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ABSTRACT
Blazar jets are extreme environments, in which relativistic proton interactions with an ultraviolet
photon field could give rise to photopion production. High-confidence associations of individual high-
energy neutrinos with blazar flares could be achieved via spatially and temporally coincident detec-
tions. In 2017, the track-like, extremely high-energy neutrino event IC 170922A was found to coincide
with increased γ-ray emission from the blazar TXS 0506+056, leading to the identification of the
most promising neutrino point source candidate so far. We calculate the expected number of neutrino
events that can be detected with IceCube, based on a broadband parametrization of bright short-term
blazar flares that were observed in the first 6.5 years of Fermi/LAT observations. We find that the
integrated keV-to-GeV fluence of most individual blazar flares is far too small to yield a substantial
Poisson probability for the detection of one or more neutrinos with IceCube. We show that the sample
of potentially detectable high-energy neutrinos from individual blazar flares is rather small. We fur-
ther show that the blazars 3C 279 and PKS1510−089 dominate the all-sky neutrino prediction from
bright and short-term blazar flares. In the end, we discuss strategies to search for more significant
associations in future data unblindings of IceCube and KM3NeT.

1. INTRODUCTION

The discovery of extraterrestrial very-high-energy neu-
trinos by IceCube Collaboration (2013) has triggered
the hunt for the identification of their astrophysical
sources. Jets from Active Galactic Nuclei (AGN) are
promising candidates for the detected high-energy
neutrino flux (Mannheim 1993, 1995), as they are
among the most extreme environments in the universe.
Especially promising are blazars, a subclass of AGN
characterized by jets pointing towards the observer that
show variability on timescales from minutes to years.
Blazars can be further subdivided into BLLac objects
and Flat-Spectrum Radio Quasars (FSRQ). While
typical BL Lac spectra are dominated by a featureless
non-thermal continuum, FSRQs are known for broad
emission lines at optical wavelengths and a flat radio
spectrum. Due to their extreme luminosities, these
sources are promising candidates for photohadronic
neutrino production (Mannheim & Biermann 1989;
Mannheim & Biermann 1992; Stecker & Salamon 1996).
On 22 September 2017, the IceCube Collaboration
et al. (2018) detected a ∼ 290TeV neutrino-induced,
track-like event (called IC 170922A) from a direction
spatially and temporally consistent with enhanced γ-ray
activity from the blazar TXS0506+056. In a separate
follow-up study the IceCube Collaboation (2018) found
an additional excess of 13± 5 events (within ∼ 6 months
in 2014–2015) from the direction of TXS 0506+056,
uncorrelated to γ-ray activity observed by the Fermi
Large Area Telescope (LAT). By using leptohadronic
models Petropoulou et al. (2019) investigated whether
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this excess can be explained without violating existing
electromagnetic observations. They found that none
of their models are consistent with the observed multi-
messenger emission, suggesting the presence of multiple
emission regions in the jet of TXS 0506+056.

By studying flaring periods in Mrk 421, which is one of
the nearest blazars to Earth, Petropoulou et al. (2016)
found that the predicted PeV neutrino flux is correlated
to the photon flux throughout the electromagnetic spec-
trum. They further conclude that even a non-detection
of high-energy neutrinos by IceCube does not exclude a
neutrino/γ-ray correlation during bright flaring periods.
Recent neutrino-blazar correlation studies indicate that
the contribution from blazars to the total high-energy
neutrino flux measured by IceCube is rather small
(Turley et al. 2016; Aartsen et al. 2016; Murase & Wax-
man 2016; Padovani et al. 2016). Hooper et al. (2019)
concludes that the contribution from blazars to the
diffuse neutrino flux measured by IceCube is not larger
than 5–15%. However, in our previous work we showed
that the contribution from individual blazar flares is
not negligible (Krauß et al. 2014; Kadler et al. 2016).
While general neutrino point-source searches (IceCube
Collaboration 2013; IceCube Collaboration et al. 2018;
Aartsen et al. 2015; The ANTARES Collaboration 2015)
focus on a simultaneous correlation to the observed
blazar γ-ray flux, we have shown in Krauß et al. (2018)
that the total high-energy fluence is a much better proxy
for the expected number of observable neutrino events.

Besides blazars, other source classes such as starburst
galaxies and γ-ray bursts (GRBs) have been suggested
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as potential counterparts of the observed high-energy
neutrino flux (Loeb & Waxman 2006; Razzaque et al.
2003; Waxman & Bahcall 1997, 2000). So far, a coin-
cident detection between a high-energy neutrino and
any known GRB has not been found (Achterberg et al.
2008; Aartsen et al. 2016). Starburst galaxies and other
types of AGN such as radio-quiet quasars (Stecker &
Salamon 1996; Alvarez-Muñiz & Mészáros 2004), low
luminosity AGN (LLAGN) (Kimura et al. 2015) or radio
galaxies (Becker Tjus et al. 2014; Hooper 2016; Blanco
& Hooper 2017) remain potential candidates for the
observed diffuse neutrino flux.

Well-established jet models such as Böttcher et al.
(2013) describe the multiwavelength behavior of blazars
in a temporary steady state. In a purely leptonic sce-
nario, the self-consistent radiative output is calculated
based on a temporary equilibrium between particle injec-
tion, radiative cooling and electron escape from a spher-
ical emission region. In a lepto-hadronic scenario, the
radiative output is evaluated for both primary electrons
and protons, taking internal γγ-pair production cascades
into account. Other codes like Athena describe relativis-
tic accretion flows based on astrophysical magnetohydro-
dynamics (MHD) (Stone et al. 2008). As Athena is based
on directionally unsplit, higher-order Godunov methods,
it is well suited to describe the rotational discontinuities
typically present in blazar jets.
More recent models developed for the TXS 0506+056

association indicate that the neutrino emission from p−γ
interactions can be best described by a lepto-hadronic
model with a weak hadronic component (Gao et al.
2019; Oikonomou et al. 2019b). Such models predict a
correlation between the observed X-ray/TeV emission
and the neutrino flux. Other studies, such as Reimer
et al. (2019), suggest a stationary soft-X-ray photon
target field in a photo-hadronic neutrino production sce-
nario, and a decoupling of the observed γ-ray emission
and measured neutrino flux.

In this work, we present a calorimetric approach to
estimate the number of predicted high-energy neutrino
events an individual blazar flare would produce. We com-
pute the expected neutrino excess rates of bright blazar
flares by performing a systematic search for flaring in-
tervals on different time scales. This paper is structured
in the following way: Section 2 introduces the methods.
We introduce the algorithm used to identify bright short-
term blazar flares and the multiwavelength analysis per-
formed. We show how the calorimetric neutrino expec-
tation for individual blazar flares is derived. In Sect. 3
we present the results of the calorimetric neutrino pre-
dictions for the 50 most promising flares, derived from
a sample of 150 bright blazars. In Sect. 4 we calculate
the total neutrino detection potential for our sample of
50 flares and compare our findings to previous neutrino
point search studies. Limitations of the methods are dis-
cussed. We conclude in Sect. 5 and suggest strategies
to search for neutrino blazar correlation studies in the
future.

2. METHOD

2.1. Flare Identification

We used daily binned Fermi/LAT γ-ray light curves of
a sample of 150 bright blazars monitored daily by the
LAT1. Note that our sample is primarily dominated by
FSRQs. This is due to the fact that the brightest γ-ray
flares are always found to be associated with this class
of AGN (e.g. Ackermann et al. 2011, 2015, for 3C 454.3
and 3C 279 flares). This sample of the brightest blazars
consists of all sources that have reached a daily flux level
at energies above 100 MeV of 10−6 cm−2 s−1 at least once
since the start of the Fermi mission. Although these
automated light curves do not have absolute calibration,
we can use them just to identify times of flaring activity.
We identify periods of enhanced activity according to:

∆flare = [(Flux− 3× Fluxerr) ≥ 3G]×AEff (1)

The parameters Flux and Fluxerr indicate the daily
Fermi/LAT photon flux and 1σ flux uncertainty in the
energy range of 100MeV – 300GeV, while G corresponds
to a (source-dependent) non-flaring quiescent ground
level state. The quantity ∆flare therefore defines a thresh-
old selection criterion for flares of a considered blazar
light curve.
After pre-selecting flares based on the automated light

curve sample, a dedicated analysis of identified blazars
is performed following Sect. 2.2.2 and the flare identi-
fication is repeated2. Figure 1 displays the Fermi/LAT
γ-ray light curve of the blazar 3C 279, indicating selected
periods of enhanced activity. The ground level G is de-
rived by creating a histogram of Fermi/LAT fluxes from
the entire 6.5 year light curve and fitting the distribu-
tion with a Gaussian and exponential function. From
the mean of the Gaussian fit we derive the ground level
flux G. The tail of this flux distribution corresponds to
flux values within flaring states. Figure 2 displays the
corresponding histogram for the blazar 3C 279. This
approach assumes that the studied blazar stays in the
ground-level state most of the time, which seems to be
a reasonable assumption for the brightest blazars mon-
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Figure 1. Fermi/LAT γ-ray light curve for 3C 279 in the
energy range 100MeV – 300GeV and a time range of 55317MJD
(2010-05-01) - 57662MJD (2016-10-01) using daily binning.
Highlighted flares (blue and gray) correspond to selected time
intervals following the method of Sect. 2.1, while blue intervals
indicate the most promising flares, as listed in Table 1. The red
line corresponds to the identified ground level G. Zooms on flaring
periods from Table 1 are provided as supplementary material.

(The complete figure set (20 images) is available in the on-
line journal.)

1 All these light curves are publicly available at http://fermi.
gsfc.nasa.gov/ssc/data/access/lat/msl_lc/

2 As we search for the brightest flares, only 12 blazars are re-
analyzed

http://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/
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Figure 2. Histogram of the Fermi/LAT γ-ray flux of 3C 279 in
the energy range 100MeV - 300GeV and a time range of 55317MJD
(2010-05-01) - 57662MJD (2016-10-01), using daily binning. The
histogram is fitted with a Gaussian and exponential function. The
red line represents the mean of the Gaussian fit that serves as
ground level flux G. The black curve indicates the combined fit.

itored by Fermi/LAT. The IceCube effective area AEff
ensures a weighting of identified flares according to the
IceCube sensitivity. Short flares on daily to weekly time
scales are favored, as no additional assumption about
the flaring behavior is required. Longer outburst periods
that are interrupted by non-detections are therefore split
into several individual flares, because in this selection a
flare corresponds to an uninterrupted period of activity.

2.2. Multiwavelength Observations
Quasi-Simultaneous multiwavelength observations are
necessary to parameterize the spectral behavior of
blazars during flaring states. We use Swift/XRT and
Fermi/LAT data to characterize the high-energy emis-
sion hump of the blazar spectral energy distribution
(SED) during bright flares selected in Sec. 2.1.

2.2.1. Swift/XRT data analysis

Swift/XRT data are reduced with standard methods, us-
ing the software package HEASOFT 6.15.1. The data are
reduced, calibrated and cleaned by means of the XRT-
PIPELINE script using standard filtering criteria. We
selected 0-12 grades for observations in photon counting
(pc) and grade 0 for those in window-timing mode (wt).
Spectral fitting was performed with ISIS 1.6.2 (Houck
& Denicola 2000). The X-ray data were fitted with the
Fermi/LAT data using an empirical log parabolic model
(Massaro et al. 2004). The model also includes the X-
ray photoelectric absorption tbnew3 with the wilm abun-
dances and vern cross-sections (Wilms et al. 2000; Verner
et al. 1996). The SEDs were fit in detector space with
a diagonal response for the LAT data (Krauss 2016).
We used a reduced Chi2 method to find the best fit.
Given the limitations of the multiwavelength data, this
approach is not indicative of an absolute goodness-of-fit,
but gives a good estimate of the SED shape and allows
us to measure the bolometric flux well. For flares where
no simultaneous X-ray data were available, an averaged

3 https://pulsar.sternwarte.uni-erlangen.de/wilms/
research/tbabs/

Swift/XRT spectrum over the entire considered time pe-
riod of 6.5 years is used.

2.2.2. Fermi/LAT data analysis

For the analysis of Fermi/LAT data we performed
a dedicated likelihood analysis for all blazar flares
selected in Sect. 2.1. We used the Fermi Science
Tools (v10r0p5) together with the Pass 8 data and
the P8R2_SOURCE_V6 instrument response functions.
We performed an unbinned likelihood analysis in a re-
gion of interest (ROI) of 10◦ around the source of in-
terest in an energy range of 100MeV to 300GeV. A
zenith angle cut of 90◦ was used together with the LAT
EVENT_CLASS = 128 and the LAT EVENT_TYPE
= 3, while the gtmktime cuts DATA_QUAL==1 &&
LAT_CONFIG==1 were chosen. For the modeling of
the diffuse components4 we used the Galactic diffuse
emission model gll_iem_v06.fits and the isotropic diffuse
model iso_P8R2_SOURCE_V6_v06.txt (Acero et al.
2016). The model used in the likelihood analysis con-
tains all sources of the third LAT source catalog (Acero
et al. 2015) within a radius of 20 degrees from the source
of interest. Sources were fitted with either a power-
law or logparabula fit following the 3FGL catalog. In
the inner 10 degree from the source of interest, the pa-
rameters PREFACTOR and INDEX were kept free to
vary, while for sources further outside all parameters have
been fixed to the 3FGL values. Fermi/LAT γ-ray light
curves are calculated for a time interval of 6.5 years, us-
ing daily binning. In case no significant detection can
be achieved, our upper limit calculation is based on the
method of Feldman & Cousins (1998). We used a thresh-
old in test statistic of TS = 9 for the spectra and light
curves calculation. In γ-ray astronomy, the test statistic
is widely used as a measurement of the source detection
significance following Wilks’ theorem (Wilks 1938; Mat-
tox et al. 1996).

2.3. Calorimetric Neutrino Expectation
While neutrinos are created exclusively in hadronic inter-
actions, high-energy γ rays can originate from both lep-
tonic and hadronic interactions. We use our calorimetric
approach developed in Krauß et al. (2014) and Kadler
et al. (2016) in order to estimate the maximum number5
of monoenergetic high-energy neutrino events a particu-
lar flare would be able to generate, assuming photopion
production. In a purely hadronic scenario, this leads to a
balance between the integrated γ-ray energy flux Φγ and
the integrated neutrino energy flux Φν , following Krauß
et al. (2018):

Φν ≈ Φγ (2)

Numerical simulations of pion photoproduction indicate
that this balance implies a hard limit on the maximum
number of neutrino events. Furthermore, this limit seems
to be valid in most astrophysical scenarios, especially

4 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

5 This approach deliberately over-estimates values that could be
derived from different possible physical modeling approaches (e.g.
Böttcher et al. 2013; Stone et al. 2008). The fundamental benefit
of our approach is that it is model independent and suited to derive
strict upper limits.

https://pulsar.sternwarte.uni-erlangen.de/wilms/research/tbabs/
https://pulsar.sternwarte.uni-erlangen.de/wilms/research/tbabs/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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blazar jets (Mücke et al. 2000). In this maximum case,
the total number of neutrinos an individual blazar flare
can create is given by:

Nmax
ν = AEff ·

(
Φν
Eν

)
·∆t. (3)

where AEff corresponds to the energy-dependent IceCube
effective area, Φν to the maximum integrated neutrino
energy flux and ∆t to the duration of the selected flare,
assuming neutrino and photon production to happen
only within the identified time interval. We assume a flux
of monoenergetic neutrinos following a δ-peaked spec-
trum and thus select a neutrino energy of Eν = 2PeV
to be comparable to Kadler et al. (2016). Following our
previous work, the maximum neutrino expectation can
be scaled to a more realistic estimate:

Npred
ν = f ×Nmax

ν . (4)

Following Kadler et al. (2016), we use an empirical scal-
ing factor of f = 0.025, which accounts for a com-
bination of several factors such as neutrino flavor and
blazar class. Please refer to Sect. 4.3 for further con-
straints on the method. To account for the maximum
integrated neutrino energy flux Φν a given flare is gen-
erating, we integrate over the high-energy emission of
the blazar SED in an energy range 10 keV to 20GeV.
This energy range covers the entire range of measured
Swift/XRT and Fermi/LAT data and ensures that the
total X-ray to γ-ray emission is considered in our inte-
grated flux estimate. Quasi-simultaneous Swift/XRT6

and Fermi/LAT observations of each flare are used to
build SEDs, whose high-energy hump can be parameter-
ized by a log-parabola model. Figure 3 displays a typical
SED of a bright flare from 3C279 (flare number 1 in
Table 1), together with the fitted log-parabola and inte-
gration range. Light curves and SEDs of all studied flares
can be found as supplementary material online.

Fermi/LATSwift/XRT

0 3C 279

10-8

10-10

10-12

10-14

102610241022102010181016

1047

1046

1045

1044

1043

102610241022102010181016

10

0

-10

ν
F

ν
[e
rg

s−
1
c
m

−
2
]

ν
L

ν
[e
rg

s −
1

Frequency [Hz]

[

Figure 3. Quasi-simultaneous SED of the bright flare of 3C 279
in 2015 (flare 1 in Table 1). The red line indicates a log-parabola
parametrization, including intrinsic absorption in X-rays and
an exponential cut-off. The dashed black line shows the same
parametrization without the absorption. The shadowed area
represents the integration range from 10 keV to 20GeV.

(The complete figure set (50 images) is available in the on-
line journal.)

6 including intrinsic absorption in X-rays

3. RESULTS

The presented flare identification is optimized to search
for periods of successive light curve intervals above a
source-specific threshold. Therefore, flare durations of
only a few days dominate. The main motivation to
choose such a flare identification is to calculate the neu-
trino prediction from the brightest short-term flares ob-
served by Fermi/LAT. Flares that show the highest γ-ray
flux time-averaged over the duration of the flare

〈Φγ〉 =
1

∆t

∆t∫
0

Φγ(t)dt (5)

have been selected. Table 1 lists the results of the neu-
trino expectation for a subsample of 50 flares identified
following Equ. 5. Selected flares are highlighted in blue,
while all other flares identified by Equ. 1 are marked in
gray. In order to compare the neutrino expectation of
flares with various durations, it is necessary to normalize
the neutrino predictions of individual flares according to
their duration. The neutrino rate per day is given by:

〈Ṅflare
ν 〉 =

Npred
ν

∆t
. (6)

While longer flares lead to higher absolute neutrino
numbers (see Eq. 3), the chance for a correlated de-
tection of a high-energy neutrino and a γ-ray flare
is expected to be higher for shorter flare durations.
The neutrino rate therefore allows us to compare the
neutrino prediction for flares with various time spans.
While the majority of flares seem to have similar neu-
trino rates, 3C 279 underwent a massive flare in 2015
(Paliya 2015) that clearly dominates the sample by
producing the highest time-averaged integrated γ-ray
flux as well as the highest neutrino rate. The two
blazars 3C 279 and PKS1510−089 alone account for
a majority of 42 flares, while the 50 highest-ranked
flares are produced by a group of only seven different
sources: 3C 279 (10 flares), PKS 1510−089 (32 flares),
PKS 0402−362 (1 flare), CTA102 (1 flare), 3C 454.3
(1 flare), PKS 1424−418 (3 flares), and PKS1329−049
(2 flares). Flare 38, caused by 3C454.3, provides the
highest absolute neutrino prediction due to its bright-
ness and duration of multiple months. A duration of
more than 200 days is reached, as this flare accounts
for one of the brightest and longest blazar outbursts ever
observed by Fermi/LAT. To reach such a long flare dura-
tion, not a single light curve interval is allowed to violate
the selection criterion introduced in Sect. 2.1. Comparing
this flare to the “BigBird” event studied by Kadler et al.
(2016), the chance for a correlated high-energy neutrino
detection is also expected to be small, due to the long
duration of this flare. Comparing the neutrino rates, we
see that in order to maximize the chance for an astro-
physical neutrino detection, flares need to have a high
integrated γ-ray energy flux on a relatively short time
scale.

4. DISCUSSION

In this section, we compare our results to previous esti-
mates done by Halzen & Kheirandish (2016) and IceCube
Collaboration et al. (2018). Additionally, we discuss lim-
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Table 1
Neutrino expectation for the 50 best-ranked flares, selected according to their (time-averaged) integrated γ-ray energy flux 〈Φγ〉 (Equ. 5).

Nmax
ν (Equ. 3) corresponds to the maximum number of neutrino events a flare would be able to create under the most optimistic

conditions. Npred
ν (Equ. 4) corresponds to the predicted neutrino number for each flare, scaling the maximum expectation down by a

constant factor accounting for additional physical assumptions. Finally, 〈Ṅflare
ν 〉 (Equ. 6) is the neutrino rate per flare, which describes

the duration-normalized neutrino prediction of each flare. tmin and tmax indicate the start and stop time of a flare in Modified Julian Day
(MJD). Flares for which quasi-simultaneous data are available are marked by ?. SEDs for all flares are available as supplementary

material online.

Source Flare

Number

〈Φγ〉
[erg cm−2s−1day−1]

tmin

[MJD]

tmax

[MJD]
Nmax
ν Npred

ν ×10−2
Duration

[Days]
〈Ṅflare
ν 〉 × 10−3

3C279? 1 260238 57186 57192 0.797 1.99 6 3.32
PKS1510−089? 2 192902 55849 55854 0.306 0.764 5 1.53
PKS1510−089? 3 151569 55866 55877 0.586 1.46 11 1.33
PKS1510−089? 4 151262 55856 55857 0.0405 0.101 1 1.01
3C 279? 5 138636 56717 56718 0.0272 0.0681 1 0.681
3C 279 6 128078 56749 56754 0.214 0.535 5 1.07
PKS1510−089 7 125857 57241 57251 0.393 0.982 10 0.982
3C 279? 8 119379 56866 56868 0.0993 0.248 2 1.24
PKS1510−089 9 119033 56553 56557 0.159 0.398 4 0.995
PKS1510−089 10 116956 55766 55768 0.0605 0.151 2 0.757
PKS1510−089? 11 114301 57098 57099 0.0422 0.105 1 1.05
PKS1510−089? 12 111097 56563 56565 0.0652 0.163 2 0.815
PKS1510−089? 13 110472 55843 55844 0.0305 0.0763 1 0.763
PKS1510−089? 14 109350 57148 57149 0.0310 0.0775 1 0.775
PKS1510−089? 15 104003 56542 56543 0.0283 0.0707 1 0.707
PKS1510−089 16 102145 55742 55746 0.0889 0.222 4 0.555
PKS1510−089? 17 93862 56610 56611 0.0223 0.0560 1 0.560
PKS1510−089? 18 93711 55738 55740 0.0480 0.120 2 0.600
PKS1510−089 19 91983 55954 55994 1.61 4.03 40 1.01
PKS1510−089 20 91625 55997 56006 0.403 1.01 9 1.12
PKS1510−089 21 91131 57113 57129 0.655 1.64 16 1.02
PKS1510−089 22 89860 57152 57172 0.693 1.73 20 0.866
PKS1510−089? 23 88048 57609 57610 0.0224 0.0559 1 0.559
PKS1510−089? 24 87449 57201 57202 0.0307 0.0767 1 0.767
PKS1510−089 25 86571 55790 55791 0.0228 0.0570 1 0.570
PKS1510−089? 26 85220 57101 57102 0.0189 0.0473 1 0.473
3C 279? 27 84223 57153 57155 0.0653 0.163 2 0.816
PKS0402−362 28 84194 55824 55831 0.204 0.510 7 0.729
PKS1510−089? 29 83764 57131 57132 0.0360 0.0900 1 0.900
PKS1510−089 30 81956 57198 57199 0.0148 0.0370 1 0.370
CTA 102? 31 80537 57558 57559 0.0108 0.0270 1 0.270
3C 279? 32 79636 57212 57215 0.0789 0.197 3 0.657
PKS1510−089? 33 77287 56832 56833 0.0223 0.0557 1 0.557
3C 279 34 75503 56646 56655 0.236 0.590 9 0.656
3C 279? 35 75455 56757 56758 0.0129 0.0322 1 0.322
3C 279 36 74919 56742 56747 0.147 0.368 5 0.736
PKS1510−089? 37 74815 57055 57056 0.0269 0.0674 1 0.674
3C 454.3 38 74620 55408 55648 11.71 29.28 240 1.22
PKS1510−089? 39 74337 56571 56572 0.0193 0.0482 1 0.482
PKS1510−089? 40 73629 57210 57213 0.0892 0.223 3 0.744
PKS1424−41? 41 73574 56435 56436 0.0154 0.0387 1 0.387
3C 279? 42 72654 55466 55468 0.0573 0.143 2 0.716
PKS1424−41? 43 72058 56394 56396 0.0317 0.0794 2 0.397
PKS1510−089 44 69019 57215 57223 0.217 0.542 8 0.678
PKS1510−089? 45 68479 56536 56539 0.0823 0.206 3 0.686
PKS1510−089? 46 67473 56954 56955 0.0162 0.0404 1 0.404
PKS1329−049? 47 67355 55467 55468 0.0137 0.0341 1 0.341
PKS1329−049? 48 66954 55445 55447 0.0289 0.0722 2 0.361
PKS1424−41? 49 66732 57385 57386 0.0123 0.0308 1 0.308
PKS1510−089? 50 66603 56567 56569 0.0393 0.0983 2 0.491
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itations of the adopted method and derive the total de-
tection potential of the sample.

4.1. Comparison to previous work
Even if the neutrino prediction from most blazar flares is
small, we showed that individual extremely bright flares
can provide a non-negligible neutrino detection rate, if
they generate enough integrated keV–GeV flux on a rel-
atively short time range. Halzen & Kheirandish (2016)
studied the neutrino prediction from bright blazar flares
and suggested flare number one in Table 1 to be the most
promising candidate for a correlated neutrino-blazar de-
tection. While we can confirm this finding, our calori-
metric argumentation indicates the expected number of
neutrino events from this specific flare to be significantly
smaller. While Halzen & Kheirandish (2016) did consider
different neutrino spectral energy ranges and interaction
processes, they overestimate the expected neutrino flux
by not scaling the expected neutrino number down to a
more realistic expectation.
In 2017 the IceCube Collaboration et al. (2018) identified
the extremely high-energy neutrino event IC 170922A to
be temporally and spatially consistent with enhanced γ-
ray activity of the blazar TXS 0506+056, resulting in the
most significant neutrino blazar association so far. This
association is based on a long-term outburst activity of
TXS 0506+056, lasting several months, our analysis in-
dicates that a short flare association would be highly un-
likely. Since the γ-ray flare presented in IceCube Col-
laboration et al. (2018) is one to two orders of magni-
tude fainter than the flares studied in Table 1, the only
way for this flare to build up the necessary fluence for
a comparable neutrino prediction is via an increase in
flare duration. Oikonomou et al. (2019a) have arrived
at similar conclusions regarding the expected number of
neutrino detections for a sample of flares from BL Lac
objects with current neutrino telescopes.

4.2. Total detection potential
To study the total detection potential of all 50 flares in
this sample, we stacked all flares listed in Table 1. While
11 flares show a neutrino rate

(
〈Ṅflare

ν 〉
)

of more than
0.001 event per day, only 2 flares produce a maximum
neutrino prediction (Nmax

ν ) of > 1 event. The maxi-
mum neutrino prediction from most of the studied flares
is � 1 event, making it unlikely to detect high-energy
neutrinos from these flares. By calculating the Poisson
probability to detect one single coincident high-energy
neutrino event with IceCube, we find that all studied 50
flares in total yield only a probability of 50%, which is
consistent with the non-detection of any such events with
IceCube. Extending this sample to e.g. 100 flares would
therefore only marginally increase the total probability,
as no substantial increase is obtained by adding more,
fainter short-term flares.

4.3. Limitations of the Adopted Method
Here, we discuss limitations of our method and other
caveats regarding the neutrino expectation.

4.3.1. Calorimetric Neutrino Output

The neutrino calculation presented in this work is based
on a purely hadronic origin of the observed high-energy

radiation. Furthermore, only photo-pionproduction is
taken into account, neglecting other processes such as
leptonic interactions in the jet, which also contribute
to the observed high-energy emission. Bethe-Heitler in-
teractions (Petropoulou & Mastichiadis 2015) could also
contribute to the observed X-ray to γ-ray fluence. FS-
RQs are favored against BLLac objects due to their
strong optical and UV components, which serve as tar-
gets for pγ interactions (Mannheim 1993, 1995). Some
authors (Righi et al. 2017), however, consider BLLac
type objects as promising neutrino candidates, where op-
tical seed photons are assumed to originate from a spine-
sheath structured jet (Tavecchio & Ghisellini 2015; An-
soldi et al. 2018). The empirical scaling factor is derived
following Kadler et al. (2016). Krauß et al. (2018) showed
that the actual neutrino prediction is expected to be even
smaller, considering a power-law neutrino spectrum and
a variable hadronic contribution to the observed emis-
sion. As the maximum neutrino prediction from bright
short-term blazar flares is small (typically < 1 event),
introducing a more realistic estimate for the number of
predicted neutrino events does not change the main find-
ings of this paper.

4.3.2. Neutrino Spectrum

Eq. (3) assumes all neutrinos to be produced with a given
energy, following a δ-distribution. The neutrino expecta-
tion listed in Table 1 therefore only takes neutrinos gen-
erated exclusively with an energy of 2PeV into account,
neglecting contributions from lower energies as well as
energy uncertainties. Eq. (4) includes a factor to scale
the maximum neutrino expectation down, assuming the
neutrino energy distribution to be smeared out between
about 0.03PeV to 10PeV. This reduces the amount of
predicted neutrinos, while ignoring contributions from
other energies. By changing the energy range of this
smearing out, we can vary the scaled neutrino prediction
by a factor of about 20 %. By taking a more realistic
power-law neutrino spectrum into account, Krauß et al.
(2018) showed that the maximum neutrino prediction re-
duces significantly compared to a delta-peaked neutrino
spectrum. As the probability of a neutrino event to be
of astrophysical origin gets close to unity only for the
highest energies, we did not integrate over a wider neu-
trino energy range. Given the fact that short-term blazar
flares in general fail in providing enough fluence for possi-
ble neutrino detections by orders of magnitude, changes
in the assumed neutrino spectrum do only have a negli-
gible effect on the findings of this paper.

4.3.3. Multiwavelength Coverage

The multiwavelength coverage is not ideal. In fact, sev-
eral of the flares listed in Table 1 are only observed by
either a single Swift/XRT pointing or no X-ray observa-
tion at all during the duration of the flare. Several flares
show upper limits in the Fermi/LAT spectrum, being
significantly (TS> 25) detected only in two to three en-
ergy bands. Achieving (quasi-)simultaneous data within
different energy bands for most of the flares is highly chal-
lenging, as data taking cycles of different instruments are
only barely synchronized and pointed instruments such
as Swift/XRT have a given reaction time to observe new
targets. This sparse multiwavelength coverage may lead
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to an inaccurate calculation of the total high-energy flu-
ence and therefore adds an additional uncertainty on the
neutrino expectation. We investigated this uncertainty
by also using the 6.5 years averaged Swift/XRT spectrum
for flares for which quasi-simultaneous data are available.
The variations in the maximum neutrino prediction were
only on the order of ∆Nmax

ν ∼ 0.002. However, for the
majority of flares from 3C279 and PKS1510−089 quasi-
simultaneous multiwavelength data are available, which
in the end results in a small systematic uncertainty of
only a few percent.

4.3.4. Fluence Integration Range

The maximum number of neutrino events expected from a
specific flare depends on several factors, such as the neu-
trino spectrum and flare duration. However, the primary
ingredient in Eq. (3) is the total integrated high-energy
emission (assuming purely hadronic processes). The ex-
act energy interval of 10 keV to 20GeV does not affect
the neutrino expectation significantly, as long as most of
the high-energy hump is covered. This clearly indicates
that the maximum neutrino expectation depends on the
total high-energy fluence instead of the emission in some
energy bands like e.g. the Fermi/LAT flux (Krauß et al.
2018).

4.3.5. Flare Identification

The flare identification described in Sec. 2.1 is optimized
for bright flares with durations on the order of days to
weeks. Intra Day Variability (IDV) cannot be resolved
due to the choice of daily time binning of the light curves
(Foschini et al. 2011; Ackermann et al. 2016). While for
each source an individual ground level flux is calculated,
no variation in time is included in the ground state calcu-
lation. This mostly affects sources with a steady increase
in flux over several years (e.g. PKS 1424−418), while in
the current analysis this assumption results in a larger
ground level flux uncertainty. As the flux uncertainty of
each light curve bin is taken into account in the selection
of flaring periods, time ranges with higher test statis-
tic and thus smaller error are preferably selected. This
selection introduces a bias towards the brightest blazar
flares observed by Fermi/LAT. However, when it comes
to the study of bright blazar flares, Meyer et al. (2019)
finds similar results by using a much higher test statistic
threshold for the selection of flaring periods.
Short-term flares are preferably selected, as the flare du-
ration is sharply defined by the number of successive light
curve bins that fulfill Eq. (1). Longer periods of enhanced
activity with varying flux levels or even non-detections
are split into multiple (short-term) flares, which in the
total ranking are all treated independently. A first ap-
proach of introducing an equivalent selection criterion for
longer outburst periods on the order of weeks to years
could be achieved by allowing some flux values within
a longer outburst period to violate Eq. (1). On the
one hand this modification would reduce the number of
short-term flares into which a long-term outburst period
is divided, while on the other hand it would introduce
a systematic offset on the duration of short-term flar-
ing states, which also affect the neutrino expectation.
However, as only three sources from our studied sample
of bright Fermi/LAT blazars show extended long-term
emission, this modification only marginally affects the

flare selection.
By assuming Gaussian fluctuations, we can estimate the
number of false positive identified daily bins in each light
curve. At a threshold of TS≥ 9, we estimate the frac-
tion of false positive bins to be 0.5%. Thus, considering
the full 6.5 years time range, about 12 daily bins are ex-
pected to be false positive detections. By taking also the
fraction of maximum 9% of light curve bins which con-
tribute the the top 50 flares into account, only a single
daily flare per light curve is expected as a flare positive
detection.

5. CONCLUSION

We have studied the calorimetric neutrino expectation
of individual blazar flares on different time scales. Fol-
lowing the conclusions from Krauß et al. (2014, 2018)
and Kadler et al. (2016), blazar flares, which provide the
highest keV-to-GeV fluence, would be the best candidates
for a high-energy neutrino association7. The fluence of
individual flares is derived by integrating over the peak of
the high-energy hump of the blazar SED, taking mostly
quasi-simultaneous multiwavelength data during flaring
periods into account. The estimates presented in this
work are based on an equal energetic balance of neutrinos
and γ-rays, which clearly overestimates the number of
predicted neutrino events. Even by using over-optimistic
assumptions, we showed that the absolute neutrino ex-
pectation for most short-term blazar flares is too small
to be considered for a dedicated correlation analysis. By
studying an all-sky sample of 150 bright Fermi/LAT-
detected blazars, we found that potential high-energy
neutrino detectable blazar flares are associated with a
small group of only seven blazars. Thus we conclude
that even in the (unrealistic) maximum case, the major-
ity of short-term blazar flares are not able to generate
a substantial detectable neutrino flux, at least with the
current generation of neutrino telescopes. Future neu-
trino point source searches should therefore concentrate
on periods of maximum fluence, rather than on short-
term temporal and spatial associations.
In addition to searching for a correlation of high-energy
neutrinos and γ-ray flares with various durations, neu-
trino point source studies should in addition consider the
hadronic emission to peak more towards the X-ray or op-
tical regime. The All-sky Medium Energy Gamma-ray
Observatory (AMEGO) will survey the entire sky in an
energy range of 200 keV to 10GeV and provide crucial
information for the understanding of the emission mech-
anisms in blazar jets (Perkins et al. 2018; Ojha et al.
2019). Because the flux of high-energy neutrino events
observed in IceCube is small, the possibility of associated
neutrino detections for the brightest short-term blazar
flares cannot be neglected completely.

The work of M. Kreter and M. Böttcher is supported
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7 A balance between keV-to-GeV fluence and integration time is
required. This statement mainly applies for periods of enhanced
activity measured by Fermi/LAT.

8 Any opinion, finding and conclusion or recommendation ex-
pressed in this material is that of the authors and the NRF does
not accept any liability in this regard.
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