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We search for additional neutrino emission from the direction of IceCube’s highest energy public
alert events. We take the arrival direction of 122 events with a high probability of being of
astrophysical origin and look for steady and transient emission. We investigate 11 years of
reprocessed and recalibrated archival IceCube data. For the steady scenario, we investigate if the
potential emission is dominated by a single strong source or by many weaker sources. In contrast,
for the transient emission we only search for single sources. In both cases, we find no significant
additional neutrino component. Not having observed any significant excess, we constrain the
maximal neutrino flux coming from all 122 origin directions (including the high-energy events)
to Φ90%, 100 TeV = 1.2 × 10−15 (TeV cm2 s)−1 at 100 TeV, assuming an 𝐸−2 emission, with 90%
confidence. The most significant transient emission of all 122 investigated regions of interest
is the neutrino flare associated with the blazar TXS 0506+056. With the recalibrated data, the
flare properties of this work agree with previous results. We fit a Gaussian time profile centered
at 𝜇𝑇 = 57001+38

−26 MJD and with a width of 𝜎𝑇 = 64+35
−10 days. The best fit spectral index is

𝛾 = 2.3 ± 0.4 and we fit a single flavor fluence of 𝐽100 TeV = 1.2+1.1
−0.8 × 10−8 (TeV cm2)−1. The

global p-value for transient emission is 𝑝global = 0.156 and, therefore, compatible with background.
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1. Introduction

The IceCube Neutrino Observatory [1] instruments a cubic kilometer of Antarctic ice at the
geographic South Pole. It has a high duty cycle (> 99%) [1], and contrary to traditional astronomical
telescopes, IceCube’s field of view covers the full sky while being most sensitive to high-energy
events at its horizon. Hence, IceCube is ideal for monitoring the sky for interesting events and
alerting other telescopes. If IceCube detects neutrino events with a high probability of being of
astrophysical origin (i.e., high energies and good pointing), it alerts other telescopes [2] and triggers
follow-up multi-messenger observations [3]. On the 22nd of September 2017, such a high-energy
event was detected (IceCube-170922A), and the astronomical community observed a flaring blazar
at the reconstructed origin direction of IceCube-170922A [4]. Triggered by this association, a
follow-up search for time-dependent neutrino emission before IceCube-170922A found a neutrino
flare probably originating from TXS 0506+056 between September 2014 and March 2015 [5].

We investigate if, in general (so without an electromagnetic counterpart), there is an association
between high-energy alerts and additional neutrino emission, as was the case for IceCube-170922A
and the neutrino flare. Preliminary results were presented in [6]; however, the selection for
high-energy events was updated in the meantime [7]. We choose alert events with the highest
astrophysical purity (the “gold” alert channel [8, 9]), add high-energy events from Ref. [7], and use
their origin directions as positions of interest for a neutrino follow-up analysis. Since these alert
events motivate the analysis, we remove the respective events from the analyzed data. Hence, we
investigate whether these highest-energy events are generally associated with neutrino emission in
lower energies. Figure 1 shows all the analyzed positions in this work and their uncertainty regions.
For the analysis, we use 11 years of re-calibrated (with respect to Ref. [5]) through-going muon
tracks, from mid 2009 to mid 2020.

Figure 1: Map of all high-energy tracks and their 90% uncertainty regions investigated in this work. Events
were detected between 2009 and the end of 2021.

2. Analysis method

We use the unbinned likelihood ratio approach presented in Ref. [10]. The likelihood,
L, is the joint probability of the signal, 𝑆, and the background, 𝐵, probability density function
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(pdf). The likelihood ratio test then evaluates the ratio of a signal and a background hypothesis.
The background hypothesis assumes no emission from neutrino point sources; hence the data are
atmospheric background and a diffuse astrophysical neutrino component. The signal hypothesis
states that there is a point-source signal of 𝑛𝑆 neutrinos on top of the expected background. The
neutrinos cluster around the source location and follow a power-law spectrum ∝ 𝐸−𝛾 . In the case
of a time-dependent emission, we expect neutrinos only during a certain period of time (assuming
a Gaussian temporal pdf).

With the likelihood ratio, we express the test statistic value as

TS = 2 ln
[
L(𝑛𝑆 = �̂�𝑆)
L(𝑛𝑆 = 0)

]
= 2

∑︁
𝑖

ln
[
�̂�𝑆

𝑁

(
𝑆𝑖 (�̂�)
𝐵𝑖

− 1
)
+ 1

]
, (1)

where we optimize the mean number of detected signal neutrinos, 𝑛𝑆 , and the source spectral index,
𝛾 (as part of the signal pdf 𝑆). The sum over background and signal pdfs is taken over all events,
𝑖 = 1 − −𝑁 . The �̂�𝑆 , �̂� indicate the best-fit values of 𝑛𝑆 and 𝛾.

This analysis searches for continuous and for time-dependent emission from the direction of
IceCube alert events. For the continuous case, the signal and background pdfs are the product of
a spatial and energy pdf. For the signal pdf, the spatial part depends on the distance between the
source position, ®𝑥𝑆 , and reconstruction position of the neutrino events, ®𝑥𝑖 and their reconstruction
uncertainty, 𝜎𝑖 . The signal energy pdf describes the probability of detecting an event with energy
𝐸𝑖 at declination 𝛿𝑖 originating from a source with energy spectrum ∝ 𝐸−𝛾

𝑆𝑖 (®𝑥𝑖 , 𝐸𝑖 |𝜎𝑖 , ®𝑥𝑆 , 𝛾) = 𝑆spatial(®𝑥𝑖 |𝜎𝑖 , ®𝑥𝑆)·𝑆energy(𝐸𝑖 |𝛿𝑖 , 𝛾) =
1

2𝜋𝜎2
𝑖

exp

(
−|®𝑥𝑖 − ®𝑥𝑆 |2

2𝜎2
𝑖

)
·𝑆energy(𝐸𝑖 |𝛿𝑖 , 𝛾).

(2)
For the background, we can assume uniformity in right ascension due to IceCube’s unique

position at the South Pole

𝐵𝑖 (®𝑥𝑖 , 𝐸𝑖) = 𝐵spatial(®𝑥𝑖) · 𝐵energy(𝐸𝑖 |𝛿𝑖) =
1

2𝜋
· 𝑃(𝛿𝑖) · 𝐵energy(𝐸𝑖 |𝛿𝑖). (3)

In the case of the time-dependent analysis, the signal and background pdfs are the product of a
spatial, energy, and temporal pdf. The spatial and energy pdfs remain the same as for the continuous
case. For the signal temporal pdf, 𝑆𝑇 , we assume a Gaussian-shaped time profile

𝑆𝑇 (𝑡𝑖 |𝜇𝑇 , 𝜎𝑇 ) =
1

𝜎𝑇

√
2𝜋

exp

(
− (𝑡𝑖 − 𝜇𝑇 )2

2𝜎2
𝑇

)
, (4)

centered at 𝜇𝑇 with width𝜎𝑇 and evaluate the pdf for the detection time of each event, 𝑡𝑖 . For the
background, the temporal pdf assumes uniformity over the whole detection time: 1/detector uptime.
When investigating possible flaring times, short flares are more abundant than longer flares. This
introduces a bias towards shorter flares, which we correct by multiplying the test statistic with
𝜎𝑇/300 days, where 300 days is the upper bound on the flare length.

However, we do not know when the source could be flaring. We used, for the first time on
IceCube data, the unsupervised learning algorithm expectation maximization (EM) [11] to identify
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neutrino flares [12, 13]. EM is based on a two-component Gaussian mixture model; hence we
assume a Gaussian signal and a uniform background. We weigh each event time with their time-
independent signal pdf divided by the background pdf (𝑆𝑖 (𝛾)/𝐵𝑖) as in equation 2 and equation 3.
Since 𝑆𝑖 (𝛾) depends on the source spectral index, the weights (𝑆𝑖 (𝛾)/𝐵𝑖) change depending which
𝛾 we assume for a source. To avoid biases for a specific spectral index, we calculate the weights
for different spectral indices and repeat the fit of the neutrino flare with EM for each. For each
best fit �̂�𝑇 and �̂�𝑇 , we calculate the TS value (this time including the temporal pdfs) and take the
parameters yielding the best (i.e., highest) TS value as the best-fit parameters.

The above procedure assumes a precise position ®𝑥𝑆 . However, as shown in Figure 1, there are
uncertainties on the alert events’ reconstructed positions. Hence, we fit the best point-source position
within each uncertainty region. We divide each region into a grid with steps of 0.2◦ and calculate
each grid point’s TS-value (by optimizing 𝑛𝑆 and 𝛾). 0.2◦ is the best possible angular resolution
and smaller than the median angular resolution. The point yielding the most significant TS-value
is then the best-fit point-source position. We then compare this TS-value with a background TS
distribution generated for each region and calculate the local p-value (i.e., the probability of getting
this TS-value if the data were background-like).

We do this analysis for 122 uncertainty regions and choose the most significant p-value as
our result. However, we have to correct for the fact we are investigating 122 regions. We run the
analysis ∼ 104 times on background data, and each time we take the most significant p-value out of
the 122 analyzed regions. By comparing these background p-values with the one we obtain from
the real data, we get the global p-value (i.e., the probability of getting the most significant local
p-value if the data were background-like).

In the continuous case, we additionally investigate if there is an overall neutrino emission from
all 122 regions combined. For this, we adopt the approach by Ref. [14] and sum the TS-values
of all 122 regions and get a stacked TS-value. The same is done for 104 background realizations,
and we calculate a stacked p-value for overall emission from all positions based on the background
distribution. The stacked p-values are already the global p-values and need no further correction.

3. Results

Our search for continuous neutrino emission from the direction of IceCube alert events (while
not including the respective alert event in the data) yields a global p-value of 98%. Hence, we find
no evidence for an additional continuous component to the single high-energy events. The search
for the overall emission from all regions combined yields a p-value of 8%, which is still compatible
with the background expectation. Hence, we constrain the possible overall neutrino emission from
all regions combined (excluding the alert events) to Φ

𝜈𝜇+�̄�𝜇 ,w/o alerts
90%,100TeV = 4.2 × 10−16 (TeV cm2 s)−1

between 4.2 TeV and 3.6 PeV with 90% confidence. Here, we assume a spectral emission of
∝ 𝐸−2 and the flux is normalized at 100 TeV. For comparison with the diffuse flux, we include the
alert events in the analysis and determine a 90% confidence upper flux limit of Φ𝜈𝜇+�̄�𝜇 ,with alerts

90%,100TeV =

1.2 × 10−15 (TeV cm2 s)−1 for a total emission of these high-energy neutrino production sites.
Here again, we assume an emission ∝ 𝐸−2. Comparing this with the astrophysical diffuse flux of
Φdiffuse,100TeV = 1.44 × 10−15 (TeV cm2 s sr)−1 between 15 TeV and 5 PeV [7], we conclude that
the emission from all these regions can contribute a maximum of 4.6 % of the astrophysical diffuse

4



P
o
S
(
I
C
R
C
2
0
2
3
)
9
7
4

Search for neutrino sources from the direction of IceCube alert events

Figure 2: P-value map of the uncertainty region of IceCube-170922A. The grey dot shows the best-
reconstructed direction of IceCube-170922A, the grey line the 90% uncertainty contour on the reconstruction.
The red cross shows the best-fit position, about 0.5◦ of TXS 0506+056 (green star). The color displays the
local p-value at each gridpoint.

flux (between 15 TeV and 3.6 PeV). A more detailed discussion on the continuous results can be
found in [13].

When looking for time-dependent sources, the most significant region is from the alert IceCube-
170922A, which is associated with the blazar TXS 0506+056. The best-fit position is within 0.5◦ of
the location of TXS 0506+056 (see Figure 2). The local p-value is 3𝜎 and the best-fit parameters
agree with Ref. [5], as shown in Figure 3. We find a flare with mean �̂�𝑇 = 57001+38

−26 MJD and a
width of �̂�𝑇 = 64+35

−10 days (agreeing with �̂�𝑇 = 57004±21 MJD and a width of �̂�𝑇 = 55+18
−12 days

in Ref. [5]). The best-fit mean number of expected neutrinos during the flare is �̂�𝑆 = 12+9
−7,

with an energy spectral index of �̂� = 2.3 ± 0.4. During the flare (�̂�𝑇 ± 2�̂�𝑇 ), the average flux is
Φ

𝜈𝜇+�̄�𝜇
100TeV = 1.1+0.9

−0.8 × 10−15 (TeV cm2 s)−1 between 3.5 TeV and 213 TeV. The time-integrated flux
(integrated over �̂�𝑇 ±2�̂�𝑇 ), the fluence, is 𝐽𝜈𝜇+�̄�𝜇100TeV = 1.2+1.1

−0.8 ×10−8 (TeV cm2)−1. The flux estimates
and spectral index agree with Ref. [5] (Φ𝜈𝜇+�̄�𝜇

100TeV = 1.6+0.7
−0.6 ×10−15 (TeV cm2 s)−1 and �̂� = 2.2±0.2),

as shown in Figure 4. Details on the time-dependent analysis, how the re-calibration affects the
flare, and the uncertainty estimations can be found in [13].

4. Conclusion

In general, high-energy alert events do not point to lower-energy neutrino emission. The lack
of lower-energetic neutrino emission (with respect to IceCube alert events) could be, for example
the result of sources emitting a very hard energy spectrum

(
∝ 𝐸0<𝛾≤−1) . We would see such a hard

spectrum as single high-energy events since lower energetic events would be sparse and completely
dominated by atmospheric background. Another possibility are flaring sources where we only detect
single high-energy events during the flare. Considering TXS 0506+056, it could be that there are
similar sources that were not flaring in lower energies between mid-2009 and mid-2020. All in all,
TXS 0506+056 remains the only locally significant source, and the alert event IceCube-170922A
is quite unique in its association with lower-energy neutrinos.
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Figure 3: Events’ 𝑆𝑖/𝐵𝑖 versus detection time, 𝑡𝑖 for TXS 0506+056. The black line shows this work’s
temporal pdf, and it agrees with the grey line showing the temporal pdf published in Ref. [5]. The event
color shows their reconstructed muon energy.

Figure 4: Spectral energy distribution of TXS 0506+056. Photons are shown in grey dots, the green dots
in 𝛾-rays were emitted during the time of the neutrino flare (57001 ± 64 days). The neutrino band compares
this work (orange) with the result of Ref. [5] (purple).
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