al. (2017b), which summarizes the
EM follow-up of GW170817.

counterparts is important as it enables a more complete picture
of astrophysical phenomena to be formed. Indeed, a breakthrough
occurred when the first BNS GW event was detected, GW170817
(Abbott et al. 2017b, a). Associated with this GW event was a
weak short gamma-ray burst (GRB) 170817A detected by the Fermi
and Integral satellites (e.g Goldstein et al. 2017; Savchenko et al.
2017) and a bright kilonova (KN; AT2017gfo; e.g Andreoni et al.
2017; Arcavi et al. 2017; Chornock et al. 2017; Coulter et al. 2017;
Cowperthwaite et al. 2017; Dı́az et al. 2017; Drout et al. 2017; Evans
et al. 2017; Fong et al. 2017; Gall et al. 2017; Hu et al. 2017; Kasliwal
et al. 2017; Lipunov et al. 2017; McCully et al. 2017; Nicholl et al.
2017; Pian et al. 2017; Shappee et al. 2017; Smartt et al. 2017;
Soares-Santos et al. 2017; Tanvir et al. 2017; Utsumi et al. 2017;
Valenti et al. 2017; Villar et al. 2017; Pozanenko et al. 2018; Villar
et al. 2018). Days after the GW/GRB event, an X-ray and radio
counterpart emerged, which suggested that the origin was off-axis
GRB afterglow emission (e.g Hallinan et al. 2017; Margutti et al.
2017; Troja et al. 2017). The association of the EM counterpart of
GW170817 to the host galaxy NGC 4993 allowed the first application
of GWs as standard sirens, measuring the Hubble Parameter using the
distance information from the GW signal and the redshift information
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from the EM signal (e.g Abbott et al. 2017a, c; Guidorzi et al. 2017;
Palmese et al. 2017; Cantiello et al. 2018; Lee, Kang & Im 2018;
Hotokezaka et al. 2019).

On 2019 April 1, the Advanced Laser Interferometer Gravitational
Wave Observatory (LIGO; LIGO Scientific Collaboration; Aasi et al.
2015) and the Advanced Virgo detector (Virgo; the Virgo Scientific
Collaboration; Acernese et al. 2015) began the third observing run
(‘O3’) in search of GW events (The LIGO Scientific Collaboration
and the Virgo Collaboration. 2019).2 O3 was divided into two
segments of 6 months each, separated by a month break: O3a and
O3b. O3b was expected to officially end on 2020 April 30 but was
cut short a month early due to the COVID-19 pandemic. One notable
difference between this run and previous runs was the public release
of GW alerts; in O1 and O2, the alerts were released only to the EM
follow-up partners. GW triggers detected by the LIGO Scientific
Collaboration and Virgo Collaboration (LVC) are assigned several
parameters, including a false alarm rate (FAR; characterizing the
frequency at which noise with the same strength as the signal is
expected to arise), whether the detected signal arose from a CBC or
an unmodelled burst, and (for CBC triggers) the estimated distance of
the merger and the masses3 of the initial compact objects. Automated
preliminary notices are announced through Gamma-ray Coordinates
Network (GCN) Notices4 when analysis results in a FAR of less
than 1 per 10 months or 1 per 4 yr for CBC and unmodelled burst
searches, respectively. These notices are quickly followed up with a
GCN Circular, released after human vetting, that provides either a
confirmation of the GW alert, with an updated sky localization and
source classification, or a retraction.5

Swift was designed specifically to detect and follow up GRBs.
However, in the last few years, Swift has increasingly been used to
explore a wide range of transient astrophysical phenomena, including
the search for the EM counterpart to GW alerts. Swift houses three
instruments: the Burst Alert Telescope (BAT; 15–350 keV; Barthelmy
et al. 2005), the X-ray telescope (XRT; 0.2–10 keV; Burrows et al.
2005), and the Ultra-violet/optical Telescope (UVOT; 1600–8000 Å;
Roming et al. 2005). The large field of view of the BAT, 1.4 sr
(50 per cent coded), enables it to continuously view the sky and
alert the spacecraft to new gamma-ray transient events such as
GRBs. Once a new transient has been discovered, Swift rapidly
slews to enable the two narrow-field instruments to observe the error
region. The XRT is a focusing instrument with a peak effective area
of 110 cm2 at 1.5 keV and a roughly circular field of view with
radius 11.8 arcmin. The UVOT has six optical/UV filters covering
1600–6240 Å and a white filter covering 1600–8000 Å, with a peak
effective area of 50 cm2 in the u-band. The UVOT field of view is
17 × 17 arcmin. Chasing the EM counterpart to a GW alert is in
general difficult due to the large uncertainty in the location of these
events on the sky; the probability regions released by LIGO–Virgo
during O3 ranged from tens to thousands of square degrees. Swift
has an advantage in the chase for the EM counterparts as it can
respond quickly, commencing observations within a couple of hours
of the GW alert, and can observe large portions of the sky within
24 h (Evans et al. 2016b; Klingler et al. 2019; Page et al. 2020).

2On the 2020 February 25, KAGRA commenced science observations, offi-
cially joining the international network of GW detectors (Kagra Collaboration
2019).
3The mass estimates of the binary components were not released in the initial
announcements.
4https://gcn.gsfc.nasa.gov/
5https://emfollow.docs.ligo.org/userguide/index.html

Swift has already shown its importance with the detection of the UV
counterpart to the GW trigger 170817 by UVOT (Evans et al. 2017).
BNS mergers are expected to be accompanied by a KN; red, thermal
emission, produced when the ejected material, rich in neutrons,
forms heavy elements through rapid neutron capture (r-process)
nucleosynthesis (e.g. Lattimer & Schramm 1974; Li & Paczyński
1998; Metzger et al. 2010; Barnes & Kasen 2013; Rosswog et al.
2014; Chornock et al. 2017; Cowperthwaite et al. 2017; Drout et al.
2017; Kasliwal et al. 2017; McCully et al. 2017; Nicholl et al. 2017;
Shappee et al. 2017; Smartt et al. 2017; Tanvir et al. 2017; Utsumi
et al. 2017; Villar et al. 2017) and subsequently decays radioactively.
High-opacity lanthanide-rich ejecta produced during the merger is
expected to suppress UV and optical emission. The discovery of
the UV counterpart provided the first evidence for a lanthanide-poor
wind producing this blue emission (Andreoni et al. 2017; Arcavi
et al. 2017; Chornock et al. 2017; Cowperthwaite et al. 2017; Dı́az
et al. 2017; Drout et al. 2017; Evans et al. 2017; Kasliwal et al. 2017;
McCully et al. 2017; Nicholl et al. 2017; Pian et al. 2017; Smartt
et al. 2017; Shappee et al. 2017; Tanvir et al. 2017; Valenti et al.
2017; Villar et al. 2017).

EM radiation is expected to be produced for both BNS and BH–
NS mergers, but the emission characteristics depend on the geometry
of the system. If the viewer lies close to the axis of rotation, then
we expect to observe a short GRB (Eichler et al. 1989; Narayan,
Paczynski & Piran 1992). The KN component is expected to be
more isotropic (observed over all angles; Li & Paczyński 1998;
Metzger et al. 2010). On the other hand, BBH mergers are not
typically expected to produce EM radiation (Metzger 2019) but there
have been predictions of EM radiation under certain circumstances,
such as if accreting circumstellar material is present (see Perna,
Lazzati & Farr 2019, and references therein). Graham et al. (2020)
proposed the discovery of an optical EM counterpart of a BBH
merger, GW190521g (Abbott et al. 2020d). For this event, the EM
emission is thought to originate from the kicked BBH merger in the
accretion disc of an active galactic nucleus (AGN).

There is a large diversity expected in the observed KN (Li &
Paczyński 1998; Metzger 2019; Kawaguchi, Shibata & Tanaka
2020). The KN emission depends strongly on the properties of
the ejecta (e.g. mass, density, and composition; Just et al. 2015),
which in turn depend on the properties of the binary components
(the type of merger, their masses and spins; Metzger, Thompson &
Quataert 2018; Metzger 2019; Kawaguchi et al. 2020). The fate
of the system post-merger also strongly affects the expected KN
emission. Different KNe are expected in the BNS scenarios where
the merger directly collapses to a BH, has an intermediate phase
as a super/hypermassive NS, or leaves a stable NS. In the BH–NS
scenario, different KNe are expected if the NS is swallowed whole
or tidally disrupted (Kawaguchi et al. 2020). The observer’s viewing
angle may also affect the colours and luminosity of the observed
KN emission (Wollaeger et al. 2018; Metzger 2019; Korobkin et al.
2021). Magnetic fields may also affect the observed emission, for
instance, by enhancing winds producing the blue emission (Metzger
et al. 2018) or through magnetic spin-down of a highly magnetized
NS (Metzger & Piro 2014).

As AT2017gfo/GRB170817A is the only secure detection of an
EM counterpart to a CBC trigger so far, each additional detection is
important to further our understanding of CBCs. Studies of additional
events will be crucial in gaining clear constraints on the actual range
in behaviour/properties. Swift/UVOT is the only instrument that
can provide prompt UV observations, which is critical in forming
a complete picture of the EM emission associated with a GW
event.
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In this paper, we discuss the Swift/UVOT GW pipeline and the
follow-up of GW alerts during O3. One effect of scanning vast areas
of the sky for the EM counterpart is discovering a multitude of
transient phenomena that are not necessarily related to the GW itself,
and we summarize these optical transients found serendipitously
during O3 in this paper. For a corresponding analysis on the X-ray
observations, we refer the reader to the companion paper by Page
et al. (2020), which presents the corresponding X-ray data from Swift.
For details on the CBCs GW events observed by LIGO and Virgo
during O3a (the first half of the O3 period), see the Gravitational-
Wave Transient Catalog (GWTC-2; Abbott et al. 2020c). In Section 2,
we briefly review the Swift strategy for follow-up of GW alerts and
give an overview of the UVOT candidate identification pipeline. In
Section 3, we provide a summary of the Swift/UVOT GW follow-
up effort during the O3 period. Finally, in Section 4 we discuss
the sources of interest found by Swift/UVOT during the follow-
up of GW alerts in the O3 period and discuss the importance of
Swift/UVOT in the EM follow-up of GW events. We conclude in
Section 5. All uncertainties throughout this paper are quoted at
1σ unless otherwise stated. Throughout, we assume the Hubble
parameter H0 = 70 km s−1 Mpc−1 and density parameters �� =
0.7 and �m = 0.3. All magnitudes are given in the AB system unless
otherwise stated.

2 SWIFT AND FOLLOW-UP OF
GRAVITATIONAL WAVE SOURCES

In the ideal scenario, when GWs are emitted by merging objects, a
short GRB will also be produced, which triggers the usual response
by Swift. For this to occur, the merger should be a BNS or BH–NS, and
the Earth should lie along or close to the rotation angle of the merger.
However, the opening angles of the jets are expected to be narrow,
between 3◦ and 8◦ (Burrows et al. 2006; Fong et al. 2015; Troja
et al. 2016; Jin et al. 2018). If the jet is characterized by an angular
structure, as seen in GW170817 (e.g Haggard et al. 2017; Hallinan
et al. 2017; Margutti et al. 2017; Alexander et al. 2018; Lyman
et al. 2018; Mooley et al. 2018; Fong et al. 2019; Ghirlanda et al.
2019; Hajela et al. 2019; Lamb et al. 2019; Troja et al. 2019, 2020),
then its prompt emission could be detected for even larger viewing
angles. The chance of Swift/BAT detecting the γ -ray emission from
the short GRB resulting from the merger of a BNS or BH–NS
detected by LIGO-Virgo is still very small (≈ 0.2 yr−1; Dichiara
et al. 2020). This rate becomes approximately 3 times higher with
Gamma-ray Urgent Archiver for Novel Opportunities (GUANO)-
targeted searches (see Tohuvavohu et al. 2020, and DeLaunay &
Tohuvavohu, in preparation). FortunTately, the scheduling of Swift is
highly flexible and responsive. Once a GW alert has been received, it
can respond in a matter of hours to cover substantial portions of the
GW error region with the XRT and UVOT in relatively short amounts
of time in order to detect any accompanying X-ray and optical/UV
emission (see Evans et al. 2016b; Klingler et al. 2019; Page et al.
2020).

2.1 Swift observing strategy

The longer lived EM counterpart to a GW alert (expected to be
associated with a BNS or BH–NS trigger, e.g. a KN or GRB) is
likely to be produced at X-ray and longer wavelengths. Therefore,
the Swift observing strategy is optimized for follow-up with the XRT
and UVOT instruments. This strategy was described in detail by
Evans et al. (2016a, b), but we provide a summary here. Since the
XRT and UVOT have narrow fields of view and the error region of

a GW alert may cover many square degrees, many pointings (tiles)
must be used to cover even a fraction of the probability region.
Even with tiling, the majority of the error circle may not be covered
within a reasonable time. Therefore, it is essential to try and place
further constraints to prioritize regions of the sky within the GW
error region. Since CBCs are expected to occur in or near galaxies,
a reasonable strategy is to convolve the LVC probability region and
the distance of the GW trigger with a galaxy catalogue (see section
3.2 of Evans et al. 2016b, 2019a, for further details). We use one of
two catalogues: the 2MASS Photometric Redshift catalogue (2MPZ;
Bilicki et al. 2014) or the Gravitational Wave Galaxy Catalogue
(GWGC; White, Daw & Dhillon 2011). The GWGC catalogue is
more complete compared to the 2MPZ for nearby distances (for
further discussion, see Evans et al. 2016b). Therefore, we convolve
the LVC probability region and the distance of the GW trigger with
GWGC if the GW event is <80 Mpc and with 2MPZ if the GW event
is >80 Mpc. Historically, the observing strategy was optimized to
enable the greatest coverage with the XRT. This meant that some of
the probability region, potentially containing host galaxies, would
not fall within the UVOT field of view. However, UVOT proved
to be an important discovery instrument with the UV detection of
AT2017gfo (Evans et al. 2017). Therefore, a change was made to the
observing strategy before the start of O3. The strategy was adjusted
so that galaxies with a high probability of being the host will fall
entirely within the UVOT field of view (Klingler et al. 2019).

2.1.1 Strategy for activating Swift follow-up of GW events during
O3

Once a convolved probability map6 is created, a decision can be made
on whether to follow up a given GW alert. This is based on the trigger
type, the FAR, and how much of the error region Swift can cover
within 1 d. This essentially implies that Swift observes, primarily,
events that are well localized and have a high chance of producing
EM radiation, e.g. BNS merger (Evans et al. 2016b, a; Klingler
et al. 2019). This strategy implicitly includes distance because the
area to be tiled for nearby events will be reduced due to the galaxy
convolution. Midway through the O3 period, the triggering strategy
was modified to consider the probability that the trigger could have a
terrestrial origin and to place stronger weight on those events where
an NS is likely to have been disrupted and therefore likely to produce
an EM counterpart. We summarize this updated strategy in the rest
of this section. For a comparison of the strategy implemented in the
O3a and O3b phases, see Page et al. (2020).

Unmodelled triggers do not require a well-known or accurate
waveform model. Unmodelled triggers may be a range of transients:
CBCs, CCSN, neutron star quakes, and other phenomena that may be
more exotic such as cosmic strings (Abbott et al. 2009; Lynch et al.
2017). For unmodelled triggers for which the GW central frequency
is >1 Hz, these events may be Galactic in origin7 and we follow all
events. If the GW signal of the unmodelled trigger is <1 Hz, these

6The convolved map is created from the LIGO–Virgo probability map and
the galaxy catalogue.
7Since the power needed to create a GW signal goes as the square of the
frequency, then to generate a high-frequency signal the object must either be
nearby or have a lot of mass from which to generate the GW radiation strong
enough to trigger LIGO–Virgo. However, with a larger mass we generally get
lower frequencies (i.e. orbital periods are longer). Therefore, the most likely
source of a high-frequency trigger is a very nearby stellar object, i.e. Galactic
(Veitch, private communication).
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are unknown, perhaps exotic objects. These events are followed only
if we expect to obtain reasonable coverage, or there has been an
announcement of the detection of a counterpart.

The strategy for follow-up of CBC triggers is split depending on
the probability of containing a disrupted NS (DNS). The probability
is determined using the following: PDNS = PNS∗(1 − PTERRES) −
PBHNS + PREMNANT∗PBHNS where PNS is the LVC probability that
the event contains an NS, PTERRES is the probability that the event
is terrestrial in origin (e.g. noise), and PBHNS is the probability that
the event is a BH–NS merger. For each trigger, PNS, PTERRES, PBHNS,
and PREMNANT are taken from the relevant GCN notice sent by the
LVC. For BH–NS triggers, the PREMNANT field indicates how likely
a remnant is, so we include the chance, PREMNANT∗PBHNS. In this
instance, PDNS = 1 implies that an NS was disrupted and 0 implies
that no NS was disrupted. The decision tree was set the following
way: Swift would follow up an event only in the following cases:

1. For burst (unmodelled) triggers:
(a) if ≥1 kHz;
or (b) if <1 kHz and FAR <1/yr and well localized (50 per cent

of the probability, post-galaxy convolution, is observable by XRT
within 24 h).

2. For CBC triggers:
(a) if PDNS = 0, FAR <1/10 yr and 50 per cent of the probability,

post-galaxy convolution, is observable by XRT within 24 h;
or (b) if 0 < PDNS ≤ 0.25, FAR <1/10 yr and 50 per cent of the

probability, post-galaxy convolution, is observable by XRT within
24 h;

or (c) if 0.25 < PDNS ≤ 0.7 and >40 per cent of the probability,
post-galaxy convolution, is observable by XRT within 24 h;

or (d) if PDNS > 0.7 and >10 per cent of the probability, post-galaxy
convolution, is observable by XRT within 24 h.

These thresholds are set to optimize the balance between the time
Swift dedicates to GW follow-up and the potential science return.
CBC trigger types (a) and (b) typically will correspond to a BBH
merger or BH–NS whereby the NS is not disrupted and may have
been swallowed whole. In these cases, the expectation of observing an
EM counterpart is low, but the science return is high if any emission
were to be detected (e.g Metzger 2019; McKernan et al. 2019; Perna
et al. 2019; Shibata & Hotokezaka 2019). In the cases where no EM
emission is detected, but there is good coverage of the probability
region, useful constraints can be placed on the expected emission.
CBC trigger types (c) and (d) will typically correspond to a BNS or
BH–NS merger whereby the NS is likely disrupted. In these cases,
the expectation of observing an EM counterpart is higher. It is worth
following these events even if only a low percentage of the post-
galaxy convolution is observable by XRT within 24 h.

2.1.2 Swift strategy for observing GW events

Once a decision has been made to activate Swift follow-up of a GW
event, the appropriate observational strategy is decided. This strategy
remained the same for all trigger types until the midpoint of O3 (see
Evans et al. 2016b; Klingler et al. 2019; Page et al. 2020). For the
different cases of unmodelled and CBC triggers described above
(Section 2.1.1), the strategy after the O3 midpoint is as follows:

1. For burst (unmodelled) triggers:
(a) Convolve LVC probability map with Galactic plane and then

observe fields for 80 s each.8 Once complete, re-observe all fields for

8The actual exposure time is slightly less due to the spacecraft slewing to the
target, and ramp up of the photocathode in UVOT.

80 s. Keep repeating, stop only when a counterpart is found or 4 d
have passed.

(b) Observe 800 fields or 90 per cent of the galaxy-convolved
probability (whichever is smaller) for 80 s each. If possible, repeat
observations in the same field for up to 3 d. Then, observe 500 s per
field until all fields are re-observed or 4 d of these observations have
been completed.

2. For CBC triggers:
(a) Follow for 24 h. If 90 per cent of the (post-galaxy convolution)

probability can be observed in 48 h, then follow for 48 h.
(b) Observe 500 s per field for 4 d or until 90 per cent of the

probability has been covered (whichever comes first). Do not start
until 12 h after the LVC trigger time.

(c) and (d) The same strategy as for burst (unmodelled) type (b)
triggers.

The CBC (b) mergers have a low probability of containing a DNS.
These triggers are likely to be BBH mergers. BBH mergers are not
expected to produce EM emission immediately after the trigger (if at
all), and so the start of observations is delayed by 12 h. The majority
of observations performed by the UVOT are with the u filter. This
filter has the largest throughput after the white and b filters but is
bluer than is typically performed by ground-based telescopes. In
around 10 per cent of tiles, a less sensitive filter (e.g. uvw1) or the
blocked filter is used to avoid damage to the instrument due to bright
stars/fields.

2.1.3 Swift/UVOT archival coverage

The Swift/UVOT archive covers 15.3 per cent of the sky. In the u
band, observations cover 8.4 per cent of the sky. Due to the vast error
region of the LIGO–Virgo triggers, the likelihood of there being
an archival UVOT image is small. There is a concerted effort to
build an archive of local galaxies out to 100 Mpc with UVOT to
have a template comparison image in the event of a nearby GW alert.
The Swift Gravitational Wave Galaxy Survey (SGWGS; Tohuvavohu
et al., in preparation) is presently observing 4773 fields, which
comprise 13 000 galaxies. The survey will cover 41.8 per cent of
all the catalogued B-band luminosity within 100 Mpc. However, the
survey is optimized for the XRT, which has a larger field of view than
the UVOT. Therefore, only 76 per cent of the galaxies are expected
to be within the UVOT field of view. Once complete, it is expected
that per GW alert with 60−100 deg2 error region, on average, the
brightest 10 galaxies in the error region will have archival images for
comparison.

2.2 UVOT GW pipeline

The UVOT GW pipeline uses the standard output files produced
by the processing pipeline at the Swift Data Centre (SDC),9 which
processes all Swift data. The UVOT GW processing pipeline is
alerted when a new tiling observation has been processed by the
SDC and is available at the SDC Quick Look website.10 Data
from that tile (a sequence) is downloaded to a Unix workstation at
GSFC’s Astrophysics Science Division, and the UVOT sky images
are searched to identify new transient sources that might be the
counterpart to the GW event. For each observation, the ‘best’ UVOT
image is chosen (for the vast majority of tilings during the O3 period
UVOT produced a single u-band exposure per tile) and the ftool

9https://swift.gsfc.nasa.gov/sdc/
10https://swift.gsfc.nasa.gov/sdc/ql/
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Table 1. Description of the flags given to thumbnails images created for
individual UVOT and XRT sources.

Quality Flag Description

Q0 A UVOT source that passes all the quality checks and is
brighter than 19.9 mag.

Q1 A UVOT source that passes all the quality checks but is
fainter than 19.9 mag. There is no magnitude limit for Q1

sources as long as uvotdetect finds them.a

Q2 A Q0 source but with a match to a catalogued object.
Matching parameters: within an angular distance of 2.5

arcsec and catalogue magnitude within 2 magnitudes of the
UVOT object.

Q3 A Q1 source but with a match to a catalogued object.
Matching parameters: within an angular distance of 2.5

arcsec and catalogue magnitude within 2 magnitudes of the
UVOT object.

Other Flag Description
2uvot Q0 UVOT sources with images of current and archival

UVOT exposures if available.
gal GLADE galaxies detected in UVOT.
xrt XRT counterparts flagged as rank 1 or rank 2 located with a

UVOT image.

aUVOTDETECT uses a threshold of 2.0 standard deviations above the noise.

UVOTDETECT (based on SEXTRACTOR, Bertin & Arnouts 1996) is run
for that exposure. All the sources found are run through a series
of checks to determine if they are likely to be previously known
sources, extended sources, or sources due to image artefacts. The
checks include comparing the position to that of sources in the
USNO-B1.0 Catalog (Monet et al. 2003) and the HST Guide Star
Catalog II (Lasker et al. 2008), comparing the size of the major
and minor axes of the source with that expected for a point source,
and nearness to other bright UVOT sources. Sources due to image
artefacts are avoided by comparing the position to those expected for
read-out streaks and smoke rings (Breeveld et al. 2011; Page et al.
2014). Sources that pass all these initial tests are then further checked
against the Gaia Catalog DR2 (Gaia Collaboration 2018) and the
Minor Planet Checker11. Every source found by UVOTDETECT is
assigned a Quality Flag based on the results of these checks. Sources
deemed more likely to be real transients are assigned lower numbers;
sources that pass all the checks are assigned a flag of 0 or 1 depending
on their magnitude, referred to as Q0 or Q1 sources, respectively.
Sources dimmer than a magnitude of 19.9 (a conservative sensitivity
limit to obtain a signal to noise of >5 in the ∼80-s tiling observations)
are assigned a value of 1.

The pipeline reliably finds new sources if they are isolated from
existing sources and not affected by the defects in the UVOT images
caused by very bright sources. However, it also produces some false
detections because of the large number of UVOT sources that have
to be evaluated. Consequently, the pipeline produces small images
(thumbnails) for all Q0 and Q1 sources. The thumbnails allow
scientists to evaluate the reliability of possible UVOT counterparts
quickly. Each thumbnail has an associated flag giving the quality
rating or identifying why the thumbnail was produced. The complete
set of thumbnail identifiers is described in Table 1. Since the source-
finding software (UVOTDETECT) sometimes misses new sources
within extended sources such as nearby galaxies, thumbnails are
produced for nearby galaxies reported in the GLADE catalogue

11https://cgi.minorplanetcent.net/cgi-bin/checkmp.cgi

(v2.3; Dálya et al. 2018)12 that are observed with UVOT. Thumbnails
are also produced for XRT counterparts categorized as rank 1 or
rank 2 sources.13Also, if a Q0 source has an archival Swift/UVOT
SGWGS image, a thumbnail with the quality flag ‘2uvot’ is produced,
enabling like-for-like comparison. Thumbnails were, however, not
produced automatically for other archival UVOT images but were
downloaded and examined during manual inspection of candidate
sources. Thumbnails were also not created for sources flagged as Q2
or Q3. These are considered to be known sources.

The UVOT pipeline was modified and improved several times
during O3 to reduce the number of thumbnails to check and avoid
missing faint sources that may be the GW counterpart. Thumbnails
for Q1 sources were added from 2019 mid-July onwards. At the
same time, thumbnails for uvw1 images ceased to be produced as
these images were found to contain a high number of false sources.

For a typical Swift follow-up of a GW error region covering tens of
deg2, the pipeline produces on average 2000–3000 thumbnails. The
majority are thumbnails of galaxies, identified by the quality flag
‘gal’. Approximately 100–200 thumbnails have other quality flags
such as Q0 and Q1. During O3, UVOT performed 6441 observations
and the pipeline created 18 459 thumbnails.

2.2.1 Candidate inspection

The thumbnails produced by the pipeline for each tile must be
visually inspected to verify candidate counterparts before they are
released to the community. Candidate inspection is important because
scattered light artefacts (Page et al. 2014), which are inherently
difficult to predict, may be misidentified as Q0 or Q1 sources.
Those that are identified by eye as due to scattered light are rejected.
We have newly identified a rare scattered light artefact through the
manual inspection of candidates, which we label as ‘ghost’. These
sources are small (a few arcsec in diameter) point-like or smudge-
like sources that appear on images where there is a bright source
in the field of view, which produces strong scattered light features.
The ghosts are likely a result of secondary reflections within the
instrument. Ghosts are not expected to be produced by bright stars
outside the UVOT field of view (FOV). Stars outside the FOV are
instead expected to produce streaks, as observed in XMM–Newton–
OM, but this is mitigated in UVOT by the housing. In Fig. 1, we
show examples of Q0 and Q1 sources in both short (∼80 s) and long
(∼500 s) exposures, identified as astrophysical sources and ghosts. In
the examples of images containing ghosts, the ghosts are more diffuse
than the neighbouring astrophysical sources and are less bright than
sources of a similar dimension. Since only a handful of these artefacts
have been identified, we are not yet able to automatically exclude
these sources, and as such, these need to be manually rejected. A
check is also made for any nearby high proper motion sources to
ensure that the candidate is a new source and not an existing known
source that has moved.

To look for changes in brightness in the galaxy thumbnails,
difference imaging should ideally be performed. However, for the
UVOT, there are only a small number of archival u-band UVOT im-
ages. Therefore, the thumbnails of galaxies are manually scrutinized

12The GLADE catalogue was favoured as it was more complete than other
galaxy catalogues; see fig. 4, Dálya et al. (2018).
13Rank 1 and rank 2 sources meet the criteria if they are uncatalogued and
at least 5σ and 3σ , respectively, above the 3σ upper limit from RASS or
1SXPS, or a known X-ray source which is 5σ or 3σ above the catalogued
flux.
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Figure 1. Examples of Q0 (left) and Q1 (right) sources. The top panels are identified as confirmed astrophysical sources, while the bottom panels are ghosts.
The ghosts are scattered light features that result from secondary reflections within UVOT when there is a bright source in the field of view. The red circle
indicates the location of the Q0 or Q1 source on the image. A zoom-in is provided in the insert. For the ghosts, the origin of this scattered light feature is likely
the brightest source on the opposite side of the image.

for changes in brightness or any new point sources by manually
comparing with the archival UVOT image if available or the DSS
image.

The positions of any candidates remaining after these initial
checks are cross-checked against additional archival catalogues and
images (e.g. using the VizieR facility at the CDS; Ochsenbein,
Bauer & Marcout 2000), including checks against the GALEX
archive (Bianchi, Conti & Shiao 2014) to determine if the source
is of astrophysical interest. Sources that are of immediate interest
to the astronomical community, once manually vetted, are released
through the GCN network. In this paper, we summarize all sources of
interest that, upon manual inspection, are new sources or have a 3σ

increase in brightness compared to historical values. Some of these
sources were deemed to be of immediate interest to the GW–EM
community and were reported via GCN circulars.

2.3 UVOT data analysis

All images were downloaded from the Swift data archive.14 To
determine the magnitude of a source, we use the following method. If
the source is below 0.5 counts/s (c/s) and its position is known, either
because it was identified by another facility or an known catalogued
UV/optical/nIR source was present, we used a circular region with
a 3-arcsec radius. In all other instances, we use a 5-arcsec radius. In
order to be consistent with the UVOT calibration (Poole et al. 2008),
count rates extracted with a 3-arcsec region were then corrected to
5 arcsec using the curve of growth contained in the Swift calibration
files.15 Background counts were extracted using an annular region of

14https://www.swift.ac.uk/archive/index.php
15https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/
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