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Swift Follow-up of Gravitational Wave alerts
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Quality Flag  Description

@ i L QO a UVOT source that passes all the quality
W’ t I e I n e 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 Q=1 sources as long as

Each UVOT image is searched to identify new transient sources avotdetect finds them'.
that might be the counterpart to the GW event: e ey oo

lar distance of 2.5” and catalogue magnitude

. Source detection (uvotdetect -> sextractor) within 2 magnitudes of the UVOT object.
. . . Q3 a Q1 source but with a match to a catalogued
. Series of checks to determine if sources are known sources, object. Matching parameters: within an angu-

lar distance of 2.5" and catalogue magnitude
within 2 magnitudes of the UVOT object.
Other Flag Description
2uvot Q0 UVOT sources with images of current and

extended sources, or sources due to image artefacts
= Quality Flag assigned, QO is best

= Small thumbnail images created for manual inspection pl CEADE e e O
xrt XRT counterparts flagged as rank 1 or rank 2
Limited archival coverage (15.3% of the located with » UVOT image

sky, 8.4% in u-band)
= Swift Gravitational Wave Galaxy
Survey (SGWGS; Tohuvavohu et al., in prep):
= 13000 galaxies in 4773 fields

= per 60-100 deg?, the brightest
~ten galaxies in will have
archival images
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Swift Follow-up of during O3

18 events passed Swift follow-up criteria:

e 5 BBH mergers e 2 Mass Gap triggers
* 6 BNS mergers, e 2 unmodelled/burst triggers
e 3 BH-NS
GW trigger Swift ID Togw (UT) Swift obs. FAR (yr—1)2 Area® Distance® Number of Fraction of GW Unique Area  Number of GW Classification®
start time 90 per cent (Mpc) uvoT localization probability Tiled by thumbnails
(hrs) (deg?) Observations covered by UVOT UVOT (deg?)
S190412m 19 05:30:44 To+10.6 1.88 x 1019 156° 812 4 194P 100 0.12 6.59 287 BBH (> 99)
S$190425z 22 08:18:05 To+4.6 6.98 x 10* 7461 156 + 41 406 0.01 29.22 2773 BNS (> 99)
S190426¢ 23 15:21:55 To+2.4 1.63 1131 377 + 100 894 0.13 43.77 1008 BNS (24), MassGap (12),
Terrestrial (58), BH-NS (6), BBH (< 1)
S190510g 25 02:59:39 To+2.0 3.59 1166 227 +92 977 0.46 55.71 2836 Terrestrial (58), BNS (42)
S190718y 39 14:35:12 To+3.8 1.15 7246° 227 + 165 368 0.12 20.88 734 Terrestrial (98), BNS (2)
S190728q 42 06:45:11 To+12.7 1.25 x 1015 104 874+ 171 144 0.22 11.23 115 BBH (95), MassGap (5)
S190808aeR 43 22:21:21 To+3.4 1.06 53652 208 4 77° 36 <0.01 2.91 365 Terrestrial (57), BNS (43)
S190814bv 44 21:10:39 To+3.2 1.55 x 10%° 23 267 + 52 352 0.69 14.83 2488 BH-NS (> 99)
S190822¢R 46 01:29:59 To+2.0  5.16 x 109 2769> 35+ 10 37 <0.01 2.91 - BH-NS (> 99), Terrestrial (< 1)
S190930t 57 14:34:08 To+2.1 2.05 24220P 108 + 38P 746 0.02 50.06 2479 BH-NS (74), Terrestrial (26)
S191110afR 61 23:06:44 To+2.9 12.68 1261°¢ - 797 <0.01 87.81 55 Unmodelled transient candidate
S191213g 70 04:34:08 To+39.7 1.12 4480 201 + 81 4 <0.01 - 3 BNS (77), Terrestrial (23)
S191216ap 73 21:33:38 To+6.1 2.80 x 10'° 253 376 £ 70 113 0.02 8.01 190 BBH (99)
S200114f 82 02:08:18 To+1.8 25.84 403¢ - 206 0.22 15.53 183 Unmodelled transient candidate
S200115j 83 04:23:10 To+2.0 1513 765 340 £ 79 512 0.03 24.08 3266 Mass Gap (> 99)
S200213t 88 04:10:40 To+5.7 1.97 2326 201 + 80 9 <0.01 0.62 5 BNS (63), Terrestrial (37)
S5200224ca 90 22:22:34 Tp+6.1 1974 72 1575 + 322 670 0.62 46.17 1654 BBH (> 99)
S200225q 91 06:04:21 To+47.9 3.45 22 995 + 188 70 0.39 2.85 18 BBH (96), Terrestrial (4)
UNIVERSITYOF
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Swift/UVOT Sources of Interest

27 sources detected by UVOT:

e 3sigma brighter than
archival u (UVOT or other)
or g band magnitude

e 424 deg2observed in O3

e surface density of UV
transient sources <21.2
magag in U

» 0.064 deg

13 external sources followed

Total: 40 sources followed-up

Preliminary Classification:

11 candidate AGN/QSOs
3CVs

9 SNe

11 unidentified sources
6 uncatalogued sources

GW trigger  Source ID Position peak (u) magnitude Am Galactic Coordinates Classification
RA (deg) Dec (dec) mag (AB) mag longitude (deg) latitude (deg)
S190412m QO0_src10 223.91102  33.11029 20.324+0.28 1.8 53.12997 62.58951 candidate AGN
$5190412m QO_src28 192.35297 14.90385 20.16 £0.28 1.4 300.62138 77.76651 candidate AGN
5190412m QO0_src36 214.56987  31.35459 20.01+0.24 1.0 50.71475 70.62530 candidate AGN
5190425z QO0_src136 104.61515  -45.72216 19.39 +0.32 >0.9 255.76602 -17.90450 uncatalogued
S190425z QO0_src186 255.58000  -12.48562 18.74 +0.18 > 2.0 8.37740 17.43845 unidentified
5190718y Q1_src82 336.33604  -55.99178 20.424+0.16 0.7 (9) 334.92714 -51.07915 unidentified
S190814bv Ql_srch 13.27599 -25.38296 20.69 £0.16 0.9 (9) 135.10517 -88.21519 candidate AGN
S190814bv Q1_src49 11.34316  -24.46617 21.114+0.21 1.2 (g9) 95.44822 -87.00837 unidentified
S190814bv Q1_srch4 13.67442  -24.89507 21.334+0.17 0.9 (g9) 141.26939 -87.64981 unidentified
S190814bv Ql.srcll3 11.87052 -24.22461 20.96 £0.13 0.6 (g9) 105.65106 -86.96269 unidentified
5190930t Q1_src33 154.41967  34.98805 19.14+0.33 > 1.6 189.78742 56.36393 uncatalogued
$190930t QO0_src93 334.96599  -48.71116 19.48 +0.20 2.7 346.15130 -53.71314 unidentified
S191216ap QO_src147 322.0254 2.5390 17.35 +£0.08 4.4 55.82826 -32.77467 (6)Y%
5200114f QO0_src201 109.68957  19.74418 17.86 + 0.09 4.9 197.97713 14.69424 cvV
S200115j Ql.srcl 43.28997 10.15932 20.30 £ 0.28 4.0 (g9) 165.43650 -42.44842 unidentified
S200115j Q1_srcl2 36.20419 -6.08018 20.62 +0.20 1.8 173.67367 -59.41019 candidate AGN
S200115j Q1_src20 36.65736 -5.86179 20.66 +0.19 1.0 174.01048 -58.94003 candidate AGN
S200115j Q1 src28 40.37844 -1.37120 20.95 £ 0.30 0.9 173.26903 -53.12805 candidate AGN
S200115j Q1_src39 36.19785 -7.93239 20.84 +£0.24 6.5 176.28980 -60.72458 unidentified
S200115j Q1_src56 41.89143 5.44519 21.224+0.22 1.3 168.03668 -47.00212 unidentified
S200115j Q1_srch8 44.39037 12.77930 21.10£0.34 > 0.1 164.45950 -39.71253 uncatalogued
S200115j Q1_src62 36.57361 -5.49852 21.414+0.37 5.6 173.40794 -58.73583 unidentified
S200115j Q1._src78 40.32801 -2.86688 20.914+0.19 1.1 174.96031 -54.24006 candidate AGN
S200115j Q1_srcl06 36.84194 -2.89721 20.79 £0.27 0.9 170.49881 -56.63285 candidate AGN
5200224ca QO_src47 176.58794  -11.46508 19.64 +0.23 > 2.3 278.55108 48.30150 unidentified
5200224ca Q1_src40 173.27717 -2.44852 20.44 £0.34 0.7 267.30406 54.91160 candidate AGN
S200224ca Q1_src54 173.30543  -2.46977 20.06 +0.32 >14 267.36522 54.90807 uncatalogued
5190425z ZTF19aarykkb  258.34145  -9.96447 19.43+0.18 — 12.13348 16.55009 SN II
5190425z ZTF19aarzaod 262.79149  -8.45072 21.8240.30 - 15.84702 13.59514 SN II
S190425z PS19qp 255.32637 -7.00289 20.25 +£0.14 - 13.08283 20.65527 SN Ib/IIb
S190510g Cand-A09 223.56513 4.79320 17.11+£0.07 > 3.65 1.06508 53.19118 uncatalogued
S190728q ZTF19abjethn 326.39538 20.69054 16.41 +0.06 7.5 74.82150 -24.35470 Ccv
S190814bv AT20190sy 13.94583  -27.07583 22.76 +£0.33 - 210.07691 -89.03152 candidate AGN
5190930t ZTF19acbpqlh 319.92166  37.52207 20.39 £ 0.09 - 83.14669 -8.492955 SN II
S191213g ZTF19acykzsk 32.90454 34.04135 19.76 +0.23 - 141.34476 -25.94734 SN II
5191213g ZTF19acyldun 79.19999 -7.47871 19.40 +0.14 - 208.80094 -24.42263 SN IIn
S191213g ZTF19acymixu 90.91394 60.72825 > 21.09 - 153.11430 17.92000 SN Ia
S191213g PS19hgw 28.92475 31.41789 19.14 +£0.20 - 138.67292 -29.48205 SN IIb
5200213t ZTF20aamvmzj  27.18921 51.43048 20.08 £ 0.27 > 0.97 131.95909 -10.43382 uncatalogued
5200213t ZTF20aanakcd 8.15705 41.31573 * - 119.13951 -21.41749 SN IIn




Properties of the sources of interest

Oates et al 2021 submitted

17 7 — p/y
& ® AGN 4 uncatalogued / /
, * oV « . unidentified  , —
m SN * KN AT2017gfo / I/
i / / /7 &
18 A I, ‘:“ II
6 -
DY ot /
* 4 A4 /
Ly <y
5 $ N
* > N & i
194 &/ S/ Y
—~ * £ ,/ —a. 4 —
()]
g 4 % g ’ . / @ -8 ’ an 4
= ‘ 3 Il Q0_srco3 ,’ —h ,’ Q0_srco3
: % )/ / =
34 © 20 - —o
* a -9
l : / ¥ o
2 l 4 /7 Qg
b —_—r
o0 ‘ / —e e -
® AGN / 7 g
oy 211 / / B
1 .‘ $ * CV / / —_
* : P 4 uncatalogued II II — —*
# unidentified /7 /7
0- $ # KN AT2017gfo / ,/ -a
T T r T : 22 ~ T — T T T T
22 21 20 19 18 17 16 -145 -14.0 -135 -13.0 =125 -12.0 -115 -11.0
Peak u band magnitude (mag) Logarithmic XRT flux; (erg cm™2 s71)

9 UNIVERSITYOF
#S BIRMINGHAM




Archival light curves
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Archival colours

blue galaxies
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[ ]
Sources of interest summary :
* no evidence to identify any of the transients observed by UVOT in 03 as ']
counterparts to the GW events, consistent with others (e.g. Goldstein et al.
2019; Antier et al. 2020; Gompertz et al. 2020; Kasliwal 2020; Ohgami et al. 2021).
5 -
Preliminary Classification: 11 candidate AGN/QSOs, 3 CVs, 9 SNe, 11 * .
unidentified sources, 6 uncatalogued sources g 4 * 1
e Candidate AGN: observations support AGN origin. E
e afew of the candidate AGN in our sample display larger changes in ?]
magnitude >1 mag over a 10 years or more -> may be 4
“hypervariable' AGN (Lawrence et al., 2016). AGN
e Unidentified sources: 3 clusters .o
uncatalogued
1) likely AGN. unidentified
2) Two have fast decay rates (1.2 and >0.6 mag per day) and red archival 0- | . | L* & AIT2°179f°
colours -a class of fast-evolving transient (such as GRBs, KNe, fast- 22 21 20 19 18 17 16

. . u band magnitude (mag)
evolving CVs and novae, flare stars), the third may be a TDE.

3) Red archival colours. May also be a class of fast-evolving transient.
¢ Uncatalogued sources:

W9 UNIVERSITYOF e ZTF20aamvmzj is most likely a Type Il S)¥at a distance ~350 Mpc.
mmm BIRMINGHAM e Cand-A09 (Subaru; Ohgami et al., 2021) likely that this source is a CV.

e No strong conclusions for the 4 UVOT detected sources




Conclusions

Advantages of UVOT in GW followup:
e UV observations - important for understanding the properties of the kilonova
e Fast response by Swift (~1-2hrs)

e Less observing constraints compared to ground based facilities
e Simultaneous X-ray measurements of all sources

UVOT is performing a UV transient survey during GW follow-up
e finds 0.064 transient sources per deg? brighter than 21.2 magass in u
e no strong evidence for EM counterpart of GW event
e u-band transients are a mix of AGN, fast evolving transients, CVs
e one of the best ways to find rare classes of blue transients

Planned Improvements for O4 (planned start late 2022)
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