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We present results of the first four Swift satellite follow-up campaigns seeking to identify transient
or variable X-ray or UV/optical sources that might be associated with individual candidate high-
energy cosmic muon neutrinos detected by the IceCube Neutrino Observatory. Real-time public
alerts providing coordinates and arrival times of likely-cosmic neutrinos have been provided by
IceCube, via the Astrophysical Multimessenger Observatory Network, since April 2016. Sub-
sequent Swift X-ray observations of four likely-cosmic neutrinos (events 160731A, 161103A,
170312A, and 170321A) reveal multiple X-ray sources in the targeted 90%-containment regions,
most of which have been previously identified, and none of which are considered likely sources of
high-energy neutrinos. Observations exclude association with the brightest 30% to 65% of Swift-
type γ-ray burst X-ray afterglows over the observed regions. Contemporaneous Swift UV/optical
observations, providing reduced coverage of the event localizations, also reveal no candidate tran-
sient or variable UV/optical counterparts. We discuss the results of these campaigns and our plans
for further follow-up of likely-cosmic high-energy neutrinos from IceCube.
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1. Introduction

The detection of high-energy (Eν ∼> 1 TeV) astrophysical neutrinos has been reported, and con-
firmed with over five years of data, by IceCube [1]. However, the nature of the cosmic sources of
these neutrinos remains unknown. If these sources are transient in nature, they might be accompa-
nied by bright electromagnetic (EM) counterparts that could be identified in rapid-response target
of opportunity (TOO) observations at X-ray and other wavelengths. The Astrophysical Multimes-
senger Observatory Network (AMON)1 [2, 3] was founded in part to search for and study such
“multimessenger” transient sources. Candidate source populations include γ-ray bursts (GRBs);
blazars and other types of active galactic nuclei (AGN); ultra-luminous star-forming galaxies (non-
transient); and low-luminosity GRBs or other types of supernova (for a recent review, see [4]).

Given AMON and community interest in rapid-response follow-up observations, IceCube and
AMON collaborated to implement real-time analysis and triggering of individual likely-cosmic
high-energy neutrino events. To date two Gamma-ray Coordinates Network (GCN) [5] event
streams have been commissioned: the AMON_ICECUBE_HESE “High Energy Starting Event”
(HESE) track-like event stream in April 2016, and the AMON_ICECUBE_EHE “Extremely High
Energy” (EHE) event stream in July 2016.

Working from these public alert streams, we have carried out four searches for luminous EM
counterparts to HESE and EHE events with NASA’s Swift satellite [6], focusing on data from its
X-ray Telescope (XRT) [7] and UV/Optical Telescope (UVOT) [8]. The goal of these observa-
tions is to either identify the first EM counterparts to high-energy cosmic neutrinos or to set useful
constraints on the nature of any associated transient or flaring emissions. An unusual source appear-
ing in the localization region with appropriate timing, energy, and spectral properties, supporting
a scenario for joint high-energy neutrino emission, could reasonably be claimed as the first EM
counterpart to any high-energy neutrino.

Our paper proceeds as follows: Section 2 reviews the properties of the four targeted candi-
date cosmic neutrinos, along with our Swift follow-up observations. Section 3 derives quantitative
results for the GRB source scenario. We conclude in Section 4.

2. Observations

From April 2016 through May 2017, the IceCube online system [9] identified six HESE and
four EHE neutrinos that were distributed publicly in real-time through AMON and GCN [10]. One
of these neutrinos, IceCube-160731A, triggered both HESE and EHE streams. We triggered Swift
follow-up observations of four of these alerts: IceCube-160731A, IceCube-161103A, IceCube-
170312A, and IceCube-170321A.

2.1 IceCube Data

IceCube currently distributes two distinct event streams via AMON, for HESE and EHE track-
like events [10]. Key parameters reported for both streams are the arrival direction of the event

1AMON website: http://sites.psu.edu/amon/
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(R.A. and Dec.), localization uncertainty (r50 for 50%-containment; r90 for 90%-containment), ar-
rival time, and revision number. Any refined localizations are distributed via GCN as alert revisions,
with revision number incremented by one at each instance.

The AMON_ICECUBE_HESE stream includes two additional parameters for each event. The
charge parameter reports the causally-connected charge, with higher-charge events more likely
to have an astrophysical origin. The signal_trackness parameter, a number between zero and
one, reflects the likelihood that the individual HESE neutrino is both signal-like (astrophysical) and
track-like.

The AMON_ICECUBE_EHE stream includes an estimate of the deposited charge, an esti-
mate of the neutrino energy, and the parameter signalness, an estimate of the probability
that the event was due to an astrophysical (rather than atmospheric) neutrino.

IceCube-160731A — This event was detected at 01:55:04 UT on 31 July 2016 with charge =

15814.74 photoelectrons and signal_trackness= 0.91. This event was identified as a HESE
neutrino. The initial localization of this event was reported as 0.42◦, 50% error radius (1.23◦, 90%
error radius) around position RA, Dec (J2000) = (215.11◦, -0.46◦) 41 seconds after detection i.e. at
01:55:45 UT as Rev. 0. IceCube later updated the localization 0.35◦, 50% error radius (0.75◦, 90%
error radius) around position RA, Dec (J2000) = (214.54◦, -0.33◦) at 02:35:38 UT on 1 August
2016 (Rev. 1). This event also triggered the EHE stream at 01:55:58 UT. Triggering both pipelines
is a rare occurrence, anticipated to happen roughly once per 5 years. The initial localization of
this event was reported as 0.17◦, 50% error radius around position RA, Dec (J2000) = (215.09◦,
-0.42◦), 54 seconds after detection as Rev. 0. IceCube later updated the position (214.54◦, -0.33◦)
at 02:35:54 UT on August 1, 2016 as Rev. 1.

IceCube-161103A — This event was detected at 09:07:31 UT on 3 November 2016 with charge=
7546.05 photoelectrons and signal_trackness = 0.30. This event was identified as a HESE
neutrino. The initial localization of this event was reported as 0.42◦, 50% error radius (1.23◦, 90%
error radius) around position RA, Dec (J2000) = (40.87◦, +12.62◦) 40 seconds after detection i.e.
at 09:08:11 UT as Rev. 0. IceCube later updated the localization 0.65◦, 50% error radius (1.1◦,
90% error radius) around position (40.82◦, +12.56◦) at 14:07:40 UT on the same day (Rev. 1).

IceCube-170312A — This event was detected at 13:49:39 UT on 12 March 2017 with charge=

8858.64 photoelectrons and signal_trackness = 0.78. This event was identified as a HESE
neutrino. The initial localization of this event was reported as 0.42◦, 50% error radius (1.23◦, 90%
error radius) around position RA, Dec (J2000) = (304.73◦, -26.24◦) 50 seconds after detection i.e.
at 13:50:29 UT as Rev. 0. IceCube later updated the localization < 0.5◦, 90% error radius around
position (305.15◦, -26.61◦) at 02:29:21 UT on March 13, 2017 (Rev. 1).

IceCube-170321A — This event was detected at 07:32:20 UT on 21 March 2017 with charge=

6214.41 photoelectrons and signalness= 0.28. This event was identified as an EHE neutrino.
The initial localization of this event was reported as 0.32◦, 50% error radius around position RA,
Dec (J2000) = (98.33◦, -14.49◦) 38 seconds after detection i.e. at 07:32:58 UT as Rev. 0. IceCube
later updated the localization 1.2◦, 90% error radius around position (98.30◦, -15.02◦) at 01:02:06
UT on March 22, 2017 (Rev. 1).
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2.2 Swift Data

Swift carried out rapid follow-up observations for the four IceCube events listed above. These
were the first real-time searches for high-energy neutrino counterparts with Swift which were a
Priority 1 TOO mosaic of 19 (or 7 for the last event) Swift pointings under our Swift Cycle 12 Guest
Investigator program. No transient sources were discovered in any of these searches associated with
the IceCube trigger [11, 12, 13, 14]. Automated analysis of the XRT data was carried out as the
data are received using the automated reduction routines described in [15].

(a) 160731A (b) 161103A

(c) 170312A (d) 170321A
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Figure 1: Swift XRT follow-up campaigns for (a) IceCube-160731A, (b) IceCube-161103A, (c)
IceCube-170312A, and (d) IceCube-170321A. Each panel shows the X-ray exposure map resulting
from the adopted 19- or 7-point tiling pattern centered on the initial IceCube neutrino localization
(greyscale), and the positions of all detected X-ray sources (red points). Red dashed circles show
initial 90%-containment regions, and red solid circles the final 90%-containment regions, for each
neutrino. Only a 50%-containment radius was reported in Rev. 0 for IceCube-170321A (green
dashed circle in (d)). Color bar represents achieved exposure at each sky position.

IceCube-160731A — Swift followed up IceCube-160731A within an hour of neutrino arrival time
at the South Pole (01:55:04 UT, July 31, 2016). The HESE alert of IceCube-160731A arrived ear-
lier than the EHE, so the Swift automated system first triggered the HESE alert and performed fol-
lowup observations centered on its initial position. The observations were taken between 03:00:46
and 14:51:52 UT on July 31, 2016 and covered 2.1 deg2. Swift covered a region centered on RA,
Dec (J2000) = (215.11◦, -0.46◦), with a radius of approximately 0.8◦. This covers 64.2% of the
neutrino revised r90 error region. Swift XRT collected ≈ 800 s per field of PC mode data per tile.

Six X-ray sources were detected in the observations, with all six corresponding to known
X-ray emitters or catalog objects from which persistent X-ray emission may be expected. We
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did not discover any transient X-ray event associated with the IceCube trigger. Details of the six
detected X-ray sources are discussed in our GCN circular [11]. The 3σ upper limit on the count
rate in the rest of the field was 0.01 ct s−1, which corresponded to a 0.3–10 keV flux of 4.3×
10−13 erg cm−2 s−1 for a typical AGN spectrum (NH = 3×1020 cm−2, Γ = 1.7). Overlaps between
the different tiles accounted for 0.5 deg2: in these regions the 3σ upper limit was 0.007 ct s−1,
corresponding to 3.1×10−13 erg cm−2 s−1. Fig. 1(a) shows the 19-point tiling pattern centered on
the IceCube neutrino, as the Swift exposure map, and the six detected X-ray sources.

No plausible counterparts are found in the UVOT data. All 19 tiling positions were observed
using the U filter. Each position was typically observed 4 times with a total exposure of about
420 s; the longest individual exposure for a position was about 120 s. The limiting sensitivity is
about 18.9 mag. This accounts for the sensitivity of UVOT and the depth of the USNO catalog [18]
used to reject known sources.

IceCube-161103A — Swift followed up IceCube-161103A within about five hours of neutrino
arrival time at the South Pole (09:08:11 UT, November 3, 2016). The main reason for this delay
was that pointing the XRT at the neutrino direction would have resulted in the radiator pointing
towards the Sun so immediate observing would have overheated the XRT. The observations were
taken between 13:58:30 UT and 18:55:15 UT on November 3, 2016 and covered 2.1 deg2. Swift
covered a region centered on RA, Dec (J2000) = (40.87◦, +12.62◦), with a radius of approximately
0.8◦. This covers 68.0% of the neutrino revised r90 error region. Swift XRT collected between 150 s
and 250 s of PC mode data per tile.

Four X-ray sources were detected in the observations. None of these are known X-ray emit-
ters, however all are faint, and well below the ROSAT All-Sky Survey (RASS) limits [17], there-
fore we do not consider any of them likely counterparts to the IceCube trigger. Details of the
four detected X-ray sources are discussed in our GCN circular [12]. The 3σ upper limit on
the count rate in the rest of the field was 0.03 ct s−1, which corresponds to a 0.3–10 keV flux of
1.2× 10−12 erg cm−2 s−1. Overlaps between the different tiles accounts for 0.5 deg2: in these re-
gions the 3σ upper limit is 0.02 ct s−1, corresponding to 8.1×10−13 erg cm−2 s−1. Fig. 1(b) shows
the 19-point tiling pattern centered on the IceCube neutrino, as the Swift exposure map, and the
four detected X-ray sources.

No plausible counterparts are found in the UVOT data. UVOT also observed 19 different
pointing directions, with the U filter used for 16 pointings and the UVW1 filter used for the rest.
The typical observing exposure was about 250 s with multiple visits. The limiting sensitivity is
about U = 18.9 mag.

IceCube-170312A — Swift followed up IceCube-170312A about two hours after neutrino arrival
time at the South Pole (13:49:39 UT, March 12, 2017). The observations were taken between
15:51:22 UT on March 12, 2017 and 05:04:48 UT on March 13, 2017 (i.e. from 7.3 ks to 54.9 ks
after the neutrino trigger), Swift covered a region centered on RA, Dec (J2000) = (304.73◦, -26.24◦),
with a radius of approximately 0.8◦. This covers 82.3% of the neutrino revised r90 error region.
Swift XRT collected ∼ 800 s of PC mode data per tile.

Five X-ray sources were detected in the observations. One of these corresponds to a known
X-ray emitter, and others are faint objects below the RASS limits [17], therefore we do not consider
any of them to be likely counterparts to the IceCube trigger. Details of the four detected X-ray
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sources are discussed in our GCN circular [13]. The 3σ upper limit on the count rate in the rest
of the field was 0.01 ct s−1, which corresponds to a 0.3–10 keV flux of 4.1× 10−13 erg cm−2 s−1.
Overlaps between the different tiles accounts for 0.5 deg2: in these regions the 3σ upper limit is
0.007 ct s−1, corresponding to 2.9×10−13 erg cm−2 s−1. Fig. 1(c) shows the 19-point tiling pattern
centered on the IceCube neutrino, as the Swift exposure map, and the five detected X-ray sources.

No plausible counterparts are found in the UVOT data. All 19 tiling positions were observed
using the U filter. The typical observing exposure was about 110 s with a single visit. The limiting
sensitivity is about U = 18.9 mag.

IceCube-170321A — Swift followed up IceCube-170321A about six hours after neutrino arrival
time at the South Pole (07:32:20 UT, March 21, 2017). The observations were taken between
14:09:02 UT and 18:03:00 UT on March 21, 2017 and covered 0.77 deg2. Swift covered a region
centered on RA, Dec (J2000) = (98.33◦, -14.49◦), with a radius of approximately 0.55◦. This covers
22.1% of the neutrino revised r90 error region. Swift XRT collected ∼ 900 s of PC mode data per
tile.

Two X-ray sources were detected in the observations. Both of these correspond to known
X-ray emitters. We did not discover any transient X-ray event associated with the IceCube trigger.
Details of the brighter X-ray source are reported in our GCN circular [14]. The 3σ upper limit
on the count rate of any such counterpart is 0.004 ct s−1, which corresponds to a 0.3–10 keV flux
of 1.48× 10−13 erg cm−2 s−1. Fig. 1(d) shows the 7-point tiling pattern centered on the IceCube
neutrino, as the Swift exposure map, and the two detected X-ray sources.

No plausible counterparts are found in the UVOT data. All 7 tiling positions were observed
using the U filter. The mean observing exposure was 922 s with multiple visits. The limiting
sensitivity is about U = 18.9 mag.

3. Discussion

To evaluate constraints on any associated GRB X-ray afterglows, we use a library of 192
Swift XRT lightcurves and piecewise power-law fits for Swift-detected GRB afterglows [19]. Using
power-law fits allows us to calculate fluxes for these afterglows at arbitrary times; since fits exclude
intervals of X-ray flaring (e.g. [20]) this approach is conservative with respect to such activity.

Figure 2 shows the median X-ray afterglow flux (black line), and 80%-confidence (light grey)
and 50%-confidence (dark grey) ranges on afterglow flux, over the period from t +4 ks to t +60 ks
post-burst relevant to our observations (assuming the neutrino detection time to be coincident with
the GRB). Superposed on the afterglow flux ranges are X-ray flux limits for the IceCube-160731A
(orange), IceCube-161103A (red), IceCube-170312A (cyan), and IceCube-170321A (yellow) cam-
paigns, averaged over the 7 or 19 tiles of each mosaic pointing. These limits are derived from the
exposure history of these observations using Poisson statistics and a standard XRT afterglow counts
to flux conversion factor of 4× 10−11 erg cm−2 ct−1. Specifically, the flux limit is defined as the
number of source photons required (at any given time) to yield an excess over background with
p-value p ≤ 10−6 in a single source aperture. Such excesses will occur via Poisson fluctuation
of the background in roughly 10% (4%) of 19-tile (7-tile) observing campaigns. Our limits indi-
cate that 65% (IceCube-160731A), 30% (IceCube-161103A), 55% (IceCube-170312A), and 43%
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Figure 2: X-ray flux limits for the Swift XRT follow-up campaigns on IceCube-160731A (orange),
IceCube-161103A (red), IceCube-170312A (cyan), and IceCube-170321A (yellow) along with the
median flux (black line) and 80%-confidence (light grey) and 50%-confidence (dark grey) ranges
on afterglow flux for the library of 192 Swift XRT afterglow light curves (and piecewise power-law
fits) from [19]. Solid lines show limits from completion of the first observation of the last pointing
until the end of the campaign, while dashed lines show the initial intervals of partial coverage.

(IceCube-170321A) of the X-ray afterglows of Swift-detected GRBs would be recovered by the
follow-up campaigns of these neutrinos, assuming the burst occurred within the field of view of the
observations, and ignoring the increased sensitivity provided over regions of pointing overlap.

4. Conclusion

We have reported the results of the first four Swift satellite follow-up campaigns on high-energy
neutrino alerts from the IceCube neutrino observatory, IceCube-160731A, IceCube-161103A, IceCube-
170312A, and IceCube-170321A. In observations covering 64.2%, 68.0%, 82.3%, and 22.1% of
the 90% containment regions for IceCube-160731A, IceCube-161103A, IceCube-170312A, and
IceCube-170321A, with mean epochs of t +13 h, t +10 h, t +15 h, and t +10 h post-neutrino, we
identify no compelling candidate X-ray or UV/optical counterpart for any of the events. We place
3σ upper limits on the flux for a typical AGN spectrum.

We discussed these limits in the context of Swift-detected gamma-ray bursts (GRBs). Our
limits indicate that 30%-65% of the X-ray afterglows of Swift-detected GRBs would be recovered
by the follow-up campaigns of these neutrinos. We plan to continue Swift follow-up observations
of IceCube high-energy neutrinos at an expected rate of roughly four campaigns per year.
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