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1. Introduction

SkyLLH [1] is an open-source, Python-based, and easy-to-use software framework to build log-
likelihood (LLH) functions for celestial event data. It has been developed within the IceCube
collaboration [2] to perform frequentist statistical data analyses for point-like neutrino source
searches, including the one that resulted in a 4.2𝜎 evidence for neutrino emission from the Seyfert
II galaxy NGC 1068 [3]. In the past, IceCube performed searches for steady and flaring neutrino
point-like sources using 10 years of point-source data [4, 5]. This data has been made public [6].
In order to make this information accessible and usable for the entire community, we present an
extension to the SkyLLH software framework which now includes an interface to use this latest
all-sky point-source data release. In the following, we briefly describe the content of the data
release and detail the likelihood method that has been implemented for point-like neutrino searches.
The published experimental data are provided together with binned detector response functions that
describe how a muon produced in the interaction of a detectable neutrino would be reconstructed
in IceCube. Among the reconstructed muon observables given in the detector response functions
is the angular separation between the parent neutrino and the reconstructed muon. This quantity
is fundamental for inferring whether the spatial distribution of the events in the sky is consistent
with emission from a point-like source. On the other hand, the reconstructed muon direction is
also required in the formulation of the likelihood function used in Ref. [4] but is not provided in
the detector response functions. Nevertheless, we can address this limitation by using a slightly
modified version of the likelihood. We investigate the effect of this modification by comparing the
likelihoods of the internal and the public analyses. Furthermore, we fit the source candidates that
were searched for neutrino emission in Ref. [4] and compare their significance to the published
one. For NGC 1068 specifically, we measure the neutrino flux and compare the result to the one
reported in Ref. [4]. Finally, we briefly describe a method to fit time-dependent neutrino emission
profiles from point-like sources, which is implemented in the software interface for public neutrino
data analyses described in this work.

2. The 10 years of public neutrino point-source data

In January 2021, IceCube released ten years of data for neutrino point-source searches [6]. The data
spans the time range from April 6, 2008 to July 10, 2018, covering five different data acquisition
periods (seasons) corresponding to different detector configurations: IC40, IC59, IC79, IC86 2011,
and IC86 2012–2017. For details regarding the IceCube detector see Ref. [2]. The data sample
is optimized for the identification of neutrino clusters, which requires good angular resolution.
Therefore, it includes track-like events from all directions in the sky. In the Southern sky, the data
sample is dominated by cosmic-ray-induced atmospheric muons, which are instead absorbed in the
other hemisphere when crossing the Earth. Therefore, events from the Northern sky are mostly
produced in neutrino interactions. The data contains 1,134,450 recorded events with their best-fit
reconstructed muon observables ®𝑥 = (𝐸𝜇, ®𝑑𝜇, 𝜎𝜇, 𝑡obs): the energy 𝐸𝜇, direction in right-ascension
𝛼 and declination 𝛿, ®𝑑𝜇 = (𝛼𝜇, 𝛿𝜇), the uncertainty on the reconstructed muon direction 𝜎𝜇, as well
as the observation time 𝑡obs. It should be noted that the angular uncertainty includes a correction
for the kinematic angle between the parent neutrino and the reconstructed muon, important for
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neutrino energies ≲ 1 TeV. In addition, the release provides tabulated instrument response functions
(IRFs) consisting of muon-neutrino effective areas, 𝐴eff,𝜈𝜇+𝜈𝜇

, and binned probabilities in the form
𝑀 (𝐸𝜇,Ψ𝜈𝜇, 𝜎𝜇 |𝛿𝜈 , 𝐸𝜈). Thus, for a given parent neutrino with declination 𝛿𝜈 and energy 𝐸𝜈 , 𝑀
contains the probability of reconstructing a neutrino-induced muon with 𝐸𝜇, 𝜎𝜇, and an angular
separation Ψ𝜈𝜇 between the parent neutrino and the muon. 𝑀 is referred to as the detector response
matrix from here on1. The published IRFs allow the construction of the probability density functions
(PDFs) required in a hypothesis log-likelihood ratio test.

3. Likelihood formalism

The IceCube point-source searches look for spatial and/or temporal clusters of astrophysical neutri-
nos over the atmospheric muon and neutrino, and diffuse cosmic neutrino backgrounds [7]. To be
able to discriminate between signal and background events, IceCube uses an unbinned likelihood-
ratio hypothesis test, where two hypotheses are fitted to the data, and their likelihoods are compared:

• 𝐻0: the observed data only consists of background muon events, induced by atmospheric
muons and neutrinos or by the astrophysical diffuse neutrino flux;

• 𝐻1: the observed data consists of, both, background and signal muon events, where the
latter are induced by the interaction of astrophysical neutrinos originating from a point-like
neutrino source, emitting with strength proportional to the mean number of signal events in
the detector, 𝑛s, and following a power-law energy spectrum ∝ 𝐸−𝛾 .

The two hypotheses are nested. Hence, for 𝑛s ≡ 0, the signal hypothesis, 𝐻1, reduces to the
background-only one, 𝐻0. The maximum log-likelihood ratio is then the test-statistic, TS, used for
the analysis:

TS = −2 log
sup 𝐻0 [L(𝐻0 | ®𝑥)]
sup𝐻1

[L(𝐻1 | ®𝑥)]
, (1)

where L(𝐻 | ®𝑥) is the likelihood function of 𝐻0 or 𝐻1, given the recorded data ®𝑥. The likelihood
function is commonly represented as a mixture model, consisting of the weighted sum of a signal
PDF and a background PDF, S(·) and B(·), respectively [8]:

L(𝑛s, 𝛾 | ®𝑥) =
𝑁∏
𝑖=1

[𝑛𝑠
𝑁
S(𝑥𝑖 |𝛾) +

(
1 − 𝑛𝑠

𝑁

)
B(𝑥𝑖)

]
, (2)

where 𝑁 is the total number of events 𝑥𝑖 in the sample.
For the nested hypotheses used in point-source searches as described here, the null hypothesis 𝐻0

has no free parameters, hence the test-statistic can be written as a simplified expression containing
the signal-over-background PDF ratio:

TS = 2
𝑁∑︁
𝑖=1

log
[
𝑛̂s
𝑁

(
S(𝑥𝑖 |𝛾̂)
B(𝑥𝑖)

− 1
)
+ 1

]
. (3)

Here the parameters 𝑛̂s and 𝛾̂ denote the values of the two parameters that maximize the likelihood
in Eq. (2).

1It is denoted as smearing matrix in the data release [6].
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The new extension of SkyLLH for the public data provides classes and functions to construct the
signal and background PDFs using the provided experimental data and IRFs. By using the law
of conditional probability, both the signal and background PDFs can be separated into a spatial
and an energy part. Spatial and energy background PDFs are defined identically to the internal
traditional IceCube analysis (see e.g. Ref. [4]), therefore we assume that the background flux is
uniformly distributed in space and that its energy distribution can be approximated by the energy
distribution of the experimental data. This assumes that the experimental data is strongly dominated
by background events, which is a safe assumption in this case.
The signal PDF for a point-like source with a power-law energy spectrum is dependent on the source
declination 𝛿src2 and the spectral index 𝛾 and can be expressed as

S(𝛿𝑖 , 𝐸𝑖 |𝛿src, 𝛾) = Sspatial · Senergy = 𝑃PSF(𝛿𝑖 |𝛿src) · 𝑃E(𝐸𝑖 |𝛿src, 𝛾), (4)

where 𝑃PSF is the point-spread-function (PSF) of the detector for a given source position and
𝑃E(𝐸𝑖 |𝛿src, 𝛾) is the signal energy PDF to observe an event with energy 𝐸𝑖 assuming point-like
neutrino emission from 𝛿src and spectral index 𝛾. For the PSF an analytical function in the form of
a symmetric two-dimensional Gaussian is used (e.g. Ref. [8], and Ref. [4]).
The signal energy PDF can be constructed from the detector response matrix 𝑀 and can be
formulated as an integral over all parent neutrino energies:

𝑃E(𝐸𝑖 |𝛿src, 𝛾) ≡ 𝑃(𝐸𝜇 |𝛿𝜈 , 𝛾) =
∫ 𝐸max

𝐸min

𝑑𝐸𝜈 𝑃(𝐸𝜇 |𝐸𝜈 , 𝛿𝜈) 𝑃(𝐸𝜈 |𝛾) 𝑃(𝐸𝜈 |𝛿𝜈). (5)

The integrand is the product of three probabilities. First, 𝑃(𝐸𝜇 |𝐸𝜈 , 𝛿𝜈) is the probability of 𝐸𝜇

given the parent neutrino energy 𝐸𝜈 and declination 𝛿𝜈 , which is calculated from the detector
response matrix 𝑀 . Second, the probability of the parent neutrino energy for the given power-law
energy spectrum with spectral index 𝛾, denoted as 𝑃(𝐸𝜈 |𝛾). Third, the probability of detecting
the parent neutrino energy given its direction, 𝑃(𝐸𝜈 |𝛿𝜈), is calculated from the provided tabulated
effective areas. The integration limits 𝐸min and 𝐸max are set in order to cover the parent neutrino
energy range of 102 − 109 GeV, as provided in the IRFs.
Only the mathematical representation of the signal energy PDF differs from the internal analysis
used in Ref. [4]. Internally, it is constructed as 𝑃(𝐸𝜇 | sin(𝛿𝜇), 𝛾), whereas the public data analysis
uses the signal energy PDF given in Eq. (5). The difference is illustrated in Figure 1 for the dataset
IC86 2012–2017 and for a source at the location of NGC 1068 with its best-fit spectral index 𝛾 = 3.2
[3, 4]. The internal analysis uses the approximation 𝛿src ≈ 𝛿𝜇 to simplify the calculation of the
signal-over-background PDF ratio (see Eq. (3)), which then has the same data structure as the signal
and background PDFs. With the public detector response matrix, the construction of such a signal
energy PDF is impractical due to missing information about the reconstructed muon declination 𝛿𝜇.

4. Analysis workflow with SkyLLH

The SkyLLH software framework is designed to follow the mathematical structure of the log-
likelihood ratio formalism in Eq. (3). Hence, Python base classes define interfaces for PDFs, PDF

2Due to the location of IceCube at the geographic South Pole, the distributions of the recorded events are symmetric
in azimuth and hence depend in good approximation solely on the declination of the event.
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Figure 1: Comparison of the signal energy PDFs for the season IC86 2012–2017 and spectral index 𝛾 = 3.2.
Left: PDF as used in Ref. [4]. The lighter the color, the higher the probability density. The black lines delimit
𝛿𝜇 = (−0.01 ± 3.00)◦. Right: 1D comparison between the internal IceCube PDF (green) at reconstructed
muon declination 𝛿𝜇 = −0.01◦ and the one used in the public data analysis (black) at source declination
𝛿src = −0.01◦ (NGC 1068). The shaded green band represents the variations of the internal energy PDF
when considering events reconstructed at declinations enclosed by the dotted black lines in the left-hand plot.
The energies of the experimental data fall in the gray shaded area, with the central 99% quantile indicated
by the darker grey area. The lower panel shows the ratio between the public PDF and the internal one for all
events reconstructed within 3◦ from the source.

ratios, log-likelihood ratio, and test-statistic functions. The Analysis class bundles all components
of an analysis into a single object. Despite classes and functions to evaluate the log-likelihood
function, SkyLLH also provides utility classes for data handling. For instance, the Dataset class
allows the definition of a data set with observed data and simulations stored on disk, and its loading
into memory. The public data interface described in this contribution creates the Analysis object
through a create_analysis Python function, which constructs all the necessary PDFs and PDF
ratios, as well as the log-likelihood function. After the construction of the Analysis object, the data
can either be unblinded via the unblindmethod or a pseudo-experiment with background and signal
events can be generated via the do_trial method of the Analysis class. The documentation3

of SkyLLH provides a tutorial to load the public data and to create the Analysis object for a
single point-source with a power-law energy flux function to reproduce the results published in
Ref. [4]. Furthermore, it shows how to generate pseudo-experiments for sensitivity and significance
calculations. Notably, SkyLLH’s design allows for a combined data analysis of multiple data sets
or detectors by taking the product of all likelihood functions, one for each individual data set. Thus,
the public data could be combined with data from other experiments.

3https://icecube.github.io/skyllh/master/html/index.html
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5. Reproducibility of published IceCube point-source search results

To test how well the analysis published in Ref. [4] can be reproduced using the public data release
and the software interface described in this contribution, we compare their respective sensitivities
to an 𝐸−2 flux of astrophysical neutrinos produced by a point-like source. The result of this
comparison is illustrated in the left panel of Figure 2 where the sensitivity flux is shown as a
function of the sine of the declination for the public data (black dashed) and the internal IceCube
analysis (green) as published in Ref. [4]. In the right panel of Figure 2, the local significance
difference in terms of Gaussian-equivalent standard deviations for the source candidates analyzed
in Ref. [4] is plotted as a function of their position in the sky. For most of the tested sources, the
significance is weaker when using the public data (PD), but it is reproduced within ∼ 0.5 standard
deviations. Overall, the public data analysis is slightly less sensitive due to the coarse binning of
the detector response matrix, which contains only 3 bins for the parent neutrino direction, covering
the Southern sky (−90◦ < 𝛿𝜈 < −10◦), the horizon (−10◦ < 𝛿𝜈 < 10◦), and the Northern sky
(10◦ < 𝛿𝜈 < 90◦). We measured the neutrino flux 𝜙(𝐸𝜈) = 𝜙1TeV (𝐸𝜈/1TeV)−𝛾 from NGC 1068
with the public data analysis presented in this work and find the best-fit values for the flux parameters
to be 𝑛̂𝑠 = 60.1, and 𝛾̂ = 3.2. The observed mean number of signal events 𝑛̂𝑠 can be converted into a
neutrino flux normalization by integrating the effective area at the source location multiplied by the
power-law energy flux over the neutrino energy range and the observation time period. We obtain
𝜙1TeV = 3.3 × 10−11 TeV−1 cm−2 s−1. All these values are compatible with the ones published in
Ref. [4]. As an additional check, we performed a likelihood scan around the best-fit flux parameters
and derived the 1𝜎 and 2𝜎 confidence levels from Wilks’ theorem [9]. The comparison of the
likelihood landscapes is illustrated in Figure 3 showing that the two results largely overlap.

6. Sources with time-dependent neutrino emission profiles

The results shown in this contribution assume steady neutrino emission as done in Ref. [4]. Besides
classes for spatial and energy PDFs, SkyLLH also provides a class for time PDFs. Hence, the signal
PDF in Eq. (4) can be modified to include a time PDF:

S(𝛿𝑖 , 𝐸𝑖 |𝛿src, 𝛾) = 𝑃PSF(𝛿𝑖 |𝛿src) · 𝑃E(𝐸𝑖 |𝛿src, 𝛾) · 𝑃T(𝑡𝑖 |𝑡0, 𝜎T). (6)

The current version includes a box-shaped time PDF (assuming constant emission between a starting
and end time) and a Gaussian-shaped time PDF centered at 𝑡0 with width 𝜎T. Using the box-shaped
time profile from Ref. [6] with start and stop times, respectively, of 𝑡start = 56927.86 (MJD)
and 𝑡stop = 57116.76 (MJD), the best-fit parameters for the flare of the blazar TXS 0506+056 are
𝑛̂s = 11.66 and 𝛾̂ = 2.25, agree with values published in Ref. [6], namely 𝑛̂s = 11.87 and 𝛾̂ = 2.22.
SkyLLH supports the fitting of the parameters of a Gaussian-shaped time PDF (i.e., 𝑡0, 𝜎T) using
the unsupervised learning algorithm “Expectation Maximization (EM)” [10]. EM is applied to the
time sequence of the events, where each event is weighted with its signal-over-background PDF
ratio of the spatial and energy PDFs, as in Eq. (3). With the fitted parameters, we create the time
PDF and subsequently optimize the likelihood function. Since the PDF ratio values depend on 𝛾,
we repeat these steps for 𝛾 values ranging from 1 to 5 and take the maximal test-statistic from all
EM fits as the final test-statistic value. The EM method was used in Ref. [11] with IceCube internal
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Figure 2: Reproducibility of published results. Left: Comparison of sensitivity to an astrophysical neutrino
flux as a function of the position in the sky assuming an 𝐸−2 power-law energy spectrum for the analysis
used in Ref. [4] (green solid line) and the public data (PD) analysis presented in this work (dashed black
line). Right: Shift of local significance in terms of Gaussian-equivalent standard deviations as a function of
the sine of the declination compared to the result published in Ref. [4]. The dots represent the objects in the
list of candidate sources in Ref. [4] and the two most significant locations in the northern and southern sky.
The color scale, as well as the size of the dots, represent the published local significance. The green point
with the largest shift to lower significances (at the very bottom of the panel) corresponds to TXS 0506+056.
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Figure 3: Comparison of the likelihood scan around the best-fit flux parameters (𝜙1TeV, 𝛾) of NGC 1068.
The best-fit flux (cross), 1𝜎 (solid line), and 2𝜎 (dashed line) confidence levels from Wilks’ theorem are
shown in green for the analysis in Ref. [4] and in black for the analysis on public data presented in this work.
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data where the fitted flare parameter and the p-value for the flare of TXS 0506+056 are comparable
with published results in Ref. [5, 6, 12]. With the published data set we estimate the significance of
the observed flare (using EM) and find a local p-value of − log10(𝑝loc) = 1.23. The reduced p-value
compared to previous works is expected, see also Section 5, Figure 2. The best-fit parameters for
the time-dependent neutrino emission from TXS 0506+056 using the public data are 𝑛̂s = 7.58 and
𝛾̂ = 2.21, centered at 𝑡0 = 56972.65 (MJD) with 𝜎̂T = 27.97 days. In Ref. [5], the flare parameters
were 𝑡0 = 57000±30 (MJD), 𝜎̂T = 62±27 days, 𝑛̂s = 10+5.2

−4.2, and 𝛾̂ = 2.2±0.3. However, it should
be noted that the fitting and analysis procedures in Ref. [5] are different, specifically concerning the
signal energy PDF (see Section 3) and, therefore, the signal-over-background PDF-ratio weights.

7. Conclusion and outlook

In this contribution, we demonstrated an extension of SkyLLH to perform time-integrated and time-
dependent neutrino point-source searches based on 10-year public point-source data. By using this
extension, published IceCube results [4] can be reproduced reasonably well. We plan to implement
additional features to support general source flux functions and the ability to evaluate the cumulated
signal from multiple sources through point-source stacking analyses in the future.
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