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ABSTRACT

IceCube alert events are neutrinos with a moderate-to-high probability of having astrophysical origin.
In this study, we analyze 11 years of IceCube data and investigate 122 alert events and a selection of
high-energy tracks detected between 2009 and the end of 2021. This high-energy event selection (alert
events + high-energy tracks) has an average probability of > 0.5 to be of astrophysical origin. We
search for additional continuous and transient neutrino emission within the high-energy events’ error
regions. We find no evidence for significant continuous neutrino emission from any of the alert event
directions. The only locally significant neutrino emission is the transient emission associated with the
blazar TXS 05064056, with a local significance of 3o, which confirms previous IceCube studies. When
correcting for 122 test positions, the global p-value is 0.156 and is compatible with the background
hypothesis. We constrain the total continuous flux emitted from all 122 test positions at 100 TeV to
be below 1.2 x 10715 (TeV cm? s)~! at 90% confidence assuming an E~2 spectrum. This corresponds
to 4.5% of IceCube’s astrophysical diffuse flux. Overall, we find no indication that alert events, in
general, are linked to lower-energetic continuous or transient neutrino emission.
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Keywords: Neutrino Astronomy (1100) — High-energy astrophysics (739) — Transient sources (1851)
— Blazars (164) — Active galactic nuclei (16)

1. INTRODUCTION

The IceCube Neutrino Observatory (Aartsen et al. 2017a) is a Cherenkov detector using a cubic kilometer of Antarctic
ice at the geographic South Pole to primarily (but not exclusively) study high-energy astrophysical neutrinos. Its duty
cycle is greater than 99% (Aartsen et al. 2017a), and its field of view covers the full sky while being most sensitive to
high-energy neutrino events near the celestial equator. This makes IceCube ideal for surveying the sky (Aartsen et al.
2017b). As part of the realtime program, IceCube alerts other telescopes upon detection of a neutrino event with a
high probability of being of astrophysical origin, which can then trigger follow-up observations (Aartsen et al. 2017b;
Blaufuss et al. 2019; Kintscher 2016).

On the 22nd of September 2017, IceCube detected a neutrino of likely astrophysical origin (IceCube-170922A%1).
This triggered multi-wavelength follow-up observations, which detected a flaring blazar (TXS 05064056) at the re-
constructed origin direction of IceCube-170922A (Aartsen et al. 2018a). This correlation is significant at a 3o level
(Aartsen et al. 2018a). Additionally, a neutrino flare was identified originating from the same direction between
September 2014 and March 2015 with a significance of 3.50 (Aartsen et al. 2018b).

This detection demonstrates that IceCube alerts can point to neutrino source candidates due to their high probability
of being of astrophysical origin, and we aim to investigate the origin directions of other IceCube alerts. A preliminary
search showed no indication of continuous neutrino emission (Karl 2019). However, the IceCube alert criteria have
since been updated (Blaufuss et al. 2019; Abbasi et al. 2023a). The IceCube data have also been reprocessed with
improved calibration of the optical sensors (Abbasi et al. 2021a; Aartsen et al. 2020). This leads to improved energy
and direction reconstruction compared to previous results in Aartsen et al. (2018b); Abbasi et al. (2021b); Aartsen
et al. (2020, 2015); Abbasi et al. (2021d,c). A first analysis benefiting from this new processing (Abbasi et al. 2022a)
detected the neutrino signal from the Seyfert IT galaxy NGC 1068 with a significance of 4.20 (compared to 2.9 in
Aartsen et al. (2020)). A large part of the increase (0.90) is due to improved data processing and calibration. More
details about effects on data are discussed in appendix B and in the supplementary material of Abbasi et al. (2022a).

In this work, we analyze 11 years of reprocessed IceCube data (through-going muon tracks, see Table 1) and search
for an excess of neutrino-induced muons. We apply a conservative lower limit on the angular uncertainty of 0.2 degrees,
whereas the median angular resolution is 0.57 degrees (compared to a median angular resolution of 0.59 degrees before
the reprocessing). We identify possible neutrino production sites by looking at the origin of high-energy neutrinos
that have a high probability of being of astrophysical origin. IceCube’s highest energy neutrinos with the largest
astrophysical purity are events from the new selection of IceCube alerts published in the so-called “gold” alert channel
(Blaufuss et al. 2019; Abbasi et al. 2023a). Additionally, we extend the list by including 18 high-energy events from
Abbasi et al. (2022b) that were confirmed to be likely astrophysical events by a new event classifier (Kronmueller &
Glauch 2019). Since we use a combination of IceCube alert events and high-energy tracks identified retrospectively,
we will refer to our event selection as “alert+ events” for brevity. All IceCube data used in this work (lower and
high-energy events) have been reprocessed.

In this work, we excluded alert+ events within 30 degrees of the geographic poles (affecting three events), for
which we have smaller statistics for the background. Other IceCube analyses have applied different declination cuts
(for example including all events up to 81° declination (Abbasi et al. 2022a) or up to 82° (Aartsen et al. 2020)).
Additionally, we removed alert+ events with large uncertainties (> 100 square degrees, affecting two events). As a
result, our final sample consists of 122 high-energy events (104 IceCube alert events and 18 high-energy tracks, listed
in Table 3), detected between 2009 and the end of 2021. On average, our selected alert+ events have a probability to
be astrophysical of 2 0.5. The probability to be astrophysical is spectrum dependent and based on the muon neutrino
spectrum measured by IceCube (Haack & Wiebusch 2017; Abbasi et al. 2022b). The median angular resolution (90%

* also at Institute of Physics, Sachivalaya Marg, Sainik School Post, Bhubaneswar 751005, India
T also at Department of Space, Earth and Environment, Chalmers University of Technology, 412 96 Gothenburg, Sweden
t also at Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan

! https://gen.gsfe.nasa.gov/notices_amon/50579430_130033.amon
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Figure 1. Sky map in right ascension and declination (epoch=J2000) with the arrival directions of events fulfilling the IceCube
alert criteria (with the highest probability to be of astrophysical origin) we investigate in this work. The events were detected
between August 2009 and the end of 2021. The shaded regions represent the 90% uncertainty region of the reconstruction.

uncertainty regions) of alert+ events is 2.1 degrees. In Figure 1, we show a map of all arrival directions and their
90% uncertainty regions of IceCube alert+ events investigated in this work. These events provide positions of interest
analogous to a catalog of possible neutrino sources. Since IceCube alert+ events trigger this analysis, we remove the
respective alert+ event from the 11 years of IceCube data when running the analysis. We present the analysis method
in Section 2 and the results in Section 3.

Table 1. Overview of the improved and reprocessed data samples in this analysis. The columns list the configuration of the
detector (“IC” and the number of deployed strings), the uptime (livetime) of the detector in days, the number of events in each
sample, and the start and end dates of the data subset.

Year Livetime [days] Number of events Start End

I1C59 353.578 107011 2009 May 5 2010 May 31

IC79 316.045 93133 2010 June 1 2011 May 13
1C86 2011-2019 3184.163 1133364 2011 May 13 2020 May 29

2. ANALYSIS METHOD

We use an unbinned likelihood approach as presented by Braun et al. (2008). In this work, we investigate two source

—

types: continuous sources and transient sources. We compare two hypotheses (each with a set of parameters )

e Background hypothesis Ho(go): The background comprises atmospheric neutrinos, atmospheric muons (re-
maining after event selection cuts), and diffuse astrophysical neutrinos. The flux is uniform in time and right
ascension.

e Signal hypothesis Hl(gl): There is a signal component additional to the atmospheric background and the
average diffuse astrophysical neutrino emission. The signal neutrinos cluster around their source (subscript S)
at right ascension, declination ¥s = (ag,ds). The energy spectrum of the emitted flux is an unbroken power
law: % o« E;7. In the specific case of a transient source hypothesis (see Section 2.2), the neutrino emission

has a Gaussian time profile with mean pp and width or.

We remove the high-energy alert+ events that triggered this analysis from the data set. Hence, we look for additional
neutrino emission from the direction of the high-energy alert+ events. We then maximize the likelihood, £, and compute



6 ICECUBE COLLABORATION ET AL.

the likelihood ratio
sup £(Ho)

sup L(Hy)

The likelihood maximization varies the expectation value of the number of detected signal neutrinos, ng, and the
emitted energy spectral index, v. We allow values for v between 1.5 and 4. For the background hypothesis, ng is fixed
to 0.

The likelihood is the probability density of observing the data given a specific hypothesis. The probability density
of observing an event, 4, is a sum of its probability to be signal, S;, or background, B;: 5&5; + (1 — ”WS) B;, where N
is the total number of detected events (signal and background combined).

We define the test statistic, TS, as

MT) = (1)

5(50|f5) L (ng = ng) fis [ S;
TS = —2In\ = —2In | ——~ :21%”]:2 Zln{s (’—1)+1}, (2)
for a signal hypothesis with the best-fit value of fig neutrinos (the “” denoting the best-fit of a parameter) as the

mean number of neutrinos we expect to detect from the neutrino source.

The investigated source candidates have directional uncertainties (see Figure 1). However, we assume potential
sources are smaller than the best resolution of 0.2 degrees in our data (TXS 0506+056 has an angular size of ~ 2.6
arc-seconds). Hence, we fit the best point-source position within a reconstructed 90% uncertainty region by dividing
the region in a grid with steps of 0.2° in right ascension and declination, the best angular uncertainty for events used
in this study. The likelihood is optimized at each grid point. The grid point yielding the best result (i.e., the highest
TS value) is subsequently considered the point-source position.

This procedure is run on different realizations of background data ~ 10* times. The background data are all 11
years of muon tracks with randomly assigned right ascensions. In the final step, we calculate the test statistic value,
TSqata, for the true data and compare this with the simulated background test statistic distribution. The local p-value
is the probability of getting this TSqasa (or a larger value) from a random background realization. This procedure is
repeated for all remaining regions in the sky, yielding 122 local p-values. From these 122 values, we take the most
significant local p-value, pg, to identify the most significant source.

As a next step, we correct the significance for having tested 122 regions in the sky. Considering only background
realizations, we take the most significant p-value out of 122 positions for each realization and generate a distribution
of best local p-values, pp sg. The final global p-value of our analysis is the probability for po g to be at least as
significant as the p-value we got from our real data, pg. Since we are investigating only a limited number of points
(122), weaker neutrino emissions have a higher significance in this analysis than in an all-sky scan, for example, in
Abbasi et al. (2022a).

When testing the method with Monte Carlo simulations, the best-fit number of signal neutrinos, ng, and source
spectral index, 4, show a bias compared to the true simulated source properties. For sources with simulated hard
spectral indices (i.e., v = 2), there is a tendency to fit slightly softer spectra and a slightly larger number of signal
neutrinos. For simulated sources following softer spectral indices (i.e., 7 = 3), the tendency is reversed to fitting slightly
harder spectral indices and smaller numbers of signal neutrinos. Appendix A presents a more in-depth discussion of
this bias. Correcting the bias is not straightforward, and we have decided not to include an, at best, incomplete
correction. Hence, the best-fit fluxes are only indicative. This bias does not affect the flux limits since they are based
on simulated fluxes where the true source strength is known.

2.1. Time-integrated search for continuous sources

We define the signal and background probability density functions (pdfs) S; and B; in a spatial and an energy
part (see, e.g., Braun et al. (2008); Abbasi et al. (2011)). The spatial part depends on the source position #g and
the reconstructed event properties: reconstructed origin Z; and the angular uncertainty of the reconstructed origin
0;. The energy part depends on the reconstructed muon energy, F;, the reconstructed origin declination, §;, and the
source energy spectral index, . The signal pdf for a steady source is hence

— |7 — @]

. . N N 1
Si(l‘i, Ei‘azﬁ xSa'Y) = Sspatial<xi|gi7$5) . Senergy(Ei‘(Siafy) = W €xXp <W) . Senergy<Ei|5ia’Y>' (3>
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The energy pdf, Senergy, is the probability of detecting a neutrino with reconstructed energy, E;, at declination, 9;,
assuming the source emits neutrinos with a spectrum of £~7. The background pdfs, B;, are defined similarly
Bi (fu Ez) = Bspatial (fz) : Benergy(Ei‘(Si) = % . P((SZ) . Benergy(Ei‘5i)~ (4)
The spatial term depends only on the event declination, §;. We assume uniformity in right ascension for the background
data due to IceCube’s unique position at the South Pole. Bepergy is derived directly from experimental data.
Searching for neutrino counterparts of the alert+ events, we want to be sensitive to a single strong emission from
one (or a few) sources and, additionally, to faint emissions from a larger number of sources. Hence, our search for
continuous sources consists of two parts. The first part searches for single strong neutrino emitters. The second part
investigates the overall neutrino emission from all 122 positions of interest. In the latter case, we combine the neutrino
emission and define a new test statistic value, T'Sstacked, by summing the test statistic values of all alert+ positions, k,

TSstacked = Z TSk (5)
k
We take the TSy from the individual search, hence we do not correct for overlapping uncertainty regions of alert+
events.
2.2. Transient sources

For transient sources, we multiply a temporal pdf with the previously defined spatial and energy pdfs in equations
(3) and (4) (Braun et al. 2010). We assume a Gaussian-shaped time profile centered around pp with width op for the
signal part. The temporal signal pdf becomes

St (tilpr,or) = ! exp <—(tl_'uT)> ) (6)

2
orV2w 207

with t; as the time the event was detected. The background expectation is a constant rate over the whole data taking
time, tgata:

1
Br = .
tdata

(7)

The search for time-dependent sources adds another optimization step for the best flaring time. This introduces
a bias towards shorter flares since the number of possible shorter flares is larger than the number of possible longer
flares. We correct for this effect by multiplying the test statistic by a marginalization factor, Sﬂgs (Braun et al.
2010). Here, 300 days is the maximal flaring time. Longer time scales would result in worse sensitivity than the
time-integrated search. We assume a minimal o7 of 5 days to ensure the background uniformity in right ascension.

Conventional methods to find neutrino flares as in Aartsen et al. (2015); Abbasi et al. (2021d); Aartsen et al. (2018b);
Abbasi et al. (2021¢) apply a brute-force scan of all possible time-intervals between events where the ratio of Equation
(3) over Equation (4) exceeds a certain threshold. This is computationally expensive. The computational cost can be
reduced by increasing the required threshold and hence reducing the possible number of intervals scanned. We want
to include as few biases as possible, and if following conventional approaches, we would apply the same threshold as
in Aartsen et al. (2018b), where the ratio had to be > 1. However, Aartsen et al. (2018b) performs this search only on
one position in the sky. In our case, this would mean scanning the uncertainty region of 122 alert+ events in steps of
0.2 degrees and, at each step, evaluating every possible time window between 5 and 300 days in 11 years for neutrino
emission. This proved to be computationally unfeasible. To overcome this problem, we investigated new approaches
(Karl et al. 2021; Karl 2022; Karl et al. 2023), which do not rely on thresholds, such as a different test statistic to
evaluate if an emission is time-dependent (Eller & Shtembari 2021) or finding an analytical description of the test
statistic such that we would not need to simulate a large number of background and signal models.

Here, we have applied an unsupervised learning algorithm looking for clustering in data: expectation maximization
(Dempster et al. 1977). This is the first time we apply expectation maximization on IceCube data and use it to fit the
best time of transient neutrino emission.

The procedure is as follows (Karl & Eller 2023). For a source position to be tested (grid point), we assume a
two-component mixture model for the temporal distribution of our data (a neutrino flare in the form of a Gaussian
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signal and uniform background). As a starting flare, we choose a single very broad flare, extending beyond the whole
data-taking period. For each event, we compute the probability of it belonging to the neutrino flare (the membership
probability). These probabilities are then used to improve the flare parameters iteratively. In the calculation of the
membership probability for event i, we include the pdf values for the spatial and energy signal and background pdfs
(as in Equation (3) and Equation (4)) as event weights. The membership probability is:

5= 5i S (ti|pr, o) _ Nfare 3-S7(til 7, 07) ®)
22 8iSr (tilpr, or) + (1= #5=)BiBr  npare 5 St (til pr, o) + Npia’

Pi,ﬂarc =
data

and at each iteration the mean time, up, and the width, op, are recalculated using

o Zi Pz’,ﬂareti

KT = ’
Ei Pi,ﬂare

and

— Zz Pz’,ﬂare (tl — ‘uT)Q

Zi Pi,ﬂare

The quantity ngare scales the Gaussian temporal pdf according to the expected number of signal events. However,
Nfare 1S only used to determine pur and op; ng is fitted independently once we determine the time pdf of the neutrino
flare. We stop the iterations when there is no change in the likelihood in the past 20 iterations or once 500 iterations
have been performed.

The signal weight, S;/B;, depends on the assumed source spectral index, 7. We want to avoid favoring a specific
index; hence we run expectation maximization for different fixed spectral indices, ygn, between 1.5 and 4 in steps of
0.2 (Karl & Eller 2023). We get an optimized time pdf for each ygyn. We then optimize the test statistic as in Equation
(2) with the signal and background pdfs, including the temporal pdfs for each ygp. In this step, we fit ng and - while
keeping the temporal pdf with fi7(yem) and 67 (yem) fixed. The flare yielding the highest T'S value is then the best-fit
flare for this grid point. For each alert+, we repeat this procedure at every grid point in the uncertainty region. The
point with the most significant result is then the preferred source location. For the background TS distribution, we
shuffled the event times and calculated the new right ascension values based on the event azimuths and the shuffled
times.

or (10)

3. RESULTS
3.1. Continuous sources

The search for the strongest single continuous source yields a global p-value of 0.98 and is compatible with the
background hypothesis. We determine an upper flux limit by simulating neutrino emission with an E~2 spectrum.
The upper flux limit is the flux for which 90% of the corresponding test statistic distribution lies above the test statistic
value of the strongest single continuous source. We get an upper flux limit (for muon neutrinos and antineutrinos)

at 90% confidence level for the most significant position of (D;S;Zi“o’gig\lje = 6.9 x 10717 (TeV cm? s)~!. In general,

the energy-dependent flux, ®(F), of this flux limit is ®(F) = @gg;; i“o’g;;%e X (ﬁ)iz. The acceptance for the
simulated flux has a limited range in energy. We define the energy range for the flux limit as the central 90% quantile
of detected simulated events. In this case, we limit the flux from 0.9 TeV to 483 TeV. Table 4 lists the results for all
122 investigated regions.

For the combined emission of all sources, we get a p-value of 8%, which is also compatible with the background
hypothesis. We determine the 90% confidence level upper flux limit, @gg;g;“o’g% C\lf{ed, by simulating an increasing
number of sources emitting a weak flux, ¢1, corresponding to one neutrino coming from a source at the celestial
equator — IceCube’s most sensitive region for detecting neutrinos at the highest energies — in 11 years (¢; =
4.502 x 1078 (TeV cm? s)~1). We repeat the simulation ~ 10* times for each combined flux and create a TSgtacked
distribution. Based on this distribution, we determine the combined flux strong enough to yield a higher test statistic
value than our result with 90% probability. )

The upper limit of emission additional to the alert+ events is @;g;; Vl‘agtTi C\l;ed =4.2x10716 (TeV cm? s) ! for a spectral
index of v = 2 and within the energy range from 4.2 TeV to 3.6 PeV. For comparison, the diffuse astrophysical neutrino

flux is Paiftuse,100Tev = 1.44 x 1071% (TeV cm? s sr)~! in the range of 15 TeV to 5 PeV (Abbasi et al. 2022b) with a
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Figure 2. 90% confidence level upper flux limits assuming for all source candidates combined (dashed orange line) valid in the
energy range of 4.2 TeV to 3.6 PeV and a neutrino emission following E~2. The green line is the diffuse astrophysical neutrino
flux (Paiftuse, 100Tev = 1.44 x 107° - 47 (TeV em? s)7!) in the range of 15 TeV to 5 PeV (Abbasi et al. 2022b)). The dotted
purple line shows the 90% confidence level upper flux limit for the spectral index of the diffuse flux (y = 2.37) between 0.6 TeV
and 1 PeV. Left: The upper flux limit, excluding the alert+ events in the analyzed data, is 1.6% (v = 2) of the astrophysical
diffuse flux in the overlapping energy range, and 1.5% when assuming the same spectral index (v = 2.37) as for the astrophysical
diffuse flux. Right: The upper flux limit, including the alert+ events in the data, is 4.5% of the astrophysical diffuse flux in
the overlapping energy range for v = 2, and 8% of the diffuse flux when assuming the same spectral index (v = 2.37) as for the
astrophysical diffuse flux.

spectral index of v = 2.37. Integrating over the energy range where both the diffuse flux and fbgg;; i‘a’gﬁc\l,(ed overlap,

Py, stacked . . . . . .
@SS%%,STZV corresponds to 1.6% of the astrophysical diffuse flux. To constrain the maximal possible emission

from the alert+ regions, including the highest-energy events, we include the alert+ events just for the following
limit. Thus, considering the total emlssmn of all 122 regions, including alert+ events, we get an upper flux limit of
@;g%%’g’gl\]] alerts _ = 1.2 x 1071 (TeV cm? s)~! for the energy range from 4.2 TeV to 3.6 PeV, which corresponds to
4.5% of the diffuse astrophysical neutrino flux where both fluxes overlap in their energy range (see Figure 2). We repeat
the upper flux limit calculation with the same spectral index as for the astrophysical diffuse flux and get a limit of
2.1x10716 (TeV cm? s)~! (1.5% of the astrophysical diffuse flux) excluding alert+ events, and 1.1x1071% (TeV cm? s) !
including alert+ events (8% of the astrophysical diffuse flux) at 100 TeV. For v = 2.37, the energies of the simulated
detected events range from 0.6 TeV to 1 PeV. This energy range differs from the previous range for v = 2. The energy
distribution of the signal events depends on the simulated energy spectral index. There are more neutrinos in lower
energies if the simulated energy spectrum is softer compared to a harder emission.

The lack of lower energy neutrino emission (compared to IceCube alert+ events) could be caused by various scenarios.
It is, for example, possible that some sources flare in neutrinos, emitting mainly high-energy neutrinos. Another
possibility might be a hard neutrino emission, i.e., v < 1 (for example, models proposed in Waxman & Bahcall (1999);
Padovani et al. (2022)). The atmospheric background would dominate the lower-energy neutrino emission. The higher-
energy neutrino emission would be detected as single high-energy events, given IceCube’s effective area (Aartsen et al.
2020; Abbasi et al. 2021b). This matches our observation. However, there are many different scenarios that agree with
this work. In these cases, different source populations or states produce different neutrino spectra compared to one
continuous power law. Another possible scenario including a source population emitting single power-laws is described
in Abbasi et al. (2023b). Our result agrees with the high-density scenario presented in Section 6. There, a high-density
source population with low individual fluxes (with an E~2-5 energy spectrum) is the origin of alert events. Due to
the sheer number of sources, we would be able to detect flux fluctuations in high-energies as alert events without a
detectable lower-energy component. In lower energies, the flux would be too low to be detected and it would require
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Figure 3. Logarithm of the signal-over-background ratio, log,, Si/Bi, distribution of individual events, %, versus their detection
time, ¢;, between 2012 and 2016. The log,, S;/B; values are for the best-fit position (close to TXS 0506+056) and the best-fit
spectral index. The color indicates the reconstructed muon energy, Frec,., increasing from light to dark. The black-dashed
line shows this work’s best-fit time pdf St (with the y-axis on the right). It agrees with the grey-dashed pdf of Aartsen et al.
(2018b).

a simultaneous fluctuation in both lower and higher energies such that both components could be detected from the
same object.

3.2. Transient sources

In our search for transient sources, we look for the most significant transient neutrino emission. Out of all the
investigated 122 alert+ origins, the most significant transient emission is the neutrino flare with the seed alert IceCube-
170922A, which is associated with the blazar TXS 0506+056. Our search yields a local p-value of 0.14% (or a
significance of 30). The main differences between the search in Aartsen et al. (2018b) and this work are:

e We have no external trigger in this work, whereas Aartsen et al. (2018b) was triggered by the observation of a
flaring blazar.

e We use 11 years of recalibrated IceCube muon data, improving directional and energy reconstruction. For a
discussion of how the contributing events are affected, see Appendix B.

e We include a fit for the best source position and use expectation maximization to identify the time of the neutrino
flare.

The corresponding flare is centered around a mean flare time fip = 57001+38 MJD and has a width of 67 = 64+3 1o 2 days.
These properties agree with Aartsen et al. (2018b), as shown in Figure 3. When correcting for the look-elsewhere effect,
the global p-value is pglobal = 0.156, which is not significant. Such a trial correction does not apply for the search
reported in Aartsen et al. (2018b). Table 5 lists all results for the investigated regions.

The best-fit parameter can yield insight into the source emission. However, as mentioned in Section 2 and Appendix
A, the best-fit results and the resulting flux estimations are biased. The best-fit result of the number of neutrinos
in the neutrino flare is ﬁs = 12Jj? with a spectral index of 4 = 2.3 £ 0.4. This corresponds to an average flux of

oyrtrn = 11499 x 10715 (TeV em? s)~ " in the energy range of 3.5 TeV to 213 TeV during the period of the neutrino
flare. The correspondmg single flavor neutrino and anti-neutrino fluence, the flux integrated over the flaring period
(fir — 267 to fir + 267), is Jfgo—;‘?{/ = 12759 x 1078 (TeV ¢cm?)~!. This flux estimation also agrees with Aartsen
et al. (2018b), as shows the all-flavor neutrino ﬂux (three times @Tg;ﬂ“v) in Figure 4. In Appendix B, we compare the
events contributing to the neutrino flare in this analysis and previous works and explain why the errors differ.

For transient emission, the lack of additional lower-energy neutrino emission (besides the reported local evidence
associated with TXS 0506+056) can imply various scenarios. One is that neutrino flares occur rarely or might not
necessarily be connected to the production sites of high-energy neutrinos. Similarly to Section 3.1, it could also indicate

that these neutrino sources emit a very hard energy spectrum, for example, with v < 1.
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Figure 4. Spectral energy distribution of TXS 0506+056 in photons (grey dots) and neutrinos during the time of the neutrino
flare (bands). The green dots (arrows) show gamma-ray emission (upper limits) during the time window of the neutrino flare
detected by Fermi-LAT (Ackermann et al. 2012). This work’s all-flavor neutrino flux during the flare (orange band, 3 x @lfg(;;;‘{,)
agrees with the all-flavor flux given in Aartsen et al. (2018b) (dark purple band). Data for the photon SED from Myers et al.
(2003); Healey et al. (2007); Jackson et al. (2007); Nieppola et al. (2007); Condon et al. (1998); Wright et al. (1994); Planck
Collaboration et al. (2011); Gregory et al. (1996); White & Becker (1992); Planck Collaboration et al. (2014, 2015); Wright
et al. (2010); Bianchi et al. (2011); D’Elia et al. (2013); Evans et al. (2014); Voges et al. (1999); Boller et al. (2016); Abdo et al.
(2010); Nolan et al. (2012); Acero et al. (2015); Bartoli et al. (2013); Giommi et al. (2018).

4. CONCLUSION

Our study focused on the origin of IceCube’s highest energy events, or alert+ events, to identify potential sources of
additional neutrino emission. To achieve this, we systematically scanned the 90% uncertainty contours of reconstructed
alert+ events, with a resolution of 0.2 degrees, to determine the most significant source position. We assumed that
the emission followed a power-law distribution, « E~7, with v ranging from 1.5 to 4.

Our analysis found no evidence for continuous emission from a single source, as the data were consistent with the
background assumption. Therefore, we placed a constraint on the overall combined flux from all positions, which was
found to be 1.6% of the diffuse astrophysical neutrino flux observed by IceCube (for v = 2). If we included the alert+
events in the analysis, we could constrain all expected emissions from their respective directions to no more than 4.5%
of the diffuse astrophysical neutrino flux (for v = 2). For a source spectral index similar to the diffuse astrophysical
neutrino flux (y = 2.37), we constrain the overall combined flux to be less than 1.5% (excluding the alert+ events)
and less than 8% (including the alert+ events) of the diffuse astrophysical neutrino flux. This indicates that different
source populations or states produce different neutrino spectra compared to one continuous power law.

Our investigation confirmed the neutrino flare associated with the blazar TXS 05064056 as the most significant
transient emission from all investigated positions, with a local significance of about 30. When we corrected for the
look-elsewhere effect in this analysis, the global significance was 15.6%, consistent with the background expectation.
The parameters of the neutrino flare in this study using recalibrated data agreed with previously published results.
We identified a Gaussian time window with a center at 57001753 MJD, and a width of 64735 days as the best fit
and estimated that 12f2 neutrinos were detected during the flare with a best-fit spectral index of 4 = 2.3 4+ 0.4.

. . . v, +v, _ +1.0 —8 2\ —1
This corresponds to a single flavor neutrino fluence of Jij 1, = 1.275g x 107° (TeV cm®)™" and an average flux

of ®Yrin = 11759 x 10715 (TeV cm? s)~! during the 207 time window. However, we find no other alert+ event
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with a similar local significance. TXS 05064056 remains the only source candidate where we find a connection of a
high-energy alert and a lower energetic neutrino emission.

For neither continuous nor transient emission did we find evidence of a lower energy neutrino component. This
can be explained in various scenarios. One is a hard neutrino spectrum with v < 1. In such a scenario, atmospheric
background noise would dominate the lower energy range, while the higher energy range would yield single high-energy
events. It could also be caused by a high-density source population as investigated in Abbasi et al. (2023b), where
high-energy events are the result of fluctuations from a large population of sources with individually weak fluxes. In
this case, the lower energy flux would still be too low to be detected. Our finding also suggests neutrino flares may be
rare or produced at different sites than IceCube alert+ events or that there are sources mainly emitting high-energy
neutrinos.
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APPENDIX

A. PARAMETER RECOVERY

When testing the method, as described in Section 2, with Monte Carlo simulations (Karl 2022), the best-fit number
of signal neutrinos, ng, and source spectral index, 7, show a bias compared to the true simulated source properties.
For sources with simulated hard spectral indices (i.e., v = 2), there is a tendency to fit slightly softer spectra and a
slightly larger number of signal neutrinos. For example, simulating an average of 10 neutrinos with v = 2 results in
a mean best-fit of g = 16 and 4 = 2.25. For simulated sources following softer spectral indices (i.e., v = 3), the
tendency is reversed to fitting slightly harder spectral indices and smaller numbers of signal neutrinos.

Several aspects influence this bias. One is a simplified spatial distribution in the form of a Rayleigh distribution
(see Equation (3)). This is corrected using a kernel density estimation (KDE) approach, for example, in Abbasi et al.
(2022a). However, the KDE approach is, so far, only feasible in the northern sky. Since we search for neutrino sources
also from the southern sky, we chose the simplified method. Another aspect is that weak sources emitting only few
neutrinos are not always found doing the position scan since background fluctuations can dominate these weak sources.
For example, for a continuous emission over 11 years, the mean distance between the best-fit source position and the
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actual simulated source is smaller than 0.3 degrees for a flux resulting in 5 signal neutrinos on average. This also
means that the best-fit ng will be larger than 0 in many cases with no neutrino source since the algorithm will find the
position with the largest background fluctuation. Hence, correcting this bias is not straightforward, and this analysis
is mainly sensitive to strong neutrino sources.

For transient sources, the bias is smaller. In the same example as above, 10 neutrinos with v = 2 emitted over a
period of op =~ 55 days are a much stronger signal compared to 10 neutrinos over 11 years. Hence in this specific case,
the mean best-fit ng = 12 and the best-fit ¥ = 2.1. However, we still face the case that background fluctuations can
dominate weak neutrino emission (in the case of o & 55 days, anything below 5 neutrinos is difficult), which makes
correcting this bias challenging. We have decided not to include an, at best incomplete, correction in this work. For
now, measurements of point-source fluxes are only possible with the KDE approach.

B. TRANSIENT SOURCES ANALYSIS

Figure 5 shows the p-value map of the scanned region around IceCube-170922A on the left. The most significant
position is within 0.5° from TXS 05064-056. The right panel of Figure 5 shows a histogram of the angular distance
of events from TXS 05064056. There is a clustering of events around the source position. The signal events for this
plot are simulated according to the best-fit result of the likelihood ratio test (g = 12, 4 = 2.3). The background
distribution is scrambled data in right ascension. The signal on top of the background flux matches the observed data.

background — total

X best fit —— 90% contour signal 4 data
alert position TXS 05064056
2.5
2.0 151
S 2
1.5 = =
5 5 10 1
l 1.0 | TS R— | ||
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3? [deg?

Figure 5. Left: P-value map of the alert region of IceCube-170922A. The grey dot indicates the reconstructed direction of
IceCube-170922A, and the grey contour shows the 90% uncertainties of the reconstruction. The red cross marks the best-fit
position of the position scan (0.6° from the reconstructed alert position). The star shows the location of TXS 0506+056. All
black bins have p-values close to 1. Right: Number of events at binned squared angular distances, \1/2, between TXS 0506+056
and the reconstructed event directions during the neutrino flare (57001 MJD + 2 x 64 days). Scrambled data in right ascension
provides the background (blue), and Monte Carlo simulations for the best-fitted flux (ng = 12 and v = 2.31) yield the signal
(orange). The grey line combines the background with the signal and matches the data points (black). The data are shown
with 68% uncertainties.

To determine the uncertainties of the best-fit values, we run a likelihood scan over the parameter space and use
Wilk’s theorem (Wilks 1938) to determine the 68% and 90% contours (see Figure 6). These contours are relevant for
the two-dimensional uncertainties of the flux as in Figure 4. For the time, we determine the profiled change of the
test statistic for different pr and or. The best ng and v are fitted for each value. The 68% uncertainties determined
by a profiled change of the test statistic are iy = 57001f§ MJD and 67 = 64+ days. The one-dimensional errors
for fluence, number of signal neutrinos, ng, and spectral index +y, are determlned Wlth the profiled change of the test
statistic where the mean flaring time and the flare width are kept fixed to the best-fit values. For the signal fluence the

68% uncertainties are are Jyit = 1.2710 51078 (TeV cm?)~! and for ng and v we get g = 1279 and 4 = 2.340.4.
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Figure 6. Change of the test statistic value for the different likelihood parameters. Left: Profiled change for different 7 and
or. ns and 7 are optimized at each step. The 68% uncertainties are fir = 570011‘32 MJD and 61 = 64f?‘3 days. Center: Change
when varying the signal fluence Jfé‘;;;@ (ns,7). The 68% uncertainties on the fluence are Jf(‘)‘ogzz =1.2709x107® (TeV cm?) .
Right: Variation when changing ns and ~y. The 68% uncertainties are ng = 12f2 and 4 =2.3+0.4.

Table 2. Left: Top 14 events with the strongest contribution to the neutrino flare of TXS 05064056, sorted by significance.
Right: The same events in the data sample published in Abbasi et al. (2021b). The last row states the ranking of the
contribution in previous analyses. The data set used in this work has improved directional and energy reconstruction. Some
events have shifted in position and have slightly different energies.

This work Abbasi et al. (2021b)
MJD RA  Dec o log,,(E/GeV) | RA  Dec o log,,(E/GeV) Ranking
(deg) (deg) (deg) (deg) (deg) (deg)

56940.9084 | 77.36  5.42  0.20 3.81 77.35 542  0.20 3.97 1
57009.5301 | 77.36  5.53  0.34 3.85 77.32 550 0.34 3.91 2
56973.3971 | 77.03 5.01  0.39 3.61 77.05 5.05 040 3.7 12
57112.6530 | 77.39 5.32  0.20 3.23 7743  5.34  1.09 3.46

57072.2088 | 77.13 5.04 0.42 3.50 76.35 522  0.36 3.43 9
56981.1313 | 76.20 6.13  0.63 4.03 76.16 6.19  0.43 4.13 5
57089.4395 | 77.67 591  0.20 3.62 7771 590  0.20 3.69 3
56927.8601 | 77.43 493  0.39 3.46 77.39 493 0.33 3.53 13
56955.7917 | 77.61 5.58  0.51 2.99 77.60 5.56  0.48 3.09 6
57072.9895 | 76.056 6.80  1.97 4.09 76.35 5.22  0.36 4.17 4
56940.5215 | 77.82 5.79 0.44 2.80 - - - - -
57031.8224 | 77.64 4.61 0.76 2.96 - - - - -
56937.8189 | 77.77  6.29  0.63 2.98 7775 6.23  0.63 2.91 11
56983.2476 | 77.47 6.80  0.92 3.09 - - - - -

Table 2 lists the top 14 contributing events to the neutrino flare, sorted by their S;/B; value multiplied by Sr. We
compare this with a previous data sample (Abbasi et al. 2021b) (for events also included in that sample) to emphasize
how the updated photomultiplier calibration affects the reconstructed direction, angular error, and energy.

The improved directional and energy reconstruction has changed the contributing events compared to previous
analyses (Aartsen et al. 2018b; Abbasi et al. 2021b). Most of the significance is caused by the two most contributing
events, which remain the same (see also Karl (2022)). However, their position is shifted, and their energy is changed.
For the remaining events, the contributing order has changed, or the events themselves differ. Figure 7 shows the
position and energy of the 14 most contributing events to the neutrino flare from the previous data set (left) and the
improved data used in this work (right). The event with the largest error region (o = 1.9°) on the right panel is also
included in the left panel. However, the uncertainty was underestimated in the previous data sample (o = 0.36°), and
its position has shifted.
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Figure 7. Position and energy (color) of the 14 most contributing events to the TXS 05064056 neutrino flare. The circles show
the uncertainty of the directional reconstruction, ;. Left: The 14 most contributing events from the data sample used in this
work (see Table 2). Right: The 14 most contributing events from the old data sample (Abbasi et al. 2021b).

C. ICECUBE ALERT+ EVENTS

Table 3. All alert events (track name starting with “IC”) and high-
energy tracks (track name starting with “DIF” (selected from Ab-
basi et al. (2022b)), “EHE” (extremely-high-energy), or “HESE” (high-
energy-starting event)) investigated in this work. The track name in-
cludes the time of detection in the format yymmdd. In the case of alert
events, the letter “A” or “B” is used to distinguish events detected on
the same day. The time is the detection time in MJD, and R.A. and
Dec list the best reconstruction coordinates with 90% confidence level

uncertainties.

Index Track Name Time [MJD]

R.A. [deg]

Dec [deg]

1 DIF090813
2 DIF091106
3 DIF100608
4 DIF100623
5 DIF100710
6 DIF100925
7 DIF101009
8 DIF101028
9 HESE10111
10 DIF101113
11 DIF110128
12 EHE110304
13 I1C110514A
14 DIF110521
15 IC110610A
16 IC110714A
17 DIF110722
18 IC110902A
19 IC110907A
20 DIF110930
21 DIF111201

55056.6983
55141.1275
55355.4872
55370.7355
55387.5362
55464.8959
55478.3806
55497.3033
2 55512.5516
55513.5995
55589.5628
55624.9548
55695.0642
55702.7666
55722.4261
55756.1130
55764.2196
55806.0922
55811.7946
55834.4451
55896.8575

29.517039
208.2110-23
344.933-39
141.2510:48
306.96279
266.2919-55
331.0979:55
88.6870 23
110.56 7559
285957120
307531952
116.3775°73
138.4775:98
235.137270
272.551167
68.2019-31
315.667251
9.7617 55
196.087592
266.4872:2
222.871:9%

Continued on next page

1.2370:33
11.741052
23.5873%%
47.807939
21.0017:25
13.401032
11.1079 28
0.4675:33
—0.371588
3.15%0°03
1.1970:33
1072957
~1.94+9-97
20.3071°93
35.6471-30
40671543
5297535
7.5910 56
9.40%1°0¢
—4.41705%
1871118
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Table 3 — continued from previous page

Index Track Name Time [MJD] R.A. [deg] Dec [deg]

22 IC111216A  55911.2769  36.74715%  18.88724S
23 IC120301A  55987.8069  237.96793%  18.767917
24 IC120515A  56062.9590  198.94717L 32007097
25 IC120523A  56070.5743  171.0879:%%  26.4470-25
26 IC120807A  56146.2071  330.07795%  1.4270:59
27 IC120916A  56186.3053  182.24713%  3.8870-58
28 IC120922A  56192.5493  70.627149 19797091
29 ICI121011A  56211.7709  205.1473%%  —2.281033
30 IC121026A  56226.5995  169.807132  27.91%0:85
31 IC130127A  56319.2800  352.977132  _1.98+0-97
32 IC130408A  56390.1888  167.837283  20.667.28
33 IC130627A  56470.1104  93.74719L 14174123
34 DIF130817  56521.8320  224.8979%7  _4.44%12!
35 IC130907A  56542.7931  130.17+0:4%  —10.5419:26
36 IC131014A  56579.9092  32.92+087  10.28+0-4L
37 IC131023A  56588.5585  301.907192  11.617113
38 IC131124A  56620.1451  285.167%20  19.47+1:43
39 IC131204A  56630.4701  288.987 10 14211077
40 IC140101A  56658.4039 192267297 —2.697191
41 IC140108A  56665.3079  344.667053  1.57%037
42 IC140109A  56666.5030  293.1279°75  33.0270:23
43 IC140203A  56691.7851  349.5872%% —13.55%11]
44 DIF140522  56799.9614  349.397239 18057194
45 IC140609A  56817.6364  106.2672%%  1.317)9%
46 IC140611A  56819.2044  110.65793%  11.45%919
47 IC140705A  56843.6687  25.887185  254F179
48 IC140923A  56923.7211  169.72797%  —1.6070:32
49 IC140927A  56927.1608  50.897391  _0.63+1:49
50 IC150127A  57049.4813  100.377136  4.59%079
51 IC150515A  57157.9416 91497593 12.147533
52 IC150714A  57217.9097  326.29713  26.367L39
53 IC150812B  57246.7591 328277975  6.177048
54 IC150831A  57265.2178  54.767992 34007114
55 IC150904A  57269.7597  133.777933  28.08793L
56 IC150919A  57284.2057  279.541175  30.35+218
57 IC150923A  57288.0268  103.237972 3967090
58 IC150926A  57291.9012  194.557979  —4.5619:%
59 IC151017A  57312.6757  197.537247 19957399
60 IC151114A  57340.8735  76.167135 12717095
61 IC151122A 573485316  262.057987  —2.24+5-61
62 IC160104A  57391.4438  79.41%98%  500%9-57
63 IC160128A  57415.1835  263.767119  —14.907198
64 IC160225A  57443.8804  311.877212  60.067153
65 IC160331A 574785652  151.22+0:%6  15.48+9-9
66 IC160510A  57518.6640  352.88717%  1.90%97%
67 EHE160731  57600.0799  214.50%37%  —0.33+9-7°
68 IC160806A  57606.5150  122.7819-5%  _0.71+5:38

Continued on next page
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Table 3 — continued from previous page
Index Track Name Time [MJD] R.A. [deg] Dec [deg]
69 IC160814A  57614.9069  200.047312  _32.13+174
70 IC160924A  57655.7411  241.13%%492  1.34+3-40
71 IC161001A  57662.4392  192.577259  37.127150
72 DIF161011  57672.0796  26.3879:%6 9557066
73 IC161012A  57673.6126  190.067220  _7.48+218
74 IC161117A  57709.3320  78.667135  1.6071:9
75 IC161210A  57732.8380  46.367235 15257093
76 IC170105A  57758.1419  309.95729%L 8167299
77 IC170321A  57833.3141  98.267.32  —15.067194
78 IC170514B  57887.3002  227.37+123  30.651140
79 IC170626A  57930.5193  280.997393  g880*L13
80 IC170704A  57938.2926 230457167 23367110
81 IC170717A  57951.8177  208.397167 25167141
82 IC170803A  57968.0838  1.101%448 4637041
83 IC170809A  57974.5971  21.27+975  _2.98+0-69
84 IC170824A  57989.5538  41.92%30%  1237+148
85 IC170922A  58018.8712  77.43*114  579+0-61
86 IC170923A  58019.0213 173457238 _2.54%0:90
87 IC171015A  58041.0656  162.91%2:%5 —15.48+1:02
88 IC171106A  58063.7775  340.14708,  7.447)3L
89 IC180123A  58141.6771  77.12%550  8.01707%%
90 IC180410A  58218.7768  218.50797%  0.56707%
91 IC180417A  58225.2785  305.7373%0  _4.41%0:%8
92 IC180908A  58369.8330  144.987149  _939+11¢
93 IC181023A  58414.6927  270.1871:85 g 4ot1-13
94 IC181120A  58442.7087  25.71733%  11.72+%4)
95 IC181121A  58443.5800  132.1977:3%  32.93+419
96 IC190124A  58507.1555  307.4479-%3 32221096
97 IC190214A  58528.6727 228251079  —4.14%9:37
98 IC190221A  58535.3512  268.597 14l —17.00%}23
99 IC190503A  58606.7244  120.197386  6.4370:98
100 IC190515A  58618.4506  127.88%97%  12.6019:49
101 IC190613A  58647.8294  312.1979:5¢  26.57+9.7°
102 IC190619A  58653.5516  343.52+41%  10.28+20L
103 IC190730A  58694.8685  226.1411:28  10.77+1:03
104 IC190922A 587484047  167.30%281 —22.97%339
105 1C190922B 587489611 5717112 _1.53+0-90
106 IC191001A  58757.8398  313.99%59  12.79+1.65
107 IC191119A  58806.0427  229.31754  377+247
108 IC200109A  58857.9873  165.45%3S1  11.80+118
109 IC200530A  58999.3295  255.37724¢  26.617%32
110 IC200615A  59015.6176  142.95%11% 366111
111 IC200926A  59118.3293  96.467079  —4.33+5:6
112 1C200929A  59121.7421  29.5310:%5 3474071
113 IC201007A 591299179  265.17+945  5.3470-39
114 IC201114A  59167.6288  105.7379-9%  5.87+10!
115 IC201115A  59168.0885  195.12%132  1.38712%

Continued on next page
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Table 3 — continued from previous page

Index Track Name Time [MJD] R.A. [deg] Dec [deg]

116 IC201130A  59183.8485  30.547110 19710+l
117 IC201209A 591924276  6.86710L  —9.25+0-9
118 IC201221A  59204.5256  261.69722%  41.81+1%
119 IC201222A  59205.0391  206.37+9:55  13.44%9:5
120 IC210210A  59255.4958  206.067140  4.78+0-62
121 IC210811A  59437.0852  270.79+1-07  25.28+9-79
122 IC210922A  59479.7620  60.73798%  —4.18+9:27
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D. RESULT TABLES

Table 4. Results of the individual time-integrated analysis sorted by
significance. The first column contains the index of the alert+ event as
in Table 3. The two following columns list the best-fit position of this
work. The fourth and fifth columns contain the best-fit parameter of
the likelihood optimization ns and 4. The sixth column shows the local
p-values, and the seventh column the 90% confidence level upper flux
limits. The central 90% quantiles of neutrino energies of the detected
simulated events for computing the flux limit are listed in columns eight
and nine. They define the range in which the flux limit is valid. The
global p-value for the time-integrated single-source search is 0.98.

Index R.A.[deg] Dec [deg] ns ¥ Pocat  Poonioorev  Evemin [TeV]  Ey e max [TeV]
[TeV cm? s] ™!

13 137.87 -2.69 37.50 3.20 0.02 6.88x 10717 0.9 483.1
106 318.48 11.88  13.38 2.08 0.03 9.00 x 10~ %7 0.7 132.7
14 237.00 19.41  46.18 4.00 0.03 9.20 x 10~Y7 0.7 88.3
2 298.74 11.74  38.86 4.00 004 895x 1077 0.7 134.0
83 22.02 -2.13 28.76 293 0.04 5.00 x 10717 0.9 439.5
54 54.99 33.66  34.34 4.00 0.04 5.58x 10717 0.7 50.8
16 68.36 40.82 448 1.71 005 7.31x10°%7 0.7 40.8
50 50.69 -0.44 43.72 4.00 0.06 5.77 x 10717 0.8 380.2
74 79.40 2.75 20.01 249 0.06 6.35x 10717 0.8 293.8
10 284.83 3.32 16.71 2.38 0.07  7.66 x 1077 0.8 286.4
60 75.38 12.87 13.39 2.17 0.07 4.77x 1077 0.7 118.6
23 237.76 19.08  37.66 4.00 0.07 6.31 x 1077 0.7 95.1
44 349.58 -13.17 1227 264 0.07 617 x 1077 17.3 5093.3
25 171.74 26.44 11.18 2.31 0.07 6.01 x 1077 0.7 67.3
72 26.38 9.55 9.84 213 0.08 2.15x 10716 0.8 158.1
45 350.01 19.02 40.34 391 0.10 7.68x 10717 0.7 101.2
40 190.68 -2.35 26.39 4.00 0.11 4.11 x 1077 0.9 462.4
90 218.32 -0.15 32.53 349 0.11 4.22x 1077 0.8 368.1
11 307.86 1.36 11.50 242 0.14 324x10°Y 0.8 353.2
93 269.42 -7.48 1552 295 0.15 871 x 1077 2.2 2118.4
65 151.55 1598  30.25 3.05 0.16 5.88x 107 0.7 105.0
7 99.20 -15.86  11.40 3.81 0.16 2.11x 1071¢ 22.7 6823.4
84 43.34 12.18  40.03 3.49 0.16 7.54 x 1077 0.7 131.2
85 77.43 5.38 16.73 2.54 0.17 418 x107Y7 0.8 237.1
99 120.35 6.05 24.65 2.81 020 4.68x 10717 0.8 223.4
55 133.77 27.71 2204 4.00 0.20 3.85x10°Y 0.7 64.4
120 206.26 4.41 26.47 2.89 020 3.79x 10717 0.8 265.5
4 141.25 47.32 17.24 261 021 7.67x 107 0.7 324
9 111.36 -0.37 25.89 4.00 0.21  2.89 x 10717 0.8 371.5
81 208.19 25.69 514 1.86 022 556 x 1077 0.7 65.9
28 70.62 19.43 8.08 2.09 022 4.92x10°%7 0.7 86.5
15 273.27 36.20 2240 2.72 0.22 614 x 1077 0.7 43.9
30 171.12 27.73 3296 3.94 0.23 537x10°Y 0.7 62.2
31 353.91 -1.20 2058 265 024 3.11x107'7 0.9 394.5
18 9.38 7.59 5.54 2.09 024 4.38x 1077 0.8 181.1
115 194.76 2.47 17.33 248 026 2.81x10°Y 0.8 300.6

Continued on next page
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Table 4 — continued from previous page

Index R.A.[deg] Dec [deg] s Y Dlocal Poo%100rev  Ev,omin [TeV]  Ey¢max [TeV]
[TeV cm? s] !

33 93.74 14.17 18.68 2.58 0.26  3.76 x 1077 0.7 116.7
113 265.17 5.15 21.84 4.00 0.28 4.00 x 1077 0.8 248.3
47 27.54 2.74 36.77 3.79 0.28 3.52x 1077 0.8 293.8
34 225.59 -4.09 14.38 2.78 0.30 3.24x 1077 1.0 642.7
119 206.90 13.27 2054 3.16 0.30 3.12x 1077 0.7 118.6
112 29.35 3.30 2247 312 0.30 3.70 x 1077 0.8 281.2
114 104.46 6.38 28.34 3.01 0.30 2.82x10°'7 0.8 224.4
94 26.90 7.81 4741 4.00 0.30 7.00x 1077 0.8 170.6
7 330.73 11.10 2111 290 0.31 3.57x 1077 0.7 134.0
56 277.48 29.41 25.41 2.83 0.32 2.86x 1077 0.7 55.0
75 46.95 1599 3299 3.15 032 4.65x 1077 0.7 106.7
59 195.23 20.14 895 2.09 0.33 6.66x 1077 0.7 83.0
79 283.21 9.37 3219 343 0.33  5.19x107'7 0.8 167.1
78 227.78 30.25  28.65 4.00 0.33 6.23x10°Y7 0.7 54.3
122 60.27 -3.99 6.55 4.00 0.34 5.41x 107 1.0 619.4
52 91.86 12.32 2331 325 0.34 358x107'7 0.7 130.0
86 171.49 -2.36 832 219 0.34 372x107Y 0.9 467.7
49 168.88 -1.43 20.41 4.00 0.35 2.03x 1077 0.9 409.3
109 255.82 26.80  26.23 2.85 0.36  2.66 x 10”7 0.7 67.8
88 340.75 7.44 19.33 4.00 0.37 8.03x 1077 0.8 187.5
70 237.60 1.14 41.83 4.00 0.38 4.43x 1077 0.8 334.2
87 164.10 -14.76 1178 3.90 0.39 517 x 1077 20.7 6368.0
46 105.48 1.66 25.18 2.74 040 1.73x 10716 0.8 320.6
102 343.52 9.69 42.18 3.38 0.40 2.69 x 10717 0.7 158.9
66 354.25 1.40 27.02 4.00 041 2.40x 1077 0.8 338.1
92 144.38 -3.14 18.45 4.00 0.42  2.90 x 1077 0.9 517.6
100 128.67 12.76 542 2.18 0.43 328 x 1077 0.7 123.0
110 143.14 3.32 21.32 2.82 046 3.36 x 1077 0.8 281.2
97 228.84 -3.96 6.79 4.00 0.46 3.30x 1077 1.0 620.9
91 304.94 -4.97 12.09 4.00 0.47 1.34x 10716 1.1 871.0
63 264.13 -15.07 8.15 3.88 0.47  4.46 x 1077 21.1 6295.1
101 312.19 25.86 793 224 047 1.57x 107 0.7 68.9
98 269.80 -16.11 9.81 3.67 047 4.83x107Y 23.3 6982.3
108 167.45 12.39 3198 3.15 048 5.15x 1077 0.7 127.1
5 306.96 19.44 1541 2.38 049 4.10x 1077 0.7 86.9
26 329.57 1.82 19.70 4.00 0.49 1.85x 1077 0.8 308.3
68 122.25 -0.34 18.24 3.96 0.51  2.00x 1077 0.8 380.2
37 301.20 10.50 510 2.17 051 323 x 107 0.7 140.9
41 344.50 1.94 4.08 221 052 254x107%7 0.8 309.0
27 180.72 3.55 19.65 3.14 0.55 243 x 1077 0.8 291.7
69 200.71 -31.94 9.69 3.55 0.57 251x10°Y 61.9 11967.4
117 5.67 -9.06 722 295 0.57 4.89 x 1071° 5.5 2944.4
51 99.29 4.59 23.19 3.09 0.57 6.52x10717 0.8 251.2
6 266.87 13.40 9.33 266 057 3.08x10°Y 0.7 118.3
39 289.16 -14.21 6.66 3.15 0.59  9.48 x 1077 19.1 5701.6
64 312.60 59.86 9.68 2.06 0.59 838x107 7 0.6 23.8

Continued on next page
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Table 4 — continued from previous page

Index R.A.[deg] Dec [deg] s Y DPiocal Poo%100rev  Ev,omin [TeV]  Ey¢max [TeV]
[TeV cm? s] !

73 187.17 -6.89 9.57 226 0.61 4.64x 1077 1.6 1706.1
25 199.80 32.58 16.22 2.75 0.61 7.43 x 1077 0.7 51.9
80 230.24 23.91 16.44 2.66 0.62 4.83x 1077 0.7 64.9
105 4.80 -1.92 16.74 2.82 0.62 2.82x 1077 0.9 424.6
61 261.34 -2.58 9.54 2.82 0.67 2.46 x 1077 0.9 460.3
104 166.88 -20.47 588 216 0.68 2.72x10°Y 36.8 8851.2
22 37.34 18.88 2749 3.83 0.70 2.80 x 10716 0.7 101.9
32 169.25 20.84 2264 287 0.71 4.67x 1077 0.7 79.4
107 233.04 3.02 35.13 354 0.73 4.45x 1077 0.8 281.8
118 263.47 42.52 6.25 1.99 0.74 4.06 x 1077 0.7 40.2
58 193.67 -3.81 6.84 4.00 0.74 321x107Y 1.0 588.8
20 266.48 -5.10 9.66 355 0.74 6.92x 107 1.1 048.4
116 30.72 -11.91 6.42 3.38 0.76 3.81x 107 13.6 4786.3
12 115.64 -10.72 1.53 235 0.76  4.62 x 10717 10.7 4064.4
95 127.53 35.53 2645 265 0.77 9.04x 1077 0.7 47.3
3 347.90 2220 3317 4.00 0.79 8.66 x 1077 0.7 78.2
121 270.36 25.11 13.05 4.00 0.79 4.86 x 1077 0.7 68.2
38 284.97 19.11 19.88 4.00 0.80 3.57 x 1071¢ 0.7 94.0
52 326.72 27.30 778 244 0.80  4.65x 1077 0.7 62.8
89 79.63 8.01 19.75 4.00 0.81 4.12x 1077 0.8 166.7
96 307.97 -32.03 248 249 0.81 393 x 1077 61.5 12416.5
47 110.83 11.45 477 357 082  6.09 x 10717 0.7 136.8
57 103.41 3.96 2.01 214 0.82 355x10°Y7 0.8 281.8
62 79.41 5.00 12.34 3.04 0.83 2.81 x 1077 0.8 260.0
42 293.71 33.32 7776 2.89 0.83 2.83x 1077 0.7 48.3
82 4.61 4.36 16.46 4.00 0.85  3.26 x 1077 0.8 272.3
19 194.36 9.59 25.50 4.00 0.86 4.15 x 10717 0.7 158.1
103 225.75 10.77 12.59 2.88 0.88  2.55 x 1077 0.7 141.6
36 33.79 10.09 2.16 2.01 091 4.01x10°Y 0.8 158.9
76 310.75 9.07 9.19 217 093 358 x10°Y 0.7 165.6
21 222.47 0.89 17.33 3.34 094 255x 1077 0.8 342.8
67 214.31 -0.89 892 3.32 094 571x107Y 0.8 363.1
71 193.07 37.50 14.94 3.19 094 3.45x 1077 0.7 42.6
17 314.47 8.39 30.90 332 099 7.36x 10717 0.8 171.0
111 96.46 -5.08 0.55 3.35 1.00 2.74x 1077 1.1 924.7
53 327.74 5.82 1.69 3.75 1.00 4.50 x 1077 0.8 229.1
29 204.43 -2.47 0.00 256 1.00 1.87x 107 0.9 465.6
29.32 1.12 0.00 2.83 1.00 1.83x 1077 0.8 3334
8 88.31 0.33 0.00 3.20 1.00 2.04x 107 0.8 376.7

35 130.01 -10.69 0.00 150 1.00 5.02x 1077 10.6 4083.2
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Table 5. Results of the time-dependent analysis sorted by significance.
The first column contains the alert+ index as in Table 3. The next two
columns list the best-fit position. The fourth and fifth columns contain
the best-fit parameter of the likelihood optimization ns and . The sixth
and seventh column list the best-fit results for the Gaussian time window
with mean pr and width o;. The last column shows the local p-values.
The global p-value for the time-dependent analysis is 0.156.

Index R.A.[deg] Dec [deg] 7is o T or Dlocal

85 77.43 5.38 11.98 2.31 57001 64 1.4x107°
107 227.72 5.10 948 238 57774 9 1.6x 1072
17 318.42 1.75 10.41 2.45 57008 20 1.7x107?
60 75.77 13.20 5.19 2.07 58155 10 1.9x 1072
33 93.74 14.35 14.45 2.96 57078 39 2.1x107?
30 169.60 28.76 852 3.04 56153 5 2.5x 1072
83 21.27 —2.95 18.44 2.90 57186 236 3.4 x 1072
120 206.26 4.41 19.76 3.02 57427 103 5.1 x 1072
99 120.19 5.87 12.71 2.68 56267 51 5.5x 1072
87 164.10 —17.07 810 3.80 58493 94 7.3 x 1072
47 24.89 1.56 11.01 2.70 57764 22 7.8x 1077
23 238.14 18.42 852 3.03 57173 5 8.3x 1072
90 217.59 0.03 9.40 2.55 57646 29 8.4 x 1072
104 165.83 —23.82 6.90 3.12 58904 20 8.6x 1072
11 307.86 1.36 3.16 2.04 57056 7 9.5x 1072
27 180.53 3.88 13.77 3.69 56470 26 9.6 x 1072
101 312.19 26.04 4.81 2.65 58692 5 0.10
100 127.71 12.14 716 2.61 57214 5 0.11
44 350.80 —14.90 5.34 3.08 57862 13 0.11
12 115.82 —10.53 4.32 2.61 58701 19 0.11
52 326.72 27.49 581 191 57677 5 0.11
115 194.94 1.74 5.59 2.61 58529 6 0.12
6 266.87 13.40 6.67 2.39 55551 37 0.12
36 33.62 9.90 4.87 198 55815 10 0.12
25 171.74 26.44 11.23 2.67 58063 120 0.12
73 188.33 —6.10 9.37 2.68 56698 78 0.12
16 68.36 40.82 3.93 1.66 58434 23 0.13
4 141.48 47.48 20.87 2.54 57931 268 0.13
50 48.32 0.49 17.16 3.53 55870 52 0.19
52 91.68 12.14 10.51 3.43 57694 12 0.20
2 298.56 11.55 8.18 2.67 56998 13 0.22
108 168.46 11.80 7.88 2.61 57075 7 0.23
103 226.14 10.77 593 2.55 55500 9 0.25
109 255.82 27.00 13.24 292 58940 32 0.25
28 70.81 19.08 8.34 2.85 58293 12 0.25
7 331.46 10.71 11.97 3.13 57753 18 0.26
105 4.80 —0.81 10.26 2.77 57854 21 0.28
74 77.50 2.55 12.44 249 57407 144 0.29
34 224.10 —4.09 526 4.00 56352 17 0.32
5 306.55 19.63 10.43 2.84 57728 37 0.33
121 271.00 25.11 18.65 4.00 56858 125 0.33

Continued on next page
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Table 5 — continued from previous page

Index R.A.[deg] Dec [deg] 7is o T or Diocal

54 54.06 34.00 5.54 238 55465 8 0.34
78 227.37 30.25 727 4.00 56554 6 0.34
110 142.35 2.82 9.97 3.29 57011 10 0.34
113 265.01 5.34 11.57 2.66 58747 137 0.35
62 79.41 5.00 8.33 2.77 55881 23 0.36
51 100.95 4.98 13.56 2.74 57683 43 0.36
59 195.23 19.76 595 1.95 57777 43 0.37
72 26.38 9.71 2.64 1.83 55869 20 0.38
3 347.47 24.93 19.50 4.00 58817 67 0.39
40 193.20 —3.22 4.72  3.27 56069 5 0.39
61 261.34 —2.58 2.18 2.23 56311 5 0.40
47 110.83 11.64 3.10 2.01 56284 5 0.40
86 173.25 —2.54 5.89 3.94 58914 8 0.40
31 353.16 —1.40 4.50 2.61 57485 5 0.41
106 317.26 12.24 10.38 2.17 55648 194 0.42
69 200.71 —31.94 9.17 2.68 57641 149 0.46
81 207.80 26.04 6.19 2.04 57909 35 0.47
8 88.50 0.46 3.75 4.00 58729 5 0.47
35 130.17 —10.28 1.97 3.46 55727 5 0.48
37 301.37 10.50 4.16 2.06 56186 59 0.48
32 166.79 21.76 17.27 3.06 58039 105 0.48
26 329.40 1.12 10.31 4.00 57346 20 0.49
96 307.97 —32.03 5.75 271 58223 130 0.49
55 133.55 27.71 12.73 4.00 57202 96 0.49
65 151.05 14.93 10.71 2.69 56073 74 0.50
102 341.35 11.01 23.55 3.50 55932 225 0.50
53 327.92 5.82 741 354 57307 5 0.51
10 284.83 3.32 292 1.95 58860 51 0.52
1 29.51 1.23 4.52  4.00 58152 5 0.52
97 228.25 —4.44 4.67 4.00 57925 23 0.54
18 9.38 7.59 2.45 1.76 56920 133 0.55
114 105.55 6.38 10.56 3.26 57438 73 0.55
98 268.20 —16.29 8.79 3.93 55171 32 0.56
75 47.55 15.44 6.99 2.85 56015 6 0.56
19 199.21 8.87 9.84 3.33 58512 16 0.58
21 223.65 1.67 6.06 2.04 57754 58 0.59
46 105.67 0.97 8.75 252 56044 62 0.60
49 168.88 —-1.43 12.14 4.00 57034 135 0.60
88 340.60 7.59 6.69 4.00 56225 10 0.63
122 60.12 -3.99 4.24  4.00 57539 33 0.64
20 266.67 —5.10 9.44 3.81 57444 122 0.65
79 282.81 8.26 16.67 2.98 57871 144 0.66
92 144.78 —-2.95 12.23 4.00 58406 95 0.67
91 307.53 —4.97 6.03 239 57105 26 0.68
95 130.33 36.92 10.91 4.00 55469 51 0.68
82 359.34 4.36 11.18 3.54 56650 26 0.68
80 230.45 23.54 8.44 291 56927 13 0.68

Continued on next page
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Table 5 — continued from previous page

Index R.A.[deg] Dec [deg] 7is o T or Diocal

112 29.00 3.47 3.64 4.00 57045 5 0.69
93 270.56 —17.29 6.61 2.10 58532 44 0.69
70 237.20 1.14 16.00 3.27 56123 65 0.70
22 37.14 18.69 16.67 2.89 57494 112 0.73
66 354.64 1.73 4.05 230 57815 5 0.73
119 207.07 13.27 6.99 3.26 56078 20 0.74
25 199.80 32.58 6.94 241 55763 38 0.74
39 289.35 —15.33 3.13 3.60 58116 8 0.75
63 263.76 —15.07 5.68 3.72 57964 136 0.76
15 272.55 36.20 5.39 1.97 55850 40 0.76
57 102.85 3.77 577 4.00 57412 5 0.77
7 97.34 —15.06 2.86 3.94 57966 5 0.79
111 96.46 —5.08 3.54 3.78 55790 14 0.80
117 6.66 —9.98 9.12 3.27 55227 69 0.82
94 25.91 7.61 24.88 3.40 56859 99 0.82
84 39.94 13.64 23.44 4.00 58516 221 0.83
14 235.34 19.76 10.65 2.42 58482 76 0.84
58 194.20 —3.81 6.96 2.76 55443 224 0.84
89 77.12 7.68 4.52 4.00 57329 5 0.84
76 310.55 6.39 9.45 2.80 55956 23 0.85
67 214.12 —-0.71 6.49 3.58 57509 22 0.87
29 205.30 —2.65 6.59 3.19 56484 7 0.87
64 312.23 60.79 5.30 2.32 56903 7 0.88
13 137.87 —2.87 20.28 3.26 57963 386 0.90
9 111.16 —0.21 6.61 2.97 58059 19 0.90
68 122.43 —1.08 9.92 3.52 55389 127 0.91
56 280.64 30.35 12.20 2.57 57865 153 0.91
116 30.54 —11.15 3.03 249 57403 5 0.93
41 345.19 1.40 8.92 3.69 55980 35 0.93
42 293.51 33.32 4.21  4.00 56102 5 0.94
38 287.16 19.47 10.07 4.00 55637 45 0.96
45 346.71 18.24 12.32  2.61 55259 143 0.97
118 263.21 42.52 6.51 3.44 56064 6 0.98
71 191.42 35.21 4.87 1.60 55301 42 0.99
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