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Introduction

Core-collapse supernovae are extremely hard to detect. SNEWS has
not detected any supernovae since 2005. Except for the famous
SN1987A supernovae, Super Kamiokande has not detected any evi-
dence of supernova explosions [7]. A search of KamLLAND’s data for
> 7.5 MeV neutrinos uncovers no neutrino bursts. Our best chance
for detecting core-collapse supernovae comes from detecting the neu-
trinos or gravitational waves emitted by the explosion. Neutrino-
only searches have largely come up empty. Searches by LIGO, Virgo
and GEO600 collaborations using gravitational-wave data alone have
not uncovered any gravitational wave (GW) signatures of supernovae
[6][5]. Our best chance of detection comes from a joint search, com-
bining both weak signals to increase our noise-tolerance and lower the
false alarm rate.

Supernovae Search with KamLAND

e Chose a neutrino energy threshold of 7.5 MeV
e Found 65 events between 11 Nov 2002 and 4 June 2013.
e .ooked for events occurring within a 10-second window.

e No such bursts were found. Shortest delay between subsequent neu-
trino events was 74686 seconds (~ 20.7 hours).

Event energy vs time for 7.5 MeV threshold
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Figure 1: Candidate neutrino events, plotted by energy and time [9].

Choice of Candidate Neutrino Events

When choosing candidate neutrinos for a joint study, we must choose a
threshold which includes the majority of supernovae neutrinos, but ex-
cludes other neutrino sources like geoneutrinos and reactor neutrinos.

The expected distribution of neutrino energies from a core collapse

supernovae 1s shown below. For this study, we chose a threshold of 7.5
MeV.
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Figure 2: Expected supernovae neutrino spectrum, separated by flavor. Spectrum is
integrated over 10 seconds [9].

Benetfits of a Joint Search

1. Lower false alarm rate
2. Can consider single-neutrino events

3. Better characterization of supernovae because neutrinos and GW
carry different kinds of information

LIGO’s Data

In order to perform a multimessenger search for core-collapse super-
novae, a triggered search would be performed on LIGO’s data using
neutrino events as the triggers. Such a search looks for GW events over
a period of time spanning the approximate expected discrepancy 1n ar-
rival time between neutrinos and gravitational waves, which 1s usually
between 0 and 20 seconds.

A triggered GW event contains the following information:

e Time stamp of event in three detectors (can use to triangulate event
location).

e Signal-to-noise ratio, p.

e Root-mean-squared strain amplitude, 5,45, in each detector.

e Frequency of potential gravitational wave

e Spherical coordinates (€, ¢) and R.A./Dec denoting locations in sky.

e Probability of event originating from each designated location of
sky.

The sensitivity of LIGO depends on the desired threshold for signal
to noise ratio, p. To account for the non-Gaussian nature of the noise,
time-shift analysis 1s used to generate a sample background for use in
computing p [8].

Time-Shift Analysis of Background

e GW background 1s non-Gaussian and non-stationary [10].
e Cannot shield detector from GW.

e Combine time-shifted data from multiple detectors to scramble GW
signals and produce estimated background [2].

Time-shift step size 1s greater than the time of flight between detec-
tors (~ 30 ms) and the coherence time scale of the detector noise (a
few seconds) [2].

Determining Location of Source

A LIGO triggered event includes spherical coordinates (6, ¢) and
R.A./Dec denoting locations in sky, and the probability that the event
originated from each marked location.

The scatter plot below shows the likely location of a sample event.

Potential source locations of GW events. Red: highest probability

Figure 3: Possible trigger event locations, with the higher probability locations de-
noted by redder colors and the lowest probability locations denoted by the purple
colors. The highest probability pixel, denoted by the red point, has a probability of
6.69 x 1072. The lowest probability pixel, denoted by purple, has a probability of
6.91 x 10~%. The probabilities of each location sum to one.

The probable location of event should align with the galactic disk.
If available, directional information about the neutrino source event
could also be considered.

Outline of a Joint Search

1. Choose candidate neutrino events from KamILLAND’s data.
2. Determine the threshold for identifying a GW event in LIGO’s data.

3. Perform a triggered search on LIGO data using KamILAND neutrino
events as triggers.

4. Determine 1f any of the gravitational wave events produced by the
triggered search meet the criteria to be considered a likely real event.

Joint False Alarm Rate

The joint false alarm rate, 175, 1s given by:
Rj = Raow X Ry X w

where Ry 18 the gravitational wave background rate, 1?;, 18 the neu-
trino background rate, and w 1s the coincidence window.

The KamLAND neutrino data spans 3.33 X 10% seconds. There are
65 events over the chosen 7.5 MeV threshold. This gives a background

rate of:
05 events

T 333 x 108 sec

A reasonable choice for all-sky gravitational wave search false-alarm
rate 1s [1]:

— 1.95 x 10~ Hz

v

Reow ~ 3.5 x 1077 Hz

and we choose coincidence windows of w = 2 sec and w = 20 sec, we
find:

Ri(2s) =35x 1077 -1.95x 1077-2=1.37 x 107" Hz

Rj(208) =35x1077-1.95x 107" -2 =1.37 x 10" Hz

The 20 second coincidence window corresponds to a false alarm rate
of 1 event per 2.32 X 100 years.
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