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Abstract: The Neil Gehrels Swift Observatory has proven to be an extraordinary supernova (SN)
observatory. The clearest application of Swift’s unique strengths is obtaining very early UV and
X-ray data of young SNe, which enables robust constraints on their progenitor systems. As part of a
year-long Swift Guest Investigator Key Project, we initiated a follow-up program to rapidly observe
all of the nearest (distance < 35 Mpc or roughly z < 0.008) extragalactic transients without waiting for
them to be spectroscopically classified as supernovae. Among the possible results were to measure
any UV-bright radiative cooling following the shock breakout from core-collapse SNe and shock
emission from the interaction of thermonuclear Type Ia SNe with a non-degenerate companion. Just
as importantly, uniformly following up and analyzing a significant sample can constrain the fraction
of events for which the shock emission is not seen. Here we present the UV and X-ray measurements
performed during our campaign. Our sample of 24 observed triggers included three SNe Ia, six SNe II,
three stripped-envelope, core-collapse SNe, five galactic transients, three extragalactic SN imposters,
and four unconfirmed transients. For our sample, the median delay time from the discovery image to
the first Swift image was 1.45 days. We tabulate the X-ray upper limits and find they are sufficiently
deep to have detected objects as X-ray luminous as GRB060218/SN2006aj. Other X-ray-detected SNe
such as SNe 2006bp, 2008D, and 2011dh would have been detectable in some of the observations. We
highlight the spectroscopically classified Type II SN 2018hna with UV-optical light curves indicating
a luminosity and flux evolution very similar to SN 1987A.

Keywords: time domain astronomy (2109); transient sources (1851); supernovae (1668); ultraviolet
astronomy(1736); ultraviolet Telescopes (1743); ultraviolet transient sources (1854); X-ray detectors
(1815); X-ray observatories (1819); X-ray telescopes (1825); X-ray transient sources (1852)

1. A Prompt, Volume-Limited Transient Follow-Up Program with Swift

The Neil Gehrels Swift Observatory [1] began observing SNe in 2005 [2]. Since then, it
has observed approximately 1000 SNe, including all major classes and subtypes (see [3]).
Most of those SNe were targets of a campaign to study the temporal evolution of the
UV flux with the Swift Ultraviolet/Optical Telescope (UVOT; [1,4]). Because they are
co-pointed, there is a comparable rise in the number of SNe observed in the X-rays with
Swift’s X-Ray Telescope (XRT; [5]). Though most SNe are not detected in X-rays, Swift
XRT has contributed significantly to the number of SNe with X-ray detections, as well as
significant limits on the X-ray production from many others (e.g., [6–10]). This explosion of
data represents an order of magnitude increase in the number of SNe observed in the UV
and X-ray compared to earlier missions.
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With a few notable exceptions—the GRB-SN 2006aj [11] and the shock breakout of
SN 2008D [12]—SNe are not routinely discovered in the Swift data. Swift supernova
observations rely on a SN being discovered by ground-based telescopes, announced, and
submitted as a Target of Opportunity (ToO) request to Swift. The one-by-one nature of
Swift ToOs tends to create a sample full of bias and selection effects as well as delay the
time of the first observation. Bright or peculiar objects are often immediately pounced on.
Fainter objects might be delayed while waiting for a spectroscopic classification to see if it
is the type in which a particular group is interested. Swift GI programs typically have a
narrow focus to observe SNe from a particular subclass or host galaxy type. For better or
worse, criteria for new targets have evolved with experience as we learn the UV brightness,
scientific utility, and observability of different SN types [13].

With modern, wide-field SN surveys such as the Palomar Transient Facility (PTF; [14,15]),
All Sky Automated Survey for SuperNovae (ASAS-SN; [16]), the Asteroid Terrestrial-impact
Last Alert System (ATLAS; [17]), the Distance-Less-Than 40 Mpc SN search (DLT40; [18]),
Catalina Real-Time Transient Survey [19], Gaia Science Alerts [20], the Young Supernova
Experiment (YSE; [21]), and the Zwicky Transient Facility (ZTF; [22]), in addition to individ-
uals and small teams’ diligent efforts (e.g., [23–25]), the whole visible sky is being covered
every few nights. That means that new, nearby transients are almost always brightening
above the limiting magnitude just a few days after explosion. For very nearby SNe, this
means a few days after explosion (see e.g., [26]). These developments made it timely to
pursue a rapid, type-blind follow-up campaign of all nearby SNe. An unbiased sample is
an important comparison with the bulk properties of the whole Swift sample.

Most critically, pursuing SNe immediately after discovery/announcement rather than
waiting for a spectroscopic type also narrows the gap between explosion and the first Swift
observation. Swift’s rapid response capability allows newly discovered SNe to be observed
within hours of announcement. This is important for SNe because the UV-bright shock
breakout of core-collapse SNe (e.g., [27]) or the expected UV flux from the interaction of
the ejecta from a SN Ia colliding with a companion star (e.g., [28,29]) will fade in just a
matter of days. Type II SNe begin very hot and UV-bright, but rapidly cool and fade [30,31].
Early observations of SN 2011fe showed how the constraints on the companion size are
weakened for every day of delay [32]. Swift’s fast response has led to unprecedented
early-time UV data.

Constraining Type Ia SN interactions and the shock breakouts of core-collapse SNe
motivated the depth of the observing program described in this paper. As shown in
Figure 1, an absolute magnitude of uvw1 ∼ −13 would detect all of the SNe Ia with UV
flux excesses and most of the early fading seen in stripped-envelope core-collapse SNe.
A modest combined exposure time of 3000 s using the UV-weighted UVOT mode 0x223f
gives a limiting magnitude of uvw1 ∼ 20. This results in a distance limit of ∼35 Mpc. The
proposed Swift Guest Investigator Key Project was over a two year period to observe every
extragalactic transient within 35 Mpc for three observations (with a daily cadence) for 3 ks.
One year was approved. This paper summarizes the results of that one-year project.
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Figure 1. Left panel: Absolute magnitudes of Swift Type Ia SNe in the near-UV uvw1 band and
the optical v band (accounting for distance but not reddening in the observations). Highlighted are
SN 2011fe and three candidates with an early UV excess (iPTF14atg: [33]; SN 2012cg: [34]; SN 2012ij:
found during the creation of SOUSA). Although solar-type main sequence stars are predicted to
be too faint to constrain, early Swift observations can rule out red giant and six solar mass main
sequence star companions. The upper and lower panels show how much more powerful the UV
is than the optical for constraining the companion from shock interaction. Right panel: Absolute
magnitudes of some stripped-envelope core-collapse SNe observed in the near-UV uvw1 band and
the optical v band (accounting for distance but not reddening in the observations) which appear
to show UV emission from a shock breakout or the subsequent adiabatic cooling. Only the objects
with the brightest UV shocks have detectable excesses in their early optical light curves. These plots
motivated the target magnitude of −13 in the uvw1 filter.

2. Swift Observations
2.1. Triggering on New Candidates

Newly discovered transients were monitored using e-mailed notifications of reports
and classifications from the Transient Name Server (TNS1). Observations were requested
for new transients if they met the 35 Mpc distance criteria. The resulting sample is dis-
tance limited but not distance complete; i.e., transients in the direction of the Sun would
not be discovered or followed up by this program. Distances were generally evaluated
based on the nearest galaxy with a redshift in the NASA Extragalactic Database (NED),
while SN 2018ilu was triggered because the spectroscopic redshift of the SN was given as
0.007 [35]. Two transients turned out to be more distant objects near a foreground galaxy
within our distance criteria, and at least three were galactic transients along the line of sight
to a nearby galaxy. This was preferred to missing objects or critical early observations.

Our goal was a distance-limited, unbiased–not necessarily pure–sample, so we trig-
gered (i.e., requested Swift ToO observations as part of this GI program) on an object if
it could be a young SN in a nearby galaxy. This resulted in observations of some objects
which were not young, nearby SNe. These are further discussed in Section 2.3.

Three observations of duration 3000 s each with a cadence of one day were requested as
part of this program. We requested UVOT mode 0x0270 for observations uploaded directly to
the spacecraft as an automatic target (AT) and 0x223f for observations that could be scheduled
in the pre-planned science timeline (PPST). UVOT mode 0x0270 executes the following
sequence of filters with the given exposure times, designed to use all six filters in a 1000 s
single-orbit snapshot with any extra time being used in the uvm2 filter: uvw1 (270 s), u (130 s),
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b (130 s), uvw2 (540 s), v (130 s), uvm2 (3000 s). This sequence would likely be repeated over
2-4 orbits in separate snapshots (limited by observing constraints and target priority) until the
requested observing time is completed. This mode is requested for AT observations because
most of the modes scale the exposure times in each filter based on the snapshot length which
may not be accurately known for an AT observation, resulting in missed filters if the snapshot
is shorter than the calculated time. Requested for pre-planned observations, UVOT mode
0x223f divides the observing time in each snapshot using the following sequence and ratios:
uvw1 (600), u (200), b (200), uvw2 (1000), v (200 s), uvm2 (1600). XRT observations used the
photon counting (PC) mode to create an image. For some of the objects, further observations
(beyond the pre-approved three) were requested by ourselves or others. The objects triggered
on and observed by Swift are tabulated in Table 1.

2.2. Time from Discovery to Swift Observation

The time delay between the explosion and the beginning of the Swift observation is
composed of several different actions which are controlled by different groups and have
different strategies to minimize. To give a snapshot in time of the responsiveness of Swift,
Table 1 includes the time of the discovery, and the times (in days) between the previous
non-detection (when reported) and the discovery, the discovery and the report to the
Transient Name Server (TNS), the time delay between the report and the ToO submission,
and the ToO submission and the beginning of the observation. The cadence of the survey
(or time between deep visits of different surveys) determines the maximum time between
the explosion being detectable and first being observed by a survey. The delay between the
time of the image in which the transient is discovered to the time it is reported requires
image processing, transient identification, and TNS submission. The time between the TNS
report and the Swift ToO submission in this program involved the PI or collaborator seeing
the e-mailed report, verifying the observability with Swift, and submitting the ToO form.
The Swift observation delay involves the receipt of the request by the Swift Observatory
Duty Scientist, approval of the PI, and the scheduling of the observation given observing
constraints and the existing Swift plan.

Figure 2 shows histograms of these different delay times, while Figure 3 shows time-
lines of those delays added together. As shown, the delays at each stage are comparable,
about 0.5 days. The largest obstacle that increases the (unknown) time delay between
explosion and observation is the time between observations to discover the SNe. This is
harder to quantify for this sample due to many of the previous non-detections not being
reported. Shortening the cadence between SN search visits, rapidly identifying new tran-
sients in those images, reporting them promptly, reducing the delay in submitting ToOs,
and uploading new targets to Swift are the means to shorten the total delay. When humans
are in the loop, the steps are most often delayed by the timing of work hours.

We focus here on the delay between the discovery and the Swift observations because
those have delays we can measure. The physically important parameter is the delay
between the SN explosion and the Swift observations. We do not know when the SNe
exploded, but the time delay between the previous non-detection and the discovery is
reported in Table 1. Recent non-detection puts a limit on the time since explosion, but
the lack thereof does not mean a transient is not young. Therefore, we did not use this as
criteria. A program focused solely on the youngest SNe, however, could have a constraint
on the last non-detection to require it to be young. This would be best done with forced
photometry from other surveys which might fill in the gap between the discovery image
and the last non-detection by the discovery survey.
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Figure 2. Top: Delay between the discovery image and the discovery report to TNS. The median
delay was 0.3 days and the average 0.8 days. Second: Delay between the discovery report and
the ToO submission time. The median delay was 0.5 days and the average 0.7 days. Third: Delay
between the ToO submission and the start of Swift observations. The median delay was 0.5 days and
the average 0.6 days. Bottom: The combined time delay from the discovery image to the first Swift
observation. The median total delay was 1.4 days and the average 2.0 days.



Universe 2023, 9, 218 6 of 18

Figure 3. Graphical display of the delays between discovery and observation. The median total
response time from discovery to Swift observation was 1.4 days and the average 2.0 days.

Table 1. Transient Targets Triggered on and Observed by Swift.

Name R.A. Decl. Discoverer Ref. a Non-Det b Optical Detection TNS c ToO d Obs e

(hh:mm:ss.ss) (dd:mm:ss.ss) (days) (m/d/year h:m:s) (days) (days) (days)

SN2018aoq 12:10:38.22 +39:23:47.87 LOSS [36] 2.98 04/01/2018 10:21:29 0.33 0.03 0.45
SN2018apl 13:45:03 −41:52:23 ASASSN [37] 6.05 04/03/2018 07:41:44 0.08 0.21 0.04
SN2018aoz 11:51:01.81 −28:44:38.69 DLT40 [38] 3.68 04/02/2018 07:24:57 0.005 1.62 1.64
AT2018avo 12:15:01.82 +33:10:38.40 Camarasa [25] 04/16/2018 22:08:43 0.56 0.18 0.59
SN2018bbl 22:56:54.58 −37:20:22.27 BOSS [39] 9.98 04/24/2018 03:54:13 1.20 0.51 0.26
AT2018bsk 12:28:51.62 −01:56:05.28 SNhunt [40] 22.97 05/16/2018 05:08:25 0.60 0.85 0.55
AT2018bvt 12:22:39.60 +06:40:01.92 SNhunt [41] 9.86 05/21/2018 04:06:53 0.64 0.66 0.12
AT2018bwo 00:14:01.72 −23:11:35.84 DLT40 [42] 6.58 05/22/2018 22:16:19 0.002 0.52 0.78
SN2018evk 23:15:45 +6:54:39.7 ATLAS [43] 1.975 08/08/2018 14:06:43 1.85 0.33 0.89
SN2018gwo 12:08:38.82 +68:46:44.47 Wiggins [23] 1.00 09/28/2018 02:41:31 0.04 0.50 2.30
SN2018hna 12 26 12.07 +58:18:50.8 Itagaki [24] 20.88 10/22/2018 19:33:07 0.07 0.23 0.48
AT2018hrg 01:09:26.32 +35:42:39.01 LOSS [44] 3.99 10/31/2018 08:54:27 0.94 0.29 0.26
AT2018hso 11:33:52 +53:07:07.42 ZTF [45] 0.05 10/31/2018 12:51:50 2.32 1.04 0.93
AT2018htr 00:14:07.96 −23:10:09.71 DLT40 [46] 2.95 11/03/2018 23:43:48 0.002 0.04 0.57
SN2018imf 12:42:41.39 +13:15:54.83 Itagaki [47] 105.38 11/14/2018 20:46:50 0.05 0.07 0.61
SN2018ilu 23:33:20.97 +04:48:34.74 ATLAS [48] 1.97 11/12/2018 08:48:28 1.67 1.72 0.44
SN2018ivc 02:42:41.28 −00:00:31.92 DLT40 [49] 4.96 11/24/2018 01:47:09 0.002 0.65 0.27
SN2018lei 02:33:34.40 −39:02:45.24 ASASSN [50] 4.31 12/31/2018 03:36:00 0.72 1.05 0.93
AT2019bl 07:04:35.67 +17:34:10.67 ATLAS [51] 1.97 01/02/2019 11:03:50 1.07 1.10 0.81
SN2019np 10:29:21.98 +29:30:38.30 Itagaki [52] 1.07 01/09/2019 15:57:35 0.20 0.10 0.72
SN2019yz 15:41:57.30 +00:42:39.45 ZTF [53] 9.97 01/20/2019 12:23:02 3.27 0.83 0.10
AT2019abn 13:29:42 +47:11:16.99 ZTF [54] 3.0 01/22/2019 13:19:43 3.00 1.25 0.77
AT2019ahd 10:51:12 +05:50:31.31 ATLAS [55] 1.98 01/29/2019 12:27:21 0.22 0.19 0.48
AT2019clr 13:05:43.10 +37:37:36.12 SNhunt [56] 24.11 03/28/2019 11:19:34 0.28 0.79 0.19

a Discovery reference. b Time between the last reported non-detection and the image in which the SN was first
detected. c Time between the image in which the transient was discovered and the discovery report was sent
to TNS. d Time between the TNS discovery report and the submission of a Swift ToO request. e Time from ToO
request to the start of Swift observations.

2.3. Supernova Type Distribution

The volumetric and fractional rates of different SN types are best done with well-
controlled and analyzed SN search data [57–60]. Here we are interested in the realized
numbers of different transients when followed up blindly by our volume-limited program.
Figure 4 shows the fractions we observed. This includes four possible false alarms (i.e., the
transient was not confirmed to be a real transient at all but if real was too faint to be a SN),
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eight cataclysmic or eruptive variables in a nearby galaxy or within the MW (but along a
line of sight toward a nearby galaxy).

As the program was designed to observe all transients which could be young, nearby
SNe, some observations were made of objects eventually not fitting those descriptors.
SNe 2018evk and 2018ilu were confirmed as a Type II and a Type Ia, respectively, but at
redshifts of z ∼ 0.03 (a distance of ∼126 Mpc for H0 = 73 km s−1 Mpc−1; [61]). SN 2018evk
was separated by only 0.074 arcmin from the nearest galaxy with a redshift listed in the
NASA Extragalactic Database (NED) and well within the galaxy light. That galaxy has a
spectroscopic redshift reported as 0.008 [62]. SN2018ilu had a reported redshift of 0.007
based on spectroscopic comparisons [35].

Some of our targets turned out to not be SNe, but non-terminal explosions within our
own Milky Way galaxy (but along the line of sight to a nearby galaxy) or extragalactic “SN
imposters.” In the language used for SNe within the same host galaxy, the luminous red
nova (LRN) 2018bwo [42,63] and the luminous blue variable (LBV) 2018htr [46,64] would
be siblings [65,66]. AT2019bl was discovered 1.3 arcmin from UGC3658 but is likely within
the Milky Way. AT2019bl is well detected in the UVOT images with a very blue color. It
was, however, not spectroscopically classified at the time. ZTF imaging shows it to have
had a subsequent eruption, suggesting a recurrent nova classification.

AT2018avo was retracted as a false alarm by the discoverer via comments on the
TNS page. Three other objects were too faint to be SNe, but the nature of the transient is
unknown. Some transient objects were triggered but not observed by Swift. SN2018imf
was spectroscopically similar to SNe II 60 days after explosion before the observations
began. A ToO request was submitted for AT2019yv [67]. It was too close to the moon to
be observed at the time of the ToO submission, and subsequent spectra showed no SN
features [68] before Swift observations could begin.

ePessto published a subsequent non-detection of AT2018fes before Swift observations
could be scheduled, so the ToO was withdrawn. SN 2018get was classified as an old IIP
and observations dropped.

Figure 4. Fractions of transients triggered through this program, including four SNe Ia, one Ca-rich
Ib, two SNe Ic, 6 SNe II (including one 87A-like II), eight cataclysmic or eruptive variables, and four
reported transients that were too faint to be SNe but the nature of which was not confirmed.

3. Analysis and Results
3.1. UVOT Analysis

Swift/UVOT observations were made in the six medium-band filters. Observations
were analyzed using the pipeline of the Swift Optical/Ultraviolet Supernova Archive
(SOUSA; [69]). Zeropoints are from Breeveld et al. [70] with the sensitivity correction
updated in Sep 2020 and aperture corrections computed using observations from 2018.
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UVOT light curves will be posted to the Swift supernova website2 and the fits images to
the Mikulski Archive for Space Telescopes (MAST)3. Figure 5 shows the UVOT light curves
in the uvw1 filter for our targeted SNe.

Figure 5. uvw1-band light curves of all transients triggered under our program. Only the first three
observations of each transient were requested through this program. Follow-up requests obtained
the later points. Detections are plotted with upward-facing triangles, and upper limits are plotted
with downward-facing triangles.

3.2. XRT Analysis

The SN targets from this program were searched for by name, coordinates, and target
ID using the online XRT pipeline4. The resulting downloaded data files included values
for the observation date and time, count rate or upper limit, and count rate uncertainties.
The uncertainties and limits are 95% confidence intervals determined using the method of
Kraft et al. [71].

Three supernovae were detected by the pipeline at a statistically significant level: SNe
2018aoq, 2018ivc, and 2018lei. Upon visual examination of the X-ray data, the area near
SN 2018aoq has significant X-ray counts from the host galaxy. However, the X-ray counts
are not concentrated at the SN location and appear similar to pre-explosion imaging by
XRT. The XRT pipeline for the observations of SN 2018lei detects a source at a position
of 02 h 33 m 34.25 s, −39 d 02 m 42.5 s. This is 3.3 arcsec from the SN position and 0.7
arcsec from the galaxy center. A source is also detected at a consistent position in the
late-time images. Therefore we conclude that the XRT detections of SNe 2018aoq and
2018lei are false detections arising from host galaxy X-ray flux.

A possible X-ray excess is seen at the location of SN 2018ivc compared to pre-explosion
images. The automated extraction, however, shows a large scatter in the observed count
rates before and after the SN explosion due to flux from the host galaxy [72]. SN 2018ivc was
later observed by Chandra and significantly detected at a flux level of 1 × 1040 erg s−1 [73].
It might be possible to use the Chandra observations to subtract constant X-ray sources and
recover an earlier X-ray flux from SN 2018ivc.

The remaining, uncontaminated SNe were not detected. Converting observed count
rates (or limits) into an integrated X-ray flux or luminosity limit requires a spectral model.
Since the X-ray spectrum cannot be constrained from our non-detections, we converted
the count rates (or upper limits) to fluxes using an average flux/count rate factor from
tabulated values in Immler et al. [6]. These assumed a thermal spectrum of kT = 10 eV [74].
The flux limits were converted to luminosity limits using the distances in Table 2. The
0.2–10 keV flux and luminosity limits for the first three epochs of each uncontaminated SN
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are printed in Table 3, with the other epochs available in the Supernova X-ray database
SNaX [75]. The false alarms and galactic transients are not reported in the table.

Table 2. Host Galaxy Information.

Name Host Galaxy a Ref. b Type Dist. Method Dist. Mod. Ref. c

(mag)

SN2018aoq NGC4151 [76] II Dust parallax 31.39 ± 0.28 [77]
AT2018apl (ESO325-G11) [78,79] star/LRN
SN2018aoz NGC3923 [80] Ia SBF 31.64 ± 0.14 [81]
AT2018avo (NGC4203) false alarm
SN2018bbl NGC7421 [82] II Tully–Fisher 32.2 ± 0.13 [83]
AT2018bsk (NGC4454) unconfirmed
AT2018bvt (IC3225) faint
AT2018bwo NGC45 [63] LRN TRGB 29.16 ± 0.36 [84]
SN2018evk AnonHost [85] II old
SN2018gwo NGC4128 [86] Ib-Ca-rich Tully–Fisher 32.21 ± 0.45 [87]
SN2018hna UGC7534 [88] II-87A Tully–Fisher 30.11 [89]
AT2018hrg (NGC404) [90] nova
AT2018hso NGC3729 [91] LRN Tully–Fisher 31.62 ± 0.35 [92]
AT2018htr NGC45 [64] LBV TRGB 29.16 ± 0.36 [84]
SN2018imf VCC1931 [93] II
SN2018ilu AnonHost [35] Ia
SN2018ivc M77 [94] II Tully–Fisher 30.02 ± 0.39 [95]
SN2018lei NGC986 [96] Ic Tully–Fisher 30.22 [97]
AT2019bl (UGC3658) CV
SN2019np NGC3254 [98] Ia Tully–Fisher 32.58 ± 0.45 [99]
SN2019yz UGC9977 [100] Ic Tully–Fisher 32.18 ± 0.45 [99]
AT2019abn M51 [101] ILRT SBF 29.32 ± 0.14 [81]
AT2019ahd NGC3423 [102] LBV
AT2019clr (IC4182) unconfirmed

a Galaxies names in parenthesis were the presumed host galaxies of transients which turned out to be Galactic or
were not confirmed as real transients. b Transient classification reference. c Host galaxy distance reference.

Table 3. X-ray 95% Confidence Upper Limits

SN Name MJD Days Since Exposure Flux Limit Lum Limit
(days) Explosion (seconds) (erg s−1 cm−2 Å−1 ) (erg s−1 )

2018aoz 58,211 1.58 727.1 9.61 × 1013 5.21 × 1040

2018aoz 58,213 3.71 1889.9 3.71 × 1013 2.01 × 1040

2018aoz 58,214 4.34 2993.6 2.40 × 1013 1.30 × 1040

2018aoz 58,215 5.38 2755.5 2.45 × 1013 1.33 × 1040

2018bbl 58,234 2.17 2988.7 2.28 × 1013 2.07 × 1040

2018bbl 58,235 3.93 3088.2 1.47 × 1013 1.34 × 1040

2018bbl 58,236 4.76 2393.3 2.65 × 1013 2.40 × 1040

2018gwo 58,389 0.77 2933.4 2.63 × 1013 2.41 × 1040

2018gwo 58,390 1.74 2988.7 1.81 × 1013 1.66 × 1040

2018gwo 58,391 2.99 2986.1 1.71 × 1013 1.56 × 1040

2018hna 58,414 1.70 2911.0 2.11 × 1013 2.79 × 1039

2018hna 58,415 2.74 2923.5 2.20 × 1013 2.91 × 1039

2018hna 58,416 3.80 2725.0 2.19 × 1013 2.90 × 1039

2019np 58,493 1.70 2494.8 1.98 × 1013 2.55 × 1040

2019np 58,494 2.47 2653.9 8.31 × 1013 1.07 × 1041

2019np 58,495 3.73 2539.9 2.40 × 1013 3.09 × 1040

2019yz 58,507 4.76 2988.7 2.08 × 1013 1.85 × 1040

2019yz 58,508 5.50 2933.5 3.10 × 1013 2.76 × 1040

2019yz 58,509 6.68 2990.3 2.63 × 1013 2.34 × 1040

The X-ray flux and luminosity limits are plotted in Figure 6. The plots extend to
15 days after the estimated explosion date to include Swift XRT detections of SN 2011dh
obtained from the pipeline and Swift XRT and Chandra X-ray measurements of SNe 2008D
and 2011dh from Soderberg et al. [12] and Campana and Immler [103]. The early emission
of SN 2006aj (aka GRB060218) is much more luminous than our limits, demonstrating
that rapid Swift follow-up of ground-discovered SNe can constrain similar emission levels



Universe 2023, 9, 218 10 of 18

and rule out afterglow-like X-ray luminosity from the SNe in our sample. The fainter
luminosities of SNe 2011dh, 2006bp, and 2008D are harder to constrain for the more distant
SNe of even our nearby sample, requiring more sensitivity. Observations to constrain
the X-ray luminosity will require deeper Swift observations or the higher sensitivities of
Chandra or XMM-Newton, even at the relatively low distance to this sample. The angular
resolution to resolve sources from others in the host galaxy is also valuable.

Figure 6. Top panel: X-ray flux limits for the SN sample are shown as downward-pointing arrows.
Bottom panel: X-ray luminosity limits from this program (plotted as downward-facing triangles)
compared to X-ray detections from previously detected SNe. The limits from this program are
more sensitive than the detected luminosity of GRB060218/SN2006aj [11], plotted in yellow circles,
allowing us to rule out similar emissions. The Type II SN 2006bp and the Type IIb SN 2011dh had
detections of comparable luminosity to the limits measured here.
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3.3. Early Observations of SNe Ia

The three SNe Ia observed under this program began about 17, 13, and 10 days
before the time of maximum light in the B band. The average rise time after explosion
is 18.9 days [104]. Figure 7 compares normalized b- and uvw1-band light curves of these
three SNe Ia with those fit in Devarakonda and Brown [105]. For SN 2018aoz the first Swift
observation began about 6 days after the explosion date estimated by Ni et al. [106], while
the light curves show one of the shortest rise times from explosion to peak. SN 2019np
was observed extremely young. The earliest observations (close to the detection limit)
occurred very close to or even before the estimates for the explosion date or first light
time calculated by Sai et al. [107]. The sample from this program is not large enough to
constrain companion interactions of the broader SN Ia population (but see [106,107] for
the individual results), but the method of triggering new transients results in observations
closer to the time of explosion.

Figure 7. Top panel: b-band observations of our SNe Ia compared to other UVOT SNe Ia from
Devarakonda and Brown [105]. Note the shorter rise time of SN2018aoz. Bottom panel: uvw1-band
observations of our SNe Ia sample.
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3.4. SN 2018hna—A SN 1987A Look-Alike

One early goal of the Swift supernova program was to obtain UVOT light curves of
at least one example from each SN type. The increase in the number of SNe discovered
each year and followed up at a range of different wavelengths has led to a proliferation of
SN types [108–110]. One known class not previously observed by Swift was the peculiar
Type II class of objects resembling SN 1987A [111]. These are challenging to target because
their spectra look similar to normal SNe IIP. Once the photometric signature of an early
fading followed by a later re-brightening is observed, it would be too late to observe that
fading phase.

By triggering immediately, early data were obtained for SN 2018hna long before their
peculiarity was noted by Prentice et al. [112]. The only detections of the early light curve in
the mid-UV uvw2 and uvm2 filters were during the first two of the three observations from
this program.

Figure 8 shows the Swift UVOT light curves of SN 2018hna. Overplotted are light
curves of SN 1987A created from generating spectrophotometry in the UVOT system from
the IUE spectra of SN 1987A [111]. The apparent magnitudes have been corrected for their
relative distance. No extinction corrections or additional shifts have been made. Although
some color differences exist, the SNe have very similar luminosities and light curve shapes
in the UV and optical.

Singh et al. [113] modeled the light curves to constrain the progenitor star to a radius
of ∼50 solar radii and 14-20 solar masses. The progenitor of SN2018hna is thus similar to
the progenitor of SN1987A.

Figure 8. Left panel: Swift/UVOT photometry of SN 2018hna (large points) compared to the UVOT
spectrophotometry on the IUE spectra of SN 1987A (connected small points) over the first 20 days
after explosion. After 2–4 observations the UV flux of SN 2018hna drops below Swift’s limiting
magnitude in the u and UV filters. The upper limits are plotted as downward-facing triangles. Right
panel: Full UVOT light curves in the uvw1, u, b, and v of SN 2018hna compared to spectrophotometry
of SN 1987A [111] using the same symbols. The UVOT light curves resume 40 days after explosion
after reports of the radioactivity-powered re-brightening.
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4. Summary and Discussion

This Swift GI key project promptly requested Swift observations of newly discovered,
likely extragalactic transients within 35 Mpc without waiting for a spectroscopic classifica-
tion. The median and average delay times from the discovery image to Swift observation
were 1.4 and 2 days. Of the real extragalactic transients observed, highlights include three
very young SNe Ia and the early shock cooling from the first 1987A-like SN observed with
Swift.

Half of the objects for which we requested Swift observations turned out to be galactic
or extragalactic SN “imposters” or possible false alarms. These transients are expected, as
the youngest SNe detectable will necessarily be near the detection limit with faint absolute
magnitudes. The fraction of these false positives observed by Swift could be reduced by
requiring a confirmation image or a classification spectrum which would always involve a
delay in the submission of a ToO. Depending on the timing (as neither the proposer nor the
appropriate Swift team member responds when asleep), the delay may or may not increase
the time to observation. The scientific benefit of earlier observations is in our opinion worth
the cost. Canceling follow-up observations promptly if confirmation images or spectra
come up negative, as was the case for some of our targets, would reduce the cost. Joining
forces with those interested in galactic transients and SN imposters would increase the
scientific benefit of more of the observations [114].

This article quantifies the individual delays from transient discovery to Swift obser-
vation and demonstrates the value of Swift observations of new transients. The unique
instrumentation and observation planning strategies of Swift have resulted in a relatively
short observation delay time (median 1.4 days). Further developments in increasing the
cadence of transient searches and automating the discovery and announcement steps and
the submission to and observation by Swift would further decrease the time between
explosion and observation and make the response even swifter. One recent development
is the creation of a Swift application which allows for the automated submission of Swift
ToOs5. With filters to select and submit the appropriate candidates from TNS or transient
brokers, automating the submission of Swift ToOs to remove the human from the submis-
sion process is a promising route to reduce the time to the first observation. Observing the
very moment of explosion for samples of supernovae will require larger-field-of-view UV
and X-ray observatories.
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1 https://www.wis-tns.org.
2 https://pbrown801.github.io/SOUSA/.
3 https://archive.stsci.edu/prepds/sousa/.
4 https://www.swift.ac.uk/user_objects/.
5 https://www.swift.psu.edu/too_api/.
6 https://pbrown801.github.io/SOUSA/.
7 https://archive.stsci.edu/prepds/sousa/.
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