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Motivated by the recently reported evidence of an association between a high-energy neutrino
and a y-ray flare from the blazar TXS 05064056, we calculate the expected high-energy neutrino
signal from past, individual flares, from twelve blazars, selected in declinations favourable for
detection with IceCube. To keep the number of free parameters to a minimum, we mainly focus
on BL Lac objects and assume the synchrotron self-Compton mechanism produces the bulk of
the high-energy emission. We consider a broad range of the allowed parameter space for the ef-
ficiency of proton acceleration, the proton content of BL Lac jets, and the presence of external
photon fields. To model the expected neutrino fluence we use simultaneous multi-wavelength
observations. We find that in the absence of external photon fields and with jet proton luminosity
normalised to match the observed production rate of ultra-high-energy cosmic rays, individual
flaring sources produce a modest neutrino flux in IceCube, N£S7,1>01y(§0 TV S 10~3 muon neutrinos
with energy exceeding 100 TeV, stacking ten years of flare periods selected in the > 800 MeV
Fermi energy range, from each source. Under optimistic assumptions about the jet proton lumi-
nosity and in the presence of external photon fields, we find that the two most powerful sources
in our sample, AO 0235+164, and OJ 287, would produce, in total, N{»i;floéz(x)eysr,xoo Tey A 3 muon
neutrinos during Fermi flaring periods, in future neutrino detectors with total instrumented vol-
ume ~ ten times larger than IceCube, or otherwise, constrain the proton luminosity of blazar
jets.
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Source z decl. UuT AT  DataRef. Selection Band
3C 66A 0.34 +43.04  Oct 2008 14 1 VERITAS
AO 0235+164 0.94 +16.62  Oct 2008 84 2 Fermi
Mrk 421 0.031 +38.21 Mar2010 13 3 MAGIC
PG 1553+113 ~04 +11.19 Apr2012 30 4.5 MAGIC
1ES 1959+650a  0.048 +20.00 May 2012 46 6 VERITAS
Mrk 501 0.033  +39.76  Jun 2012 21 7 MAGIC
S50716+714 <032 +71.37 Jan 2015 14 8,9 Optical/NIR
S4 0954+65 >0.45 +65.57 Feb2015 28 10,11 Fermi
BL Lac 0.07 +42.28  Jun 2015 7 12 Fermi
S2 0109+22 0.36 +22.74  Jul 2015 21 13 Fermi
1ES 1959+650b  0.048  +20.00 Sep 2015 84 14 Fermi
0J 287 0.306 +20.11 Dec 2015 7 15 theoretical
TXS 0506+056 0.3365 +5.70  Sep2017 175 16 Fermi

Table 1: The list of flares studied in this work. For each flare the table lists the redshift (or assumed

redshift) of the source, declination, the month of onset of the flare, the flare duration, which we determined

by analysis of the > 800 MeV FAVA [8] lightcurves*, references where the flare campaigns were presented,

and selection band for each flare. The references are: 1 - [9], 2 - [10], 3 - [11], 4,5 - [12, 13]. 6 - [14],

7-[15],8-[16],9-[17], 10, 11 - [18, 19], 12 - [20], 13 - [21], 14 - [22], 15 - [23], 16 - [1].

* Note that for the flares of Mrk 421, PG 1553+113, and 1ES 1959+650a for which no flaring activity was detectable in
the FAVA data we used the flare duration as determined from the MAGIC, Swift (XRT), and optical data respectively.

1. Introduction

The IceCube Collaboration has recently reported the observation of a = 290 TeV muon neu-
trino, IceCube-170922A, coincident with a ~ 6-month-long y-ray flare of the blazar TXS 0506+056 [1]
at redshift z = 0.3365 [2]. The neutrino detection prompted electromagnetic follow-up of the event,
and the blazar flare was detected by several instruments, including MAGIC at energies exceeding
> 100 GeV. The correlation of the neutrino with the flare of TXS 05064056 is inconsistent with
arising by chance at the 30 level. The reported association of IceCube-170922A with, and flaring
activity by, TXS 05064056 [1, 3, 4, 5, 6] prompt us to investigate the number of expected neutrino
events from earlier blazar flares, that were also detectable by IceCube. A full exposition of the
analysis is given in [7]. Here we present the flare data used (Sec. 2), key methods (Sec. 3) and
results of the study (Sec. 4).

2. Dataset

We collected publicly available data for recorded flaring episodes of 12 Fermi bright BL. Lacs,
for which simultaneous (or semi-simultaneous) observations exist, with sufficient spectral coverage
as to infer the main characteristics of the SED during the flare with reasonable confidence (for ex-
ample the peak synchrotron frequency and peak synchrotron flux). Neutrino production is expected
to be more efficient in FSRQs than in BL Lac objects due to the higher-powers and existence of

*Speaker.
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external photon fields [24]. However, these also introduce additional free parameters. Therefore,
in this work we have focused on objects classified as BL Lacs, in which the bulk of the emission
can in general be attributed to synchrotron and synchrotron self-Compton (SSC) processes. The
details of all the flares in our sample are given in Tab. 1.

3. Methods

We consider the interactions of protons in the jet emitting region (blob), with photons comov-
ing with the relativistic blob. The neutrino spectrum produced by pion and muon decay follow-
ing py interactions is calculated as, 8‘,’sz‘//# Jdey, ~3/8- f,,- g;7dN,de),, where dN),/de), is the
number of protons of energy 81’,. We consider all the cooling processes that affect protons and sec-
ondary mesons in the jet, which determine f1/77’ the efficiency of neutrino production in each source.
Our approach is semianalytic and has the advantage of fast computation with reasonable accuracy,
which allows for parameter-space scans and application to multiple sources. We have benchmarked
our method against the time-dependent radiation modelling of [5] and find agreement within a fac-
tor of two for the expected neutrino flux between the two approaches.

For the magnetic field strength, B, and doppler factor of the motion, 8, we assume the values
derived from detailed modelling of the studied flares in previous literature, as summarised in Tab. 2.
For seven of the twelve sources studied a pure SSC model can explain the SED (see Tab. 4 of [7]).
For the remaining five, we used parameters derived assuming in addition an external Compton
component. Where this is the case, the neutrino prediction in Normalisation A introduced below is
conservative as it does not include neutrinos that can potentially be created in interactions with the
external photon field.

We normalise the total proton luminosity of the source, ./, to the total (isotropic equivalent)
comoving photon luminosity .%, assuming .ﬁfé = '{fcrg)ﬁ, with & the baryon loading factor. We
assume this relation to hold at all times. The maximum proton energy in each source depends on
the balance between the acceleration timescale, t,,. = 1€, /(ceB’), and all other cooling processes.
Here, the acceleration efficiency is parametrised by 1, with n = 1 in the Bohm limit, ¢ the speed
of light, and e the charge of the electron.

We consider two possible scenarios for the physical parameters in the sources, detailed below:

o Normalisation A (UHECR / conservative): Here, the baryon loading is relatively low,
& = 10, and the maximum proton energy is high (the acceleration efficiency is high, with
n = 1), reaching ultra-high energies. This baryon loading roughly corresponds to the average
baryon loading needed for blazars to power the locally observed ultra-high energy cosmic
ray (UHECR) production rate, e.g. [25], as calculated in [26]. The neutrino spectra obtained
with this model typically peak beyond 10 PeV. Neutrinos are produced only in interactions
of protons with synchrotron photons in the blob.

e Normalisation B (TXS 0506+056 / optimistic): This is inspired by the most optimistic
model of [5], LMPL2b, for the September 2017 flare of TXS 0506+056 (see also their Tab.
7) if IceCube-170922A was indeed produced by TXS 0506+056. The baryon loading factor
is high, &, = 1540. The maximum proton energy is low (the acceleration efficiency is low
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Souce | & B | L0 L Nowd™ Ny twe Nuaiiwes Moy
3C 66A 40 0.02 | 700 400 le-8 2e-7 2e-7 le-6
AO 0235+164 | 20 0.22 | 9e+3 8e+6 Se-4 2e-3 2e-3 3e-3
Mrk 421 21 0.04 10 7 3e-7 Te-6 6e-5 le-4
PG 1553+113 | 40 0.045 | 700  4e+3 6e-6 Se-7 le-5 le-4
1ES 1959+65a | 25 0.01 9 1 2e-7 le-6 Se-7 8e-7
Mrk 501 10  0.02 7 30 4e-5 Te-4 le-3 3e-3
S50716+714 | 25 0.10 | 400 2e+4 2e-8 4e-7 6e-7 le-6
S4 0954465 30 0.6 600 3e+4 le-7 le-6 le-7 2e-7
BL Lac 25 0.14 50 70 Se-7 2e-5 le-5 3e-5
S2 0109+22 22 0.05 | 200 3e+3 Se-7 le-5 2e-5 4e-5
1ES 1959+65b | 25 0.01 4 3e-1 le-7 Se-7 Se-7 8e-7
0J 287 14 09 200  2e+5 2e-5 le-3 9e-5 3e-4
TXS 05064056 | 24 04 300  3e+4 4e-5 Te-5 4e-5 8e-5

Table 2: The first two columns give the assumed doppler factor, §, and magnetic field strength, B, in Gauss,
which are taken from references as listed below*. Further, the assumed lab frame proton luminosity, .,2”;‘6,
in units of 10*® erg s~!, the corresponding predicted lab frame muon-neutrino luminosity, .Zégﬂ, in units of
10%0 erg s~ ! and the number of predicted muon-neutrino archival events for the flare studied in IceCube,

NICZ100TeV i energy > 100 TeV for the model parameters of Normalisation A are given. In addition, the

vy ,flare
IC,>100TeV

number of muon neutrinos per year of flaring activity Nv“’ Jyear flare 1S €1VEN- The two rightmost columns give

the number of muon neutrinos produced during all the flares identified through the > 800 MeV FAVA ten-

year-lightcurve analysis, Nf,cinl %(;IT:SV, and the total number of expected neutrinos over the entire ten years of

FAVA data available, N‘l/(;’fol(;?Tev, in Normalisation A, under the assumption that Nv” oc FI_%E, with Fyg the
flux of the source in the FAVA high-energy bin.
* References for 6 and B: 3C66A [9], AO0235+164 [10], Mrk421 [11], PG 1553+113 [13], 1ES 1959+650 [14],

Mrk 501 [15], S50716+714 [17], S40954+65 [18, 19], BL Lac [20], S20109+22 [21], OJ 287 [29], TXS 0506+056 [5].

with 7 = 10%), of order PeV, and as a result the neutrino spectrum typically peaks at ~ sub-
PeV energies. Additionally, in Normalisation B, we consider the interactions of protons
with an external photon field inspired by the spine-sheath model [27], with spectrum as
in the LMPL2b model of [5]. We only consider scenarios where the SSC mechanism is
/ > M/

the dominant mechanism responsible for the observed SED, in other words, ugy, et

Generally, the sheath photon field cannot be much higher than the values assumed here, in
one-zone models, especially for high-spectral peak BL Lacs [28]. The assumed value of u,,

for each source is given in Tab. 3.

4. Results

Tables 2 and 3 give the expected number of neutrinos in each flare in our sample in the Ice-
Cube detector, for Normalisation A and Normalisation B, respectively. We have calculated the
expected number of neutrinos by integrating the neutrino spectrum above 100 TeV where the at-
mospheric background is low. The highest neutrino counts under Normalisation A are expected for
AO 0235+164, which is the most luminous source in our sample, despite being the most distant,
at redshift z = 0.94. In the case of Normalisation B, AO 0235+164 has been modelled with &,
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Figure 1: Broadband SED (red), injected proton flux (black dotted lines), and expected instantaneous all-
flavour neutrino flux (blue) for each for the flares in our sample in Normalisation B in the observer frame.
Green dashed lines give the neutrino emission produced in interactions of protons with photons the blob. For
some of the SEDs these are very suppressed and not seen in the plots. Purple dotted lines give the neutrino
flux produced in interactions of protons with photons of the stationary external field. Blue solid lines give the
total neutrino emission. For TXS 0506+056, the data-points give the all-flavour neutrino flux upper limits
that would produce on average one detection like IceCube-170922A over a period of 0.5 (orange) and 7.5
years (grey) at the most probable neutrino energy as calculated in [1]. *The star marks that for AO 0235+164
we have used baryon loading ten times lower than all other sources, & = 150.
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Souce | uly | L0 LY Nytwe o Nyvewnae Nogafae Moy
3C 66A 5e-5 | le+5 70 5e-6 le-4 5e-5 S5e-4
AO 0235+164 | 3e-3 | le+5* 8e+5* 3e-2* le-1* le-1* 2e-1*
Mrk 421 9e-5 | 2e+3 5 6e-5 le-3 le-2 3e-2
PG 1553+113 | 3e-3 | le+5 200 4e-5 Se-4 Te-4 6e-3
1ES 1959+65a | 2e-5 | le+3 8e-2 3e-7 2e-6 8e-7 le-6
S50716+714 | 2e-3 | 6e+4 le+4 3e-4 8e-3 le-2 2e-2
S4 0954+65 9e-4 | 9e+4  6e+4 9e-4 le-2 le-3 le-3
BL Lac 4e-4 | 8e+3 40 5e-5 2e-3 le-3 2e-3
S2 0109+22 5e-3 | 4de+4  3e+3 3e-4 6e-3 le-2 2e-2
1ES 1959+65b | le-5 700 2e-2 2e-7 Te-7 8e-7 le-6
0J 287 2e-3 | 3e+4  8et+4 4e-2 2 2e-1 Te-1
TXS 0506+56 | 7e-4 | Se+4  2e+4 2e-2 4e-2 2e-2 de-2

Table 3: The first column gives the assumed energy density of the external radiation field in Normalisation
B in the comoving frame, u.,,, in units of erg cm—3. Columns 2 - 7 are the same as columns 3 - 8 of Tab. 2
but for Normalisation B, which includes the expected number of neutrinos in interactions with an external
photon field. *Star superscripts denote that for AO 0235+164 we have used baryon loading factor ten times
lower than all other sources & = 150. Mrk 501 is not shown here as the expected number of neutrinos in
this model is consistent with zero.

ten times lower than all other sources, as otherwise the secondary electromagnetic emission from
proton interactions inside the source would exceed the observed SED of the source. The highest
neutrino counts are expected in this case from AO 0235+164 and from the flares of OJ287 and
TXS 0506+056 which are some of the brightest sources in our sample.

The predicted neutrino event counts for Normalisation A are in general modest. The expected
neutrino counts increase by up to three orders of magnitude for Normalisation B (Tab. 3) due to
the much higher baryon loading and neutrino production in interactions of protons with an external
photon field. With Normalisation A, the flare-only neutrino signal is too low to be constrained even
with future detectors such as the proposed IceCube Gen?2.

Fig. 1 shows the expected neutrino flux from each flare in our sample assuming Normali-
sation B. For the two most powerful neutrino emitters, AO 0235+164 and OJ 287, a future neu-
trino network with effective volume ten times larger than IceCube in IC86 configuration, (denoted
IC x 10) with the combined exposure of the proposed IceCube Gen2, GVD, KM3NeT, and ONC
[30, 31, 32, 33], would detect Nif.iﬁoﬁife&oo tev ~ 3. In the absence of the muon-neutrino signal
from these two sources, assuming a flare pattern identical to that in the past decade, the baryon
loading will be constrained to & < 1250 if the energy density of the external photon target field
can be probed. For a larger number of such powerful sources the constraint on & scales down
linearly with the number of expected neutrinos. To gauge the possible reach of future instruments
we considered the 34 BL Lac objects extracted from the 1-Jy catalogue [34, 35], and found that
using model assumptions equivalent to those described thus far, the future neutrino facilities will
be able to constrain & < 170.

We have undertaken a study of systematic uncertainties arising from absence of precise knowl-
edge of the physical conditions in the source and their effect on the expected neutrino flux. The
latter is particularly sensitive to J, the presence/absence and energy density of external photon
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Figure 2: Left: Systematic uncertainty on the determination of 6 and B (in Gauss) during the 21-day,
July 2015, flare of S2 0109+22. The colormap gives the departure from the best fit in units of ¢ (standard
deviations), i.e. realisations with departure < 20 encompass the 95% allowed region assuming a Gaussian
distribution. Right: Number of muon neutrinos expected to be seen in IceCube (IC86) for each combination
of & and B. The red crosses (in both panels) mark the values of 8 and B assumed in the present study. The
white crosses mark the best-fit values of 6 and B as determined with the log-parabolic SSC model fit.

fields, &cr, and B. Here we examine systematic uncertainties that arise from the uncertainty in J,
and B, in the simplest scenario in which external photon fields are absent, for a fixed value of &.
We use the July 2015 flare of S2 0109422, assuming Normalisation A, for illustration. The left
panel of Fig. 2 illustrates the parameter space allowed for & and B from the SED of S20109+22
during its 2015 flare. It was obtained by scanning over 6 and B, performing at each step a double
log-parabolic fit which corresponds to the tested values of § and B in the SSC model (see Eq. 1,
2 of [7]), and calculating the 2 of every fit. The right panel of Fig. 2 gives the expected number
of muon neutrinos from the flare of S20109+22, with Normalisation A, while scanning over &
and B, integrated over neutrino energies above 100 TeV. Within the 10 error-region the neutrino
expectation varies by more than two orders of magnitude. The literature values of 6 and B fall
30 away from the best-fit log-parabolic parameters. The expected number of neutrinos in the two
models varies by ~ 1.5 orders of magnitude. One would expect an increase in the expected neu-
trino counts with increasing B, due to the increased maximum proton energy that can be reached in
the source in the latter case. However, as the IceCube exposure decreases fast beyond ~ 10'® eV
at the declination of S20109+22, there is no significant increase in the neutino counts expected in
this example (see Fig. 2 of [7]). Additional constraints, beyond the shape of the SED in the SSC
scenario investigated here can be imposed to exclude certain regions of the parameter space; for
example, rapid variability may impose a limit on § on a source-by-source basis.

Future, precise, astronomical observations will help narrow-down the allowed parameter range
for 6 and B, and external photon fields. It will then be possible to constrain or determine &, with
neutrino telescopes, with the method outlined above.

log(N,,)
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