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1. Introduction

IceCube is a cubic-kilometer neutrino detector deployed deep in the ice at the geographic South
Pole [1]. Reconstruction of the direction, energy and flavor of the neutrinos relies on the optical
detection of Cherenkov radiation produced in the interactions of neutrinos in the surrounding ice
or the nearby bedrock. Recent studies [2, 3] have found hints of neutrino emission from blazar
TXS 0506+056 as well as the Seyfert galaxy NGC 1068. In this era of multimessenger astronomy,
IceCube can provide valuable insight into the sources of cosmic rays and high-energy gamma rays
as demonstrated by the follow-up of alert IC170922A [4] and its association with the blazar TXS
0506+056.

Detection of astrophysical neutrinos from known gamma-ray emitters can be the "smoking
gun" evidence for a hadronic component in their W-ray spectrum. The two objects of interest, a
blazar (TXS 0506+056) and a nearby Seyfert galaxy (NGC 1068), show differing features in their
W-ray spectrum. NGC 1068 has shown no signs of W-ray variability [5] while & TeV neutrinos can
be expected from an AGN outflowmodel [6]. Additionally, more than 50% of the bright AGNFermi
LAT sample (LBAS) was found to be variable with a high significance [7]. More interestingly, W-ray
variability in LBAS blazars can be perturbations in mostly steady emission or a series of possibly
overlapping flares, which can be understood by random walk processes in turbulent flow in the jet
or mass accretion avalanches. Neutrino variability, on the other hand, and its correlation with W-ray
variability is not well understood. For instance, TXS 0506+056 shows low W-ray variability around
the archival IceCube neutrino flare recorded in 2014-2015 [8].

Previous IceCube analyses have employed a time-dependent search with a model dependent
flare hypothesis, as well as lightcurve correlation searches with observations from Fermi LAT
[9] [2]. In this work, we present a new method to test model independent time variability for
astrophysical signal and background. This analysis is a single (steady) hypothesis test, so there
is no null hypothesis. Here, we present the sensitivity of this test to a class of single and double
flares. Additionally, we apply this test to 4most-significant sources from the 10-year time-integrated
neutrino point source search [3] as an a posteriori check using 7.5 years of IceCube data optimized
for time-dependent studies.

2. Method

In these proceedings, we use 7.5 years of track-like events [10] used by IceCube’s alert system.
This dataset is optimized to reduce the background of atmospheric neutrinos and atmosphericmuons
and consists of mostly track-like events with a median angular resolution < 1◦. Events are selected
in a 10◦ × 10◦ box around the candidate source location. A time-integrated fit using an unbinned
maximum-likelihood ratio method is performed for these events[3]. This results in two best-fit
parameters describing the time-integrated astrophysical neutrino flux at this location: =fit and Wfit,
where = is the number of signal (astrophysical) neutrinos and W is the spectral index of an unbroken
power-law neutrino flux ∝ �−W . Each event is weighted with a ratio of signal over background
probability using their reconstructed arrival direction and (reconstructed) energy. The signal (S8)
and background (B8) PDF can be written as the product of the spatial and energy PDFs respectively,
such that the subscript 8 refers to each event in the data sample. The background PDF is constructed
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from the declination-dependent experimental data, while assuming a uniform distribution in right
ascension. The spatial component of the signal PDF uses a gaussian point-spread function while
the energy component is the aforementioned unbroken power-law with declination dependence.
The ratio of these probabilities, S/B, can be used as a diagnostic for each event. A time-series
of S/B per event is shown in Fig. 1 for data randomized in right ascension (background) as well
as Monte-Carlo-based signal events with uniform and clustered arrival times. High-energy events
close to the source have higher S/B, however the discriminating power of this ratio diminishes for
a time-integrated fit with a steeper spectrum.

Figure 1: The log of ratio of signal and background probabilities plotted for a selection of IceCube events
randomized in right ascension. Both (top and bottom) have signal events injected fromMonte Carlo, however
bottom plot shows a box signal temporal profile in contrast to a steady temporal profile in the upper plot.

After performing the time-integrated fit around the candidate source location, the highest S/B
events are selected based on a pre-computed injected fit-bias distribution as shown in Fig. 2. This
additional step is performed to minimize the bias in fitting the number of signal events. This A
weighted CDF for each consecutive event pair is constructed from these selected events based on
the time difference between consecutive events and the geometric mean of the logarithm of the S/B
per-event probability ratio as the weights as shown in Fig. 3. That is, each event pair is prescribed a
weight, F8 =

√
log (S8/B8) × log (S8+1/B8+1), and a time-difference of ΔC = C8+1 − C8 based on their

arrival times. These event pairs are then normalized,
∑
F8 = 1, and compared against the empirical

distribution function for a steady signal and background.

The weighted CDF can be compared to an equal-weighted hypothesis which would correspond
to steady signal and background. We use a Cramer-von Mises test to calculate the test-statistic,
)(, by integrating the distance between the weighted CDF calculated from data (�= (ΔC)) and
the empirical distribution function (� (ΔC)) which represents the steady hypothesis being tested as
shown in Fig. 4. Here, the time difference between consecutive events for the highest S/B events
is ΔC and the test statistic )( used for hypothesis testing can be calculated using:
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Figure 2: A distribution of injected v/s fitted number of signal events for Winj = 2 at declination X = 5.69◦.
The dashed line represents the case where all injections are fitted exactly. The two dotted horizontal lines are
used to take a slice which is shown on the right, which is a distribution of all injections which fit the number
of signal events near =fit . The median of the middle 80% quantile here is used to calculate #ev.

Figure 3: Example construction of the weighted CDF for the highest S/B event pairs

)( =

√
#ev

∫ 1

0
(� (ΔC) − �= (ΔC))2 3� (1)
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A set of pseudo-experiments generated from injecting signal events from Monte-Carlo in right
ascension scrambled data provides a )( distribution. In order to inspect the statistical variation of
this)( at a given declination, we fix the poisson mean of the injected signal strength (=inj), spectrum
(Winj), as well as the temporal profile. We compare the )( distributions for a time-variable injected
signal against the )( distribution for a steady injection. The TS distribution associated with the
time-variable signal has a median significance, calculated by comparing to the TS distribution of
the steady case as shown in Fig. 5.

Figure 4: The weighted CDFs of consecutive pairs used to calculate the test statistic.

Figure 5: Test statistic distributions for time variability using injected steady and box signals. Both
distributions have 20 signal event injections at declination X = 23.5◦ and injected spectral index of Winj = 2,
while the box length is 300 days. The median of the box TS is used to calculate a p-value under the steady
TS, which in this case yields 2.97f significance.

Sensitivities are calculated using the aforementioned significance to box-shaped flares of
varying widths. As the width of the injected box-flare increases, the temporal profile naturally
asymptotes to the steady hypothesis. For stronger signal strength (higher =inj) or harder spectra
(lower Winj), the significance of the injected box-flare increases because the discriminating power of
the S/B increases and the highest S/B events are less likely to be contaminated by the background
of atmospheric neutrinos. The sensitivity of this method to hard and soft spectra are shown in Fig.
6.
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Figure 6: Single (solid) and double (dashed) flare significance for time variability in IceCube using injected
signal. Double flares retain the cumulative signal in order to compare to a single flare, so that each double
flare is a single flare split equally. Left: Soft signal flare injection at declination X = −0.01◦, Winj = 3.25.
Right: Hard signal flare injection at X = 5.69◦, Winj = 2.

3. Results

A source list was constructed based on the four most significant sources from the 10 year
time-integrated catalog search [3]. The data sample used here is 7.5 years and applies a slightly
different event selection criteria [10]. All 4 sources are found to be consistent with steady emission
as shown below:

Name U [deg] X [deg] ?

TXS 0506+056 77.35 5.7 0.62
NGC 1068 40.67 -0.01 0.4

PKS 1424+240 216.76 23.8 0.53
GB6 J1542+6129 235.75 61.5 0.34

Table 1: Pre-defined source-list to search for time variable neutrino emission. Source coordinates (J200)
from 4FGL are provided with the pre-trial p-value.

At first glance, the TXS 0506+056 time-variability result may seem to contradict the archival
neutrino flare found in [2]. However, Fig. 6 tells us that a signal excess of 15 events over a flaring
period of 150 days is below the 3f discovery threshold. Secondly, we know signal events like
IC170922A which triggered the multi-messenger follow-up [4], would significantly alter the model
box-flare shape tested here and would likely reduce the power of this test due to more steady signal
events in addition to the flare. Finally, based on Monte-Carlo signal injections, we estimate a 20%-
50% contamination in the final event selection used in this method due to background (atmospheric)
events at the declination of)-(0506+056 for a simulated neutrino signal similar to the one reported
[2].
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4. Conclusions

We introduce a method to detect time-variable astrophysical neutrino signal in IceCube. The
method relies on inspecting the consecutive event-pair distribution around a candidate source and
tests the steady hypothesis. This method does not assume a temporal shape for an astrophysical
neutrino signal seen in IceCube and therefore has no null hypothesis, and is a single hypothesis
test. We present the sensitivity of this method to box-shaped single or double flares. Using 7.5
years of track-like events used by the IceCube realtime alert system [10] we test 4 sources for
time-variability, namely: NGC 1068, TXS 0506+056, PKS 1424+240, and GB6 J1542+6129. We
find all 4 sources to be consistent with the steady hypothesis.
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