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Neutrino flares from X-ray selected blazars

1. Motivation

Blazars are widely favored to be the progenitors of EeV cosmic rays and PeV neutrinos along
with TeV gamma-rays, due to the prime conditions in their jets for acceleration of cosmic rays.
They have strong magnetic fields that can trap particles, ambient radiation within or proximal to the
jets for the particles to interact with, and large scale structure to accommodate acceleration to the
highest energies observable.

Leptohadronic emission models for blazars accommodate the possibility of high-energy neu-
trino production in the jets via ? − W (photohadronic) interactions between the accelerated cosmic
rays and the ambient or external photon fields. Secondary e± pairs generated by pion decay produce
high energy photons via Synchrotron and Compton processes, which in turn combine to produce
new pairs which radiate a new generation of photons. These synchrotron-pair cascades shift the
extreme photon energies down to the X-ray band until the source becomes transparent to the pho-
tons and they can escape. Since the origin of the cascade emission and the neutrino flux can be
traced back to the ?c interactions, X-ray data can provide useful constraints on the neutrino flux
from the source. [1] and [2] utlilize the NuSTAR [3] and SWIFT-XRT [4] observations during
the 2017 gamma-ray flare of TXS 0506+056 which are almost simultaneous with the detection of
IC-170922A [5], to suggest that one-zone models cannot reconcile the X-ray data and the neutrino
event from this source assuming that the association of the event with the blazar holds (Fig. 1).
Recently, [6] have explored the possibility for PKS 1502+106 and a couple of other blazars, that
during a period of enhanced neutrino production, the gamma-ray emission might be subdued (pos-
sibly due to absorption within the source) while the X-ray data might have a stronger association
with the radio and neutrino emission.

(a) (b)

Figure 1: Leptohadronic modelling of the Spectral Energy Distribution (SED) of TXS 0506+056 from [1]
(a) and [2] (b). X-ray data is incompatible with the assumption that gamma-rays in the second hump originate
from pion decays, given the neutrino event association is physical.

IceCube is a cubic-kilometer neutrino detector installed in ice at the geographic South Pole
[7] between depths of 1450 m and 2450 m. Reconstruction of the direction, energy and flavor
of neutrinos relies on the optical detection of Cherenkov radiation emitted by secondary charged
particles produced in the interactions of neutrinos with the surrounding ice or the nearby bedrock.
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Neutrino flares from X-ray selected blazars

The instrumented volume consists of a 3-D array of 5160 Digital Optical Modules (DOMs), each
housing an 8-inch photomultiplier tube (PMT) sensitive to Cherenkov photons.

Temporally clustered neutrino emission has been previously reported by IceCube from the
direction of TXS 0506+056 [8]. These studies identified the most significant period of emission
from the source location over the duration analyzed. However, it is not unlikely for highly variable
sources like blazars to have more than one period of slight to moderately increased activity within
the continuously increasing length of time for which IceCube has been collecting data. Combining
information from multiple flares from a location also provides the benefit of improvement in
sensitivity to time-dependent searches.

2. Analysis overview

This work will use 10 years of IceCube data to look for untriggered time-dependent neutrino
emission correlated with Northern sky blazars selected based on their X-ray fluxes. A p-value will
be obtained for each blazar by combining the significance of all the neutrino flares detected by
performing an unbinned likelihood maximization on the data. These local p-values will be used to
perform a statistical study, called the binomial test, to determine and identify if any of the sources
in the catalog show a statistically significant emission. The final outcome will be a list of p-values
associated with each source, and a binomial p-value for each of the catalogs we test.

The dataset being used for this study spans a period of 10 years from 6th April 2008 to 10th
July 2018, including data collected with detector configurations of 40, 59, 79 and 86 strings [9]. It is
optimized for all-sky high-energy muon neutrino candidate events, with a background of up-going
atmospheric neutrinos and down-going very-high energy atmospheric muons.

The software used for the analysis (csky) fits flares of the box profile, based on an unbinned
likelihood maximization (see Section 3). The spectral index W and flare duration is fit for each
individual flare, while the maximum flare duration to be tested has to be supplied externally.

The cumulative significance of all signal-like flares from a direction will provide a p-value
for the source, and these p-values will be used as inputs for the population test using binomial test
statistic. The test assumes that p-values are randomly distributed between 0 and 1. Correlations can
affect the background expectation of the test. The decorrelation strategy for this analysis involves
simulating background trials with a similar configuration and using the same source locations as
the actual search, in order that the correlations are present in the background scrambles as well and
can be accounted for while comparing with the background distribution. Since the statistical test
is more sensitive to a smaller catalog of neutrino-emitting sources, we will test separately for BL
Lacs and FSRQs.

3. A multi-flare search

A neutrino flare can be characterized by an excess of neutrinos or a hardening of the neu-
trino spectral index observed over a length of time from a particular direction associated with an
astrophysical object, that exceeds the background expectation for that period. It can be associated
with enhanced neutrino production within the source. Blazars are highly variable sources, with the
observed electromagnetic (EM) flares lasting typically for several months. Assuming that neutrino
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flares show a similar behavior as EM flares, it is reasonable to assume that a source can flare
more than once on average within the ∼12 year period that IceCube has been taking data. Thus,
performing a search for multiple flares over time from each source boosts the significance from each
search direction.

In contrast to single-flare searches, which report the single most significant flare for each
direction searched, a multi-flare search adds up the significance of all the signal-like flares from a
source. It becomes more useful under the hypothesis that most individual flares are moderate to
weak and that a source flares more than two times on average. A multi-flare fitting algorithm was
developed within IceCube for stacking searches where individual flares can be stacked instead of
sources [10]. The method is described below for a sample of N events and k source directions:

1. The more signal-like events are filtered based on a threshold defined through the ratio of the
signal and background PDFs (S/B). This also cuts down on the possible test intervals for flare
hypotheses. For this analysis, a threshold of S/B > 2000 is chosen.

2. Each pair of events in the remaining sub-sample (of # ′ events) presents a possible flare
window (∼ : ∗ # ′(# ′ − 1)/2). There can be several overlapping flare windows (see Fig. 2a)

3. A test statistic (TS) is calculated for each flare hypothesis, evaluating the likelihood of a real
flare in the selected flare window. All events within the window (and not just those above the
S/B threshold) contribute to the likelihood.

L(=B) =
#∏
8=1
( =B
#
(8 + (1 −

=B

#
)�8), )( 9 |Δ)9 = −2;>6[Δ)30C0

Δ)9
× L(=B = 0))
L(= = =̂B)

] (1)

Here, Δ)9 refers to the duration of the test window, while Δ) refers to the total livetime of
the sample. The correction factor Δ)30C0

Δ)9
is to adjust for the fact that many more small test

windows can be formed than large ones, therefore the small windows are downweighted.

4. Only non-negative )( 9 are considered, and all the overlapping flares are removed by keeping
only the interval with the largest )( 9 (Fig. 2b). This way individual events don’t end up
contributing to more than one flare. A global TS can be obtained by summing all the
remaining )( 9 . A ’multi-flare TS’ for each source can also be obtained in the same way by
summing all the individual flares from the source direction.

)̃( =
∑
) ( 9>0

)( 9 0=3 =̃B =
∑
) ( 9>0

=B 9 (2)

The above method returns some global parameters: TS, =B (sum of the number of signal events
above the average background expectation, detected during each flare duration), average spectral
index W, number of flare hypotheses tested, as well as the fit parameters for the individual flares,
including )( 9 , =B 9 , W and duration of flare. The multi-flare TS for each source can be converted to
a corresponding (one sided) pre-trial p-value by comparing with the TS distribution from several
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(a) (b)

Figure 2: Flare window construction using seed events (a), and a demonstrative figure underlining the
removal of overlapping flares (b). The orange flare candidates end up getting removed in favor of the blue
flare candidates that are of higher significance.

background trials using simulated data. The simulated data (called scrambled data) is generated by
randomizing the right ascension (RA) of the events in real data so that the physical properties of
the data are preserved.

4. Binomial Test

Acatalog search has the possibility of revealing a few signal sources spread among a background
of sources. While the sources may not be individually significant, it is nonetheless important to
understand if the whole catalog is compatible with the background-only hypothesis. The binomial
test is a statistical method to determine if a subset of values in a given sample exceed the expectation
from a random distribution of the sample size. Given an ordered set of p-values, it can determine
if a subset of these values are statistically significant or not.

The binomial probability %(:) of finding : or more sources with p-values equal to or lower
than the local p-value ?: , in an ordered list of # p-values is given by:

%(:) =
#∑
<=:

(
#

<

)
?<: (1 − ?:)

#−< (3)

It returns a binomial p-value (%(:)) for each source and a : corresponding to the best binomial
p-value. The binomial p-value is an indicator of the individual significance of time-dependent
emission from the source. : identifies the number of sources in the catalog with a statistically
significant emission.

An example of the output of a single binomial test, performed on simulated p-values is shown in
Fig. 3. The final significance is derived by performing the binomial test many times over scrambled
data, to trial correct for looking at multiple locations in the sky. Fig. 4a shows the calculation of
post trial p-value by comparing with the results from multiple trials with simulated data and Fig. 4b
shows the number of individual sources with 2f, 3f and 4f multi-flare significance required to
obtain a final discovery potential of 5f from the analysis.
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Figure 3: Binomial probability distribution for a single binomial test with 1000 simulated p-values. The
best binomial probability �14BC = 0.017 is achieved for a : of 190.

(a) (b)

Figure 4: Post-trial p-value calculation by comparing with 10000 binomial tests performed on simulated
data (a), and the number of individual sources with 2f, 3f and 4f multiflare significance required to obtain
a final discovery potential of 5f in 50% of pseudo-experiments (b).

5. X-ray selected blazar catalog

While gamma-ray catalogs of Active Galactic Nuclei (AGN) have existed for a while now and
are among the most detailed catalogs for this class of sources [11], few attempts have been made to
compile X-ray catalogs of blazars. Although an exclusive catalog for X-ray selected BL Lacs exists,
the XRAYSELBLL [12], it contains only∼300 sources and comprises solely of BL Lac type blazars.
Multi-frequency catalogs, however, do exist for blazars. Among the most recent and comprehensive
of these is the 5Cℎ edition of RomaBZCAT [13]. It contains information on 3561 blazar AGNs (BL
Lacs, FSRQs and blazars of uncertain type). Apart from positions and redshifts wherever available,
the data is available for radio fluxes in the 1.4 GHz band from NVSS, microwave band (143 GHz)
from the Planck survey, the R-band magnitude, soft X-ray flux in (0.1 - 2.4 keV) from ROSAT, and
gamma-ray flux in (1-100 GeV) from Fermi-LAT. The catalog has a comprehensive sky coverage,
with sources covering the entire Northern and Southern sky. XRAYSELBLL has a > 60% overlap
with RomaBZCat.

For the purpose of this analysis, we order the the sources in the catalog by their X-ray fluxes
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and keep only the top 1000 blazars in the Northern hemisphere (−5◦, +85◦). The distribution of
these 1000 sources in the sky and their X-ray fluxes can be seen in Fig. 5.

(a)
(b)

Figure 5: Skymap of the 1000 sources with the highest X-ray fluxes in the declination (−5◦, +85◦) from
RomaBZCat shown in Galactic coordinates (a), and the distribution of the X-ray fluxes for these 1000 sources
(b). The dotted lines indicate the median X-ray flux for each category.

The down-selected catalog contains 586 BL Lacs, 361 FSRQs and 53 uncertain type blazars.
The minimum and maximum X-ray fluxes are 3.1 × 10−13 and 1.8 × 10−10 erg/cm2/s respectively.
Overlap between our catalog and a previous study that looked at the neutrino flares from top 1000
Northern sky blazars of Fermi 3LAC catalog [11] is ∼44%.

6. Per source sensitivity

Sensitivity studies for a single source were performed by injecting signal flares of varying
strength at arbitrary times at the location of TXS 0506+056 (declination = 5.69◦). The flare strength
was varied by changing the number of flares injected as well as the number of events injected per
flare. The spectral index (W = 2) and the flare duration (dT = 30 days) were kept constant for all the
injections. These were compared with background trials to obtain the sensitivity of the analysis to
a single source. The number of events per flare vs. the number of flares required to obtain a 90%
C.L. sensitivity and a 3f discovery potential (D.P.) with an S/B threshold of 2000 are shown in
Fig. 6b.

7. Summary and Outlook

We have presented here an outline for our intended search for time-clustered neutrino emission
in IceCube data from blazars selected on the basis of their soft X-ray fluxes (0.1 - 2.4 keV). We aim
to test the hypothesis that X-ray bright blazars can be potential sources of high-energy astrophysical
neutrinos. The importance of X-ray data when trying to constrain the neutrino emission of blazars
is explained through the recent attempts at leptohadronic modelling of the SED of TXS 0506+056.
Additionally, this analysis has the advantage of accumulating information from flares observed
over 10 years of IceCube neutrino data. A brief description of the multi-flare fit method and a
population test through the binomial test statistic is also provided. The catalog of sources is derived
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(a) (b)

Figure 6: Background multi-flare TS distribution for a source at the declination of TXS 0506+056 (5.69◦)
(a), and the strength of individual flares from a single source (at the declination of TXS 0506+056) required
to obtain a final D.P. of 3-sigma and a 90% C.L. sensitivity (b). The 5-sigma D.P. is not shown here due to
limited statistics but will be available in future tests.

from RomaBZCat by selecting 1000 blazars with the highest X-ray flux in the Northern sky. The
dataset and other parameters to be used for the analysis have been defined and background trials are
currently under progress. Sensitivity of the analysis to a single source is presented here, while the
full catalog sensitivity and a final p-value for each source signifying their time-dependent neutrino
emission potential will be published soon.

References

[1] A. Keivani and et al. The Astrophysical Journal 864 no. 1, (Aug, 2018) 84.

[2] S. Gao, A. Fedynitch, W. Winter, and M. Pohl Nature Astronomy 3 no. 1, (Nov, 2018) 88–92.

[3] S. D. Hunter et al. Space Telescopes and Instrumentation: UV to Gamma Ray (Jul, 2010) .

[4] D. N. Burrows et al. Space Science Reviews 120 no. 3-4, (Oct, 2005) 165–195.

[5] IceCube Collaboration, M. G. Aartsen et al. Science 361 (2018) eaat1378.

[6] E. Kun et al. The Astrophysical Journal Letters 911 no. 2, (Apr, 2021) L18.

[7] IceCube Collaboration, M. G. Aartsen et al. JINST 12 no. 03, (2017) P03012.

[8] IceCube Collaboration, M. G. Aartsen et al. Science 361 (2018) 147–151.

[9] IceCube Collaboration, R. Abbasi et al. arXiv:2101.09836v2 (Jan., 2021) .

[10] IceCube Collaboration, W. Luszczak, J. Braun, and A. Karle PoS ICRC2019 (2019) 950.

[11] M. Ackermann and et al. The Astrophysical Journal 810 no. 1, (Aug, 2015) 14.

[12] B. Z. Kapanadze The Astronomical Journal 145 no. 2, (Feb., 2013) 31.

[13] E. Massaro and et al. Astrophysics and Space Science 357 no. 1, (May, 2015) 75.

8

http://dx.doi.org/10.3847/1538-4357/aad59a
http://dx.doi.org/10.1038/s41550-018-0610-1
http://dx.doi.org/10.1117/12.857298
http://dx.doi.org/10.1007/s11214-005-5097-2
http://dx.doi.org/10.1126/science.aat1378
http://dx.doi.org/10.3847/2041-8213/abf1ec
http://dx.doi.org/10.1088/1748-0221/12/03/P03012
http://dx.doi.org/10.1126/science.aat2890
http://dx.doi.org/10.21234/CPKQ-K003
http://dx.doi.org/10.22323/1.358.0950
http://dx.doi.org/10.1088/0004-637x/810/1/14
http://dx.doi.org/10.1088/0004-6256/145/2/31
http://dx.doi.org/10.1007/s10509-015-2254-2


P
o
S
(
I
C
R
C
2
0
2
1
)
9
7
1

Neutrino flares from X-ray selected blazars

Full Author List: IceCube Collaboration

R. Abbasi17, M. Ackermann59, J. Adams18, J. A. Aguilar12, M. Ahlers22, M. Ahrens50, C. Alispach28, A. A. Alves Jr.31, N. M.
Amin42, R. An14, K. Andeen40, T. Anderson56, G. Anton26, C. Argüelles14, Y. Ashida38, S. Axani15, X. Bai46, A. Balagopal V.38,
A. Barbano28, S. W. Barwick30, B. Bastian59, V. Basu38, S. Baur12, R. Bay8, J. J. Beatty20, 21, K.-H. Becker58, J. Becker Tjus11, C.
Bellenghi27, S. BenZvi48, D. Berley19, E. Bernardini59, 60, D. Z. Besson34, 61, G. Binder8, 9, D. Bindig58, E. Blaufuss19, S. Blot59,
M. Boddenberg1, F. Bontempo31, J. Borowka1, S. Böser39, O. Botner57, J. Böttcher1, E. Bourbeau22, F. Bradascio59, J. Braun38, S.
Bron28, J. Brostean-Kaiser59, S. Browne32, A. Burgman57, R. T. Burley2, R. S. Busse41, M. A. Campana45, E. G. Carnie-Bronca2,
C. Chen6, D. Chirkin38, K. Choi52, B. A. Clark24, K. Clark33, L. Classen41, A. Coleman42, G. H. Collin15, J. M. Conrad15, P.
Coppin13, P. Correa13, D. F. Cowen55, 56, R. Cross48, C. Dappen1, P. Dave6, C. De Clercq13, J. J. DeLaunay56, H. Dembinski42, K.
Deoskar50, S. De Ridder29, A. Desai38, P. Desiati38, K. D. de Vries13, G. de Wasseige13, M. de With10, T. DeYoung24, S. Dharani1,
A. Diaz15, J. C. Díaz-Vélez38, M. Dittmer41, H. Dujmovic31, M. Dunkman56, M. A. DuVernois38, E. Dvorak46, T. Ehrhardt39, P.
Eller27, R. Engel31, 32, H. Erpenbeck1, J. Evans19, P. A. Evenson42, K. L. Fan19, A. R. Fazely7, S. Fiedlschuster26, A. T. Fienberg56,
K. Filimonov8, C. Finley50, L. Fischer59, D. Fox55, A. Franckowiak11, 59, E. Friedman19, A. Fritz39, P. Fürst1, T. K. Gaisser42, J.
Gallagher37, E. Ganster1, A. Garcia14, S. Garrappa59, L. Gerhardt9, A. Ghadimi54, C. Glaser57, T. Glauch27, T. Glüsenkamp26, A.
Goldschmidt9, J. G. Gonzalez42, S. Goswami54, D. Grant24, T. Grégoire56, S. Griswold48, M. Gündüz11, C. Günther1, C. Haack27,
A. Hallgren57, R. Halliday24, L. Halve1, F. Halzen38, M. Ha Minh27, K. Hanson38, J. Hardin38, A. A. Harnisch24, A. Haungs31, S.
Hauser1, D. Hebecker10, K. Helbing58, F. Henningsen27, E. C. Hettinger24, S. Hickford58, J. Hignight25, C. Hill16, G. C. Hill2, K. D.
Hoffman19, R. Hoffmann58, T. Hoinka23, B. Hokanson-Fasig38, K. Hoshina38, 62, F. Huang56, M. Huber27, T. Huber31, K. Hultqvist50,
M. Hünnefeld23, R. Hussain38, S. In52, N. Iovine12, A. Ishihara16, M. Jansson50, G. S. Japaridze5, M. Jeong52, B. J. P. Jones4, D. Kang31,
W. Kang52, X. Kang45, A. Kappes41, D. Kappesser39, T. Karg59, M. Karl27, A. Karle38, U. Katz26, M. Kauer38, M. Kellermann1, J. L.
Kelley38, A. Kheirandish56, K. Kin16, T. Kintscher59, J. Kiryluk51, S. R. Klein8, 9, R. Koirala42, H. Kolanoski10, T. Kontrimas27, L.
Köpke39, C. Kopper24, S. Kopper54, D. J. Koskinen22, P. Koundal31, M. Kovacevich45, M. Kowalski10, 59, T. Kozynets22, E. Kun11,
N. Kurahashi45, N. Lad59, C. Lagunas Gualda59, J. L. Lanfranchi56, M. J. Larson19, F. Lauber58, J. P. Lazar14, 38, J. W. Lee52, K.
Leonard38, A. Leszczyńska32, Y. Li56, M. Lincetto11, Q. R. Liu38, M. Liubarska25, E. Lohfink39, C. J. Lozano Mariscal41, L. Lu38,
F. Lucarelli28, A. Ludwig24, 35, W. Luszczak38, Y. Lyu8, 9, W. Y. Ma59, J. Madsen38, K. B. M. Mahn24, Y. Makino38, S. Mancina38,
I. C. Mariş12, R. Maruyama43, K. Mase16, T. McElroy25, F. McNally36, J. V. Mead22, K. Meagher38, A. Medina21, M. Meier16, S.
Meighen-Berger27, J. Micallef24, D. Mockler12, T. Montaruli28, R. W. Moore25, R. Morse38, M. Moulai15, R. Naab59, R. Nagai16, U.
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