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In 2016, the IceCube Neutrino Observatory launched its realtime program. When a neutrino
candidate of likely astrophysical origin is detected, a public alert is issued, typically within one
minute. These alerts allow the astrophysical community to follow up on the region of the sky
where the neutrino likely originated. Initially, the system issued around six track-signature alerts
per year, with a highlight being IceCube-170922A, which was later associated with the flaring
blazar TXS 0506+056. Since 2019, IceCube has expanded the selection criteria for neutrino
candidates, increasing the track alert rate to around 30 per year with additional alerts for cascade
signatures of probable astrophysical origin implemented in 2020. This work describes several
improvements in the reconstruction of track alerts, which were introduced into the realtime stream
in 2024, and details the two algorithms that are alternately used for reconstruction, depending on
the reconstructed muon energy. The improvements result in more precise directional localizations,
with a factor of 5 (4) reduction in the 50% (90%) contour area. Systematic errors affecting the
reconstructions, such as the ice model or the geometry of the detector, have also been investigated to
ensure statistical coverage. In addition to its application in the realtime stream, the improvements
described here are also being applied to historical alerts with an updated catalog of track alerts
forthcoming.
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1. Introduction
The IceCube Neutrino Observatory is located at the South Pole and consists of a cubic kilometer

of glacial ice instrumented with digital optical modules (DOMs), each containing a downward-facing
photomultiplier tube (PMT) [1]. When neutrinos interact with Antarctic ice, they produce charged
particles that induce Cherenkov photons, which are detectable by the PMTs. The light-emission
signatures can be classified into two event morphologies: tracks and cascades. Track-like events are
produced by muons, which originate from cosmic-ray showers or charged-current (CC) interactions
of muon neutrinos. Cascade-like events can result from neutral-current interactions of all-flavor
neutrinos or from CC interactions of electron and tau neutrinos. Track signatures typically offer
good reconstruction of the direction but imprecise energy estimation. Cascade signatures, on the
other hand, allow for a precise estimate of the neutrino energy, but offer less precise directional
reconstruction.

In 2013, the IceCube collaboration announced the detection of a diffuse astrophysical neutrino
flux [2], but the sources of these neutrinos are still largely unknown. To investigate the possibility
that powerful, transient phenomena produce neutrinos, the IceCube Realtime Alert System was
established in 2016 [3]. This system allows the astrophysical community to rapidly follow up on the
region of the sky where neutrinos that are likely of astrophysical origin were detected. Initially, this
system issued an average of six track-signature alerts per year. One was IceCube-170922A, later
associated with the flaring blazar TXS 0506+056 [4]. In 2019, the selection criteria were revised
and expanded, increasing the track alert rate to an average of 30 per year [5]. Moreover, in 2020,
additional alerts for cascade signatures were implemented1.

Each track alert consists of a first GCN Notice2 (Revision 0) within a minute of the event,
followed by a GCN Circular within a few hours containing updated directional information3. As
soon as the GCN Circular is released, the GCN Notice is updated accordingly (Revision 1). The
Revision 0 contains the direction reconstructed with a fast algorithm, referred to as SplineMPE [6],
while the Revision 1 provides results from a more sophisticated and computationally expensive
reconstruction based on and referred to as Millipede [7]. In September 2024 [8], Millipede has been
replaced by a combination of two updated reconstruction methods, Millipede Wilks and SplineMPE
with likelihood scan. This contribution aims to detail how the two methods were combined to
ensure a minimal size of the contour areas on which follow-up observations would be performed,
while also providing consistent and well-characterized statistical coverage.

Sec. 2 briefly describes the likelihood scan method and covers issues arising in the original
Millipede reconstruction. Sections 3 and 4 describe the two reconstruction methods involved in the
update. Section 5 details the coverage and robustness of both methods, and Sec. 6 discusses how
to combine the two approaches for optimal coverage and precision across all track alerts. Section 7
summarizes the improvements achieved.

2. Challenges in the original Millipede reconstruction
The original Millipede algorithm that had been employed in the follow-up reconstruction of

IceCube realtime alerts fits to stochastic energy losses along the high-energy muon track [7]. These
1https://gcn.gsfc.nasa.gov/doc/High_Energy_Neutrino_Cascade_Alerts.pdf
2https://gcn.nasa.gov/notices
3https://gcn.nasa.gov/circulars
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energy losses appear as electromagnetic (EM) or hadronic showers, and therefore are each modeled
assuming a cascade hypothesis. The track can thus be segmented into a series of multiple cascades,
with identical directions corresponding to the direction of the track itself. In order to obtain full-sky,
profile log-likelihood maps, we use the Hierarchical Equal Area isoLatitude Pixelization (HEALPix)
framework [9] to pixelate the sky into a fine grid and for each fixed direction, profile over other
parameters such as the position, in order to construct a map over the sky giving the likelihood of
each pixel’s direction. This scan was then used to infer the 50% and 90% uncertainty regions for
the alerts.

A previous study found that the error contours derived with Millipede did not match the
expected coverage [10]. In particular, the per-event cumulative distribution functions (CDF) of
2(𝑙∗ − 𝑙), where 𝑙∗ and 𝑙 are the log-likelihoods at the best-fit and true directions, did not converge
(c.f. left panel of Fig. 3, Ref. [11]). Thus, Wilks’ theorem was previously not applicable and
when applied often resulted in extremely small contours that did not cover the true direction at
the specified levels. Instead, the conversion of the IceCat-1 log-likelihood map into confidence
regions was performed based on resimulations of a single event [12]. This corresponded to using
2(𝑙∗ − 𝑙) = 22.2 (64.2) as the 50 % (90 %) contour levels, much larger than those obtained from
𝜒2(𝑘 = 2). For the majority of events, these values substantially enlarged the obtained contours but,
since the CDFs did not converge, the contours obtained do not accurately represent the respective
confidence regions for the general population of realtime alerts.

The issue motivated a search for alternative solutions for the realtime track alerts. A simulated
data set of neutrino alert events heterogeneous in energies and directions, known as the realtime
benchmark simulations, was introduced [13]. This dataset consists of 100 simulated events that
would have triggered an alert if they had been observed in real data. Each of these events was re-
simulated 100 times by fixing the muon energy losses along the track and performing the propagation
of the Cherenkov photons, while varying the parameters of the ice model with the simulation tool
SnowStorm [14]. Due to variations in optical properties of the Antarctic ice from SnowStorm, and
inherent stochasticity in Cherenkov photon emissions, repeated simulation of a single neutrino event
leads to slightly different detector observations. These simulated events were analyzed using an
improved version of Millipede referred to as Millipede Wilks (Sec. 3 and [11]) and with SplineMPE
in a new implementation with likelihood scan (Sec. 4 and [13]). Both approaches resulted in
significant improvements compared to the original Millipede method and led to an update of the
reconstruction for realtime track alerts in September 2024 [8].

3. Millipede Wilks
Millipede Wilks is an algorithm that can be used to reconstruct high-energy tracks using the

same segmented approach as the original Millipede routine, while incorporating recent updated
modeling of the in-ice particle shower and various improved minimization settings [11, 15]. Since
the inception of the realtime program, a tremendous amount of progress has been made in the
understanding of the glacial ice. These include a model of the observed anisotropy of arrival photons
from calibration LED devices with ice-crystal birefringence and the polycrystalline structure of the
ice [16], and an improved mapping of ice layer undulations [17]. The expected photoelectron yields
from in-ice particle showers is strongly dependent on ice properties, and these effects have been
taken into account for reconstruction purposes with an improved cascade model [15]. The model
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can be naturally adapted for the reconstruction of tracks that trigger a realtime alert, and as detailed
in Ref. [11] has been shown through to improve the statistical coverage of the reported contours.
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Figure 1: Both panels show results from the Millipede Wilks reconstruction. In the left panel, each colored
line represents 50% contours as evaluated by applying Wilks’ theorem to a full-sky likelihood scan of ten
resimulations of the same underlying event. The red star indicates the true arrival direction, and taken together
the figure illustrates how coverage is calculated. In the right panel, each colored line shows the cumulative
distribution function (CDF) of −2Δ ln(𝐿) ≡ 2(𝑙∗ − 𝑙), where 𝑙∗ and 𝑙 are the negative log-likelihoods at the
true and best-fit directions, respectively, compiled from resimulations of the same underlying event. Ideally,
the CDFs of all events would converge towards the black line, corresponding to a chi-2 distribution with
𝑘 = 2 degrees of freedom, thus ensuring accurate interpretation of the statistical coverage.

Since ICRC 2023, further improvements have been made in the modeling of photon arrival time
distributions from in-ice particle showers [15]. The results described in this proceeding include
those updates. Using the MC sample of resimulated alert-like events, we evaluated the coverage and
systematic robustness of the Millipede Wilks reconstruction. To illustrate how per-event coverage
is evaluated, the left panel of Fig. 1 shows the 50 % likelihood contours obtained by applying Wilks’
theorem to the log-likelihood map over the sky. The true direction is indicated by the red star, and
for accurate statistical coverage we expect it to lie within the 50 % contours about half the time.
To translate this into a general statement across how Wilksian the log-likelihood space is, the CDF
of twice the difference between the log-likelihood at the true direction and the best-fit direction,
2(𝑙∗− 𝑙), can be compiled on a per-event basis. The result is shown in the right panel of Fig. 1, along
with the CDF of a chi-2 distribution with 𝑘 = 2 degrees of freedom, for the same subset of events as
shown in Fig. 3 of Ref. [11]. Each colored line is constructed using resimulations of the same event
to construct the CDF of 2(𝑙∗ − 𝑙) across the different resimulations. Ideally, a convergence of the
CDFs to the chi-2 CDF would support the validity of Wilks’ theorem, and generally convergence to
any line even if not 𝜒2(𝑘 = 2) would still allow for the construction of a robust mapping between
log-likelihood levels and confidence intervals with correct coverage. A direct comparison of the
right panel to Fig. 3 of Ref. [11] highlights the convergence improvements since that time, and also
illustrates that Wilks’ theorem is now broadly more applicable than before.

4. SplineMPE with likelihood scan
Most IceCube analyses looking for neutrino sources use the reconstruction method SplineMPE [6].

Unlike Millipede, SplineMPE assumes that light deposition in the detector is continuous. Under
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(a) Millipede Wilks (b) SplineMPE with likelihood scan

Figure 2: In both panels, each colored line shows the cumulative distribution function (CDF) of 2(𝑙∗ −
𝑙), where 𝑙∗ and 𝑙 are the log-likelihoods at the best-fit and true directions, respectively, compiled from
resimulations of the same underlying event. Each colored line corresponds to one of the realtime benchmark
simulations [13], each resimulated 100 times. Ideally, the CDFs of all events would converge towards the
black line, corresponding to a chi-2 distribution with 𝑘 = 2 degrees of freedom, thus ensuring accurate
interpretation of the statistical coverage. On the left panel, the results obtained with Millipede Wilks (Sec. 3)
are overall in good agreement with Wilks’ expectations. On the right panel, the results obtained with
SplineMPE with likelihood scan (Sec. 4) but without the application of an angular error floor (see Sec. 5),
with some events not in agreement with the expectations.

this assumption, the light is not induced by the stochastic energy losses (Sec. 2 and [7]), but it is
continuous and uniform along the whole track. This scenario is less realistic than the stochastic
one, and the higher the muon energy, the less accurate the hypothesis becomes. Nonetheless, this
assumption simplifies the likelihood used to recover the original direction of the neutrino-induced
muon, as per each DOM, only two information are required: the arrival time of the first-detected
photon and the total number of photons detected by that DOM. The small amount of data used for
the reconstruction makes SplineMPE intrinsically very robust against systematic uncertainties in
the ice modeling [13].

In a previous study [13], a likelihood scan identical to the one used with Millipede and Millipede
Wilks (Sec. 2) was applied to SplineMPE to reduce minimization issues and provide uncertainty
contours better resembling the unique features of the event. The new method was then tested
using alert-like events with promising results. First, the method demonstrated high precision, with
∼ 90% of the realtime benchmark simulations (Sec. 1) having the true direction within 0.5◦ from
the reconstructed one. Second, the coverage of the uncertainty contours obtained using Wilks’
theorem was significantly improved compared to the original Millipede.

5. Coverage and robustness of the two methods

In this work, we tested the coverage of both Millipede Wilks (Sec. 3) and SplineMPE with
likelihood scan (Sec. 4) using the realtime benchmark simulations (Sec. 2 and [13]). Figure 2 shows
the cumulative density functions (CDFs) of the likelihood ratio, i.e., 2(𝑙∗ − 𝑙), where 𝑙∗ and 𝑙 are
the log-likelihoods at the true and best-fit directions, for both methods. Millipede Wilks has overall

5
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better statistical coverage, while SplineMPE with the likelihood scan has many events far away from
the expected CDF distribution of Wilks’ theorem.
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(b) SplineMPE with likelihood scan

Figure 3: Impact of geometry variations on the Millipede Wilks (left) and SplineMPE with likelihood scan
(right). The figures show the impact on the angular resolution quartiles (25/50/75) on a subset of the realtime
benchmark simulations. On SplineMPE with likelihood scan, the impact of the geometry variations is much
higher than on Millipede Wilks.

In this work, we also tested both methods against systematic uncertainties in the detector
geometry. In the resimulations of the realtime benchmark simulations, each DOM position was
varied in the horizontal plane following a Gaussian distribution with a standard deviation equal
to 1 and 2 m. Figure 3 shows the results of these tests. While Millipede Wilks seems almost
unaffected by these variations, SplineMPE with likelihood scan shows a worsening of its precision
of the order of 0.1 to 0.2 degrees. To take the effect of the systematic uncertainties in the geometry
into account for SplineMPE, its likelihood scans are convoluted with a bi-dimensional symmetric
Gaussian distribution with a standard deviation of 0.2 degrees. This convolution will be further
referred to as angular error floor.

6. Low and High Energy Deposition Events
Millipede Wilks showed in general a good statistical coverage (Sec. 5 and left panel of Fig. 2)

over all alert-like events, and better than SplineMPE with likelihood scan. However, in this
work, we also compared the uncertainty areas of the two methods; despite the angular error floor
applied, the ones of SplineMPE with likelihood scan are significantly smaller. Fig 4 shows the
ratio between the published 90% areas in the Revisions 0 and 1 for each alert (see Sec. 1) and
the new methods Millipede Wilks (left panel) and SplineMPE with likelihood scan (right panel).
From the median values of these ratios, SplineMPE with likelihood scan has contours 2 to 3 times
smaller than Millipede Wilks. Therefore, if SplineMPE with likelihood scan demonstrates good
statistical properties on a subset of the realtime alerts, it is to be preferred on this subset over
Millipede Wilks, also to facilitate subsequent follow-up observations. In this work, we studied
the statistical coverage of the uncertainty regions of SplineMPE with likelihood scan in relation to
the deposited energy in the detector estimated using the methods explained in [18] (left panel of
Fig. 5). When the deposited energy is very high, the coverage of the errors of SplineMPE with
likelihood scan becomes unpredictable and typically leans towards undercoverage. On the other

6
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Figure 4: Comparison of 90% areas between Millipede Wilks (left) and SplineMPE with likelihood scan
(right) against areas of the original Millipede, Revision 1 (blue) and initial GCN, Revision 0 (orange) for
events in IceCat-1. The 90% areas are computed for each published revision, and their ratio is taken with
respect to the 90% area obtained with Millipede Wilks or SplineMPE with likelihood scan.

hand, for small deposited energies, it seems to fluctuate consistently around the expectations from
Wilks’ theorem. The left panel of Fig. 5 shows the realtime benchmark simulations (Sec. 1, [13])
in a space of deposited energy and log-likelihood ratio level for a 50% coverage. Their density in
that bi-dimensional space was interpolated using different methods, and 50 TeV was found to be the
energy at which, consistently with all methods, more than 10% of the alerts at that energy would
have a 90% contour (from Wilks’ theorem) with less than 50% of real coverage. Therefore, 50 TeV
was chosen as the energy threshold to distinguish between a subset of events on which SplineMPE
with likelihood scan is preferable to Millipede Wilks and the rest of the events on which Millipede
Wilks is adopted for its good statistical properties, which is still a major improvement in precision
to the old reconstruction of realtime alerts (left panel of Fig. 4). These two subsets are respectively
referred to as low-energy deposition (LED) and high-energy deposition (HED) events. The right
panel of Figure 5 shows the coverage properties of SplineMPE with likelihood scan (and without
angular-error floor) on the LED events, demonstrating good performance. Moreover, the alerts that
passed the High-Energy-Starting-Event (HESE) selection [5] are also to be classified as HED events
independently of their deposited energy, as the initial hadronic shower induced by the interaction
of the neutrino with the glacial ice is contained in the detector. Therefore, the assumption of
SplineMPE of continuous light emission is not realistic for these events.

7. Conclusion

The combination of the two reconstruction methods, Millipede Wilks and SplineMPE with
likelihood scan, ensures a minimal size of the contour areas on which follow-up observations would
be performed, while also providing consistent and well-characterized statistical coverage (Sec. 6).
While the old catalog of IceCube realtime alerts, namely IceCat-1 [19], was reconstructed with the
original Millipede, an updated catalog, IceCat-2, is now being processed [20]. Overall, the areas
in IceCat-2 shrink by a factor between 4 and 5 [20]. Further improvements in the reconstruction of
realtime track alerts are still possible, and new possibilities are being explored [21].
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Figure 5: In the left panel, classification of low energy deposition (LED) and high energy deposition (HED)
events. On the y-axis is the energy deposited in the detector by the muon. On the x-axis is the median level
of log-likelihood ratio for each realtime benchmark simulation (resimulated 100 times), from SplineMPE
with likelihood scan. This median level also represents the llh-ratio level at which there would be a correct
50% coverage for that event. The red vertical dotted line represents the expected 50% level from Wilks’
Theorem. The more the dots are further right, the worse the reconstruction. The black horizontal dotted line
indicates the deposited energy that distinguishes between LED and HED events. HED events are also all
alerts that passed the HESE filter [5], as shown by the example of the orange dot slightly below the 50 TeV
line. In the right panel, the same plot as the right panel of Fig. 2, but with the results from the SplineMPE
likelihood scan applied only to the LED events. On this subset of events, the likelihood ratio CDFs are more
in agreement with the expectations from Wilks’ theorem.
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