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1. Introduction

Active galactic nuclei (AGN) hosting a strong relativistic jet, are the most powerful persistent
astrophysical sources in the Universe. Blazars are jetted AGN whose jets are oriented at a small
angle with respect to the line of sight [1]. Blazars form the majority of known extragalactic y-ray
sources [2]; as such they have long been discussed as some of the most likely sources of high-
energy neutrinos and cosmic-rays (see [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15], and references
therein).

The IceCube South Pole Neutrino Observatory' first reported the observation of high-energy
astrophysical neutrinos [16, 17, 18] a few years ago. Most recently, the neutrino flux collected
over 6 years with deposited energy up to about 2 PeV was reported in [19], bringing the number of
high-energy starting neutrino events detected to 82 and strengthening the significance (> 6.50) of
the observation that they are incompatible with being of purely terrestrial origin.

Observations of the diffuse, all-sky, neutrino spectrum by IceCube have resulted in constraints
on the time-averaged emission from Yy-ray bright blazars as sources of high-energy neutrinos from
analyses of the observed diffuse neutrino flux [20, 19], and stacking analyses [21, 22], down to
< 10 — 30% of the diffuse astrophysical flux observed by IceCube at < 100 TeV. Thus, blazars
are inconsistent with being the dominant sources of the astrophysical neutrino flux detected by
IceCube. Constraints on blazars as dominant sources of the diffuse neutrino intensity observed by
IceCube are additionally imposed by the lack of multiplets in the IceCube data [23, 24, 22, 25, 26],
which limits the blazar contribution to the diffuse IceCube flux [27] in a complimentary way.

Despite these limits, the brightest neutrino sources could still be blazars, considering how
bright they are individually. Blazar flaring periods are ideal for the detection of high-energy neutri-
nos, both observationally and theoretically. Observationally, the short, well-defined, time duration
of a flare means a very reduced background rate. Theoretically, in many models of neutrino emis-
sion, it is natural for neutrino production to be strongly enhanced during flares because it is typically
expected that the proton injection increases while at the same time the target photon field is in an
enhanced state (see e.g. [9, 28, 29, 23, 30, 15]). It was shown in [26] that even though blazars emit
a small fraction of their y-ray luminosity during flares, e.g. [31, 32], the distribution of flaring
states of several studied Fermi blazars is consistent with neutrino production during flares being
dominant in canonical models of neutrino emission.

The IceCube Collaboration has recently reported the observation of a 2> 290 TeV muon neu-
trino, IceCube-170922A, coincident with a ~ 6-month-long y-ray flare of the blazar TXS 05064056 [33]
at redshift z = 0.3365 [34]. The neutrino detection prompted electromagnetic follow-up of the
event, and the blazar flare was detected by several instruments, including MAGIC at energies ex-
ceeding > 100 GeV. The correlation of the neutrino with the flare of TXS 0506+056 is inconsistent
with arising by chance at the ~ 30 level. An archival search revealed 13 £5 further, high-energy
neutrinos in the direction of TXS 0506+056 during a 6-month period in 2014-2015 [35]. These
events were not accompanied by a y-ray flare. Such an accumulation of events is inconsistent with
arising from a background fluctuation at the 3.5¢ level.

In this proceeding, the results of studies of the neutrino emission from TXS 0506+056 and
other blazar flares are summarised from a theoretical perspective. Specifically the questions ad-
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dressed include, what is the theoretically maximal allowed neutrino emission of TXS 0506+056
during its recent flares in canonical blazar emission models, what is the maximal emission ex-
pected in general in blazar models in the case of rare events or exceptional conditions, and finally
what is the expected neutrino emission from other blazar flares that occurred in the field of view of
IceCube and might have therefore also been detectable?

2. Neutrino emission in TXS 0506+056

A plausible and widely considered means of production of high-energy neutrinos in blazar jets
is the interactions of protons in the acceleration region (commonly referred to as “blazar zone”
or “blob”) of the jet, with photons from the internally produced synchrotron radiation in the blob,
or with radiation fields external to the jet, which include the Broad Line Region (BLR) and Dust
Torus. We shall refer to the photohadronic interactions as pYy interactions.

Based on their optical spectra, blazars are divided into two main sub-classes, namely BL Lac-
ertae objects (BL Lacs) and Flat Spectrum Radio Quasars (FSRQs). FSRQs, which possess more
powerful jets, display broad, strong emission lines, which reveal the presence of an efficient accre-
tion disk able to photo-ionise molecular clouds. BL Lacs exhibit at most weak emission lines, or in
many cases featureless optical spectra and have weaker jets. Neutrino production is expected to be
more efficient in FSRQs than in BL Lac objects due to the higher-powers and existence of external
photon fields [36]. In [37] we presented evidence that TXS 0506+056 is, despite its generally ac-
cepted classification, intrinsically an FSRQ. This implies the presence of the intense radiation field
of the BLR and should allow for enhanced neutrino production if the neutrino emitting region is at
a small distance from the base of the jet, i.e. within the BLR.

In very general terms, the expected neutrino flux from an astrophysical source from p7 interac-
tions depends on the high-energy proton luminosity of the source, the efficiency of py interactions
which depends on the energy density of radiation fields in in the source environment, and the escape
timescale and all other energy loss-timescales for the protons in the source environment. Below
some basic arguments are outlined.

The optical depth for protons to py interactions, f,y, is given by, f,y(€p) = 6pyriner€/|e1—0.56,m,¢2 Je)»
e.g. [38]. Here, the effective py cross-section at threshold, 6[,7 ~ 0.7 x 10728 cm?, r;) is the radius
of the emitting blob, ng is the density of target photons of energy g/ and 8;) the proton energy all
in the frame comoving with the blob. Further, m,, is the proton mass, m, the pion mass and &, the
energy required to produce the A resonance.

The same photons are the target photons for yy interactions. The relevant optical depth is
related to fyy, Via, Tyy(€y) & 1, Cyy€ine|ei—ppc je» With Gyy ~ 0.107 ~ 1072 cm? the Thompson
cross-section. The ratio of optical depths from the two processes is then,

o )
or(Ep) L Fonler) = 107 ey), eR)

at energy, . .
g, ~ 15 GeV (6P’;V) ~ 15 GeV (m). (2.2)

The above relations reveal that in order to have increased neutrino production in a source we
need to have increased neutrino production efficiency, f,y, which is generally achieved when there
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is a dense radiation field, or a very extended one. In FSRQs the BLR provides a radiation field
with large energy density. In BL Lac objects the BLR is absent, but there is evidence of a stratified
jet, with a slower outer region which may be very extended, referred to as the “spine-sheath”
model [40], as well as the radiation field of the inefficient accretion flow [41]. Both these fields, if
present, enhance f,,. On the other hand, equations 2.1 and 2.2 tell us that in y-ray bright sources,
we cannot increase f,y arbitrarily, because if we do so the optical depth for y-rays to escape the
source would be too high.
The observation of >10-100 GeV photons from TXS 0506+056 during the 2017 flare, implies that
the optical depth for photons to yy interactions on low-energy photons, Tyy(g, =10—100GeV) < 1
and thus a limit to f,y(€, =6 PeV) < 1073. The limit to f,, thus constrains the maximum neutrino
luminosity, Ly, if the neutrino and radiative power are cospatialy produced.

Of the energy protons lose in py interactions, 3/8ths go to neutrino production. For proton
luminosity, €,Le,, the differential neutrino luminosity is then given by,

3 45 -1 Jpy &pLe
eyLe, ~ gfp'y(gplzgp) ~1.2x10% ergs TEASTEE ergp; i) (2.3)
Alternatively, if f,, cannot increase further, the higher the proton luminosity of the source,
the higher the neutrino luminosity. However, additionally, the protons undergo Bethe-Heitler in-
teractions [42, 43], with effective optical depth, fp (€p) & GBHT e € |e/—m, 225, J2e, = g[Blfoyl€p)s

where, 6y ~ 0.8 x 1073 cm?, g[B] ~ 0.011(30)P~!, and &gy ~ 10(2m.c?) ~ 10 MeV. Thus,
a further limit is imposed on the maximum neutrino luminosity and therefore indirectly on the
maximum proton luminosity from the requirement that the synchrotron cascade flux produced by
electron-positron pairs, injected by Bethe-Heitler interactions, should not exceed the observed X-
ray flux,

1
X
EYLsy |eni

N gL, ~
syn 2(1+ch)g[ﬁ]fm’ PP

mg[ﬁ] &L,

where, ESBYE ~ 6 keVB| 5 (€,/6 PeV)?(20/8), with § the Doppler factor of the relativistic motion
of the emitting region, B’ the magnetic field strength as measured by a comoving observer, and Yic
the Compton dominance parameter which is at most 1 for TXS 0506+056 [39].

For the flaring spectrum of TXS 0506+056 in 2017 from the analysis of [39] this corresponds
to syLify <3 x 10* erg/s. This imposes a constraint on the maximum muon neutrino luminosity at
the level of, vag;‘ll TPV Sy LY /3~ 10* erg s~!, where the factor of 3 accounts for going from
all-flavour to single-flavour neutrino luminosity, assuming Y;c = 1 which gives the most optimistic
estimate for the maximum neutrino luminosity of TXS 0506+056.

In addition, a synchrotron cascade flux component from electron-positron pairs injected from
photo-meson production and electron-positron pair production from hadronic y-rays is unavoidable

in the single-zone model. The minimum cascade flux from these processes is,

5 1 5
&yLe,|ery & gmfpy(epLep) ~ EyLe,, 2.4)
where 5 ~ 60 MeV (B'/0.3 G))(g,/6 PeV)%(20/8). For the 2017 flare of TXS 0506+056, the

X-ray cascade constraint of eq. 2.4 is stronger.



High-energy neutrinos from blazar flares Foteini Oikonomou

The conclusion from the above considerations is that if neutrino emission occurs in the same
part of the jet of TXS 0506+056 as the photon emission, at most Ny, v, ~ 0.01 can be expected
in the IceCube EHE channel during the six month 2017 flare of TXS 0506+056 above 100 TeV.
Cospatial production is in general expected if the neutrino emission is correlated with the y-ray
flare. In this sense, consistent conclusions were reached by the majority of studies on the 2017
flare of TXS 05064056 [44, 39, 45, 46].

It was pointed out by [33, 47] that in an ensemble of faint sources with summed expecta-
tion of order 1, one might observe a neutrino even if the individual expectation value is < 1.
Hence the observation of a single neutrino only in 2017 gives an upper limit of the neutrino flux
of TXS 0506+056, which is consistent with the expected neutrino counts after accounting for the
existence of such a source ensemble.

Other works focussed exclusively on the 2014-15 flare. In Rodriguez et al [48] it was shown
that in canonical blazar models, even if one invokes more than one emitting zones, it is not possible
to produce more than ~ 5 muon neutrinos over the duration of the 2014-15 flare without overpro-
ducing the radiative cascade. This result agrees with the result of [49] who modelled the 2014-15
spectrum of TXS 05064056 and [50] who performed multi-epoch modelling of the source and who
concluded that if the 13 =5 neutrinos were produced by TXS 0506+056 they were produced in a
region other than the blazar zone where the bulk of the observed radiation was produced.

If the conditions in the environment of TXS 0506+056 are not representative of conventional
blazar models, or the neutrino emission is associated with a rare event, then some additional possi-
bilities for more intense neutrino production exist.

In [51] it was shown that the neutrino emission of TXS 0506+056 during its 2017 flare can be
interpreted as inelastic hadronuclear interactions between the accelerated cosmic-ray protons in the
relativistic jet and the dense gas clouds of the BLR. In this scenario the required proton power in
the jet is much smaller than in conventional py interaction models. However, in this scenario the
neutrino emission is not necessarily correlated with the y-ray flare.

In [52] it was shown that if TXS 0506+056 has two distinct emitting regions, namely, one
compact emitting region within the BLR responsible for the neutrino emission and some of the
Y-ray emission, and another beyond the BLR responsible for the synchrotron emission, then it is
possible to produce larger amounts of neutrinos than standard py models where all the emission
is cospatially produced. If such a mechanism is in operation, i.e. if such an emitting region exists
inside the BLR it can at most occur in 10% of blazars or less than 5% of the time, otherwise it
would over-produce the observed astrophysical neutrino flux.

In [53] it was proposed that the 2014-2015 neutrino outburst of TXS 0506+056 originates in
the interaction of the relativistic jet and a dense gas cloud which may be formed via the tidally
disrupted envelope of a red giant being blown by the impact of the jet.

In [54] an alternate model was proposed in which copious amounts of neutrinos are produced
if large amounts of cosmic-ray nuclei, and specifically Helium, are accelerated in the blazar zone.
In this case, if neutrons, produced in the interactions of the cosmic-ray nuclei, travel down the jet
producing neutrinos while protons remain magnetically confined, significantly larger amounts of
neutrinos are produced than in py models, consistent with the IceCube neutrino observations of the
source, in 2014-15 and 2017 without being in conflict with the observed photon spectral energy
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distribution. However the required radiation density of external photon fields in this model so as to
reproduce the IceCube 2014-15 observations is atypically large.

In [55], evidence was presented, based on reanalysis of ten years of MOJAVE data, that
TXS 0506+056 has a very curved jet, or possibly even a second jet. Such a special geometry
could allow for significantly enhanced neutrino emission with respect to typical blazars, if the jet
self-interacts or if two jets interact.

3. Other flares

In [56] 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 spectral energy distribution during the flare with
reasonable confidence (for example the peak synchrotron frequency and peak synchrotron flux).

We focussed 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. Even though gener-
ally BL Lac objects are expected to produce lower neutrino fluxes than FSRQs, our sample here
contains several FSRQs which, like TXS 0506+056 have been misclassified as BL Lacs and are
very powerful sources. The details of all the flares in our sample are given in Tab. 1.

3.1 Model assumptions

One of the models we assumed to simulate the source environment of the studied sources was
inspired by the most optimistic model of [39], LMPL2b, for the September 2017 flare of TXS
05064056 (see also their Tab. 7), if IceCube-170922A was indeed produced by TXS 0506+056.
The assumed proton luminosity is higher than the y-ray luminosity, by a factor £. By default we
used & = 1540 which implies that the proton luminosity of these sources was in the range 0.2 — 30
times the Eddington luminosity during the flaring episode.

The maximum proton energy is low, of order PeV, and as a result the neutrino spectrum
typically peaks at ~ sub-PeV energies. We consider the interactions of protons with internally
produced synchrotron radiation in the blob, and additionally we consider the interactions of protons
with an external photon field inspired by the spine-sheath model [40], with spectrum as in the
LMPL2b model of [39]. Generally, the sheath photon field cannot be much higher than the values
assumed in this work, in one-zone models [57].

3.2 Results

Figure 1 shows the modelled spectral energy distributions of all the studied flaring sources,
and the expected instantaneous neutrino spectra within our model assumptions. Figure 2 sum-
marises the expected neutrino counts, above 100 TeV where the atmospheric background is low,
in our optimistic model, with IceCube (red bars) and with future, planned and proposed neutrino
facilities (blue bars) stacking ten years of Fermi flares for each of the studied sources. Neutrinos
are not above the detection threshold for any of the studied sources which include TXS 0506+056
individually with our model while IceCube is in operation alone. To forecast the expected neu-
trino counts in future facilities we assumed that the upgraded IceCube-Gen?2 experiment will have
effective area six-times larger than IceCube and that additionally three neutrino telescopes with
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Figure 1: Broadband spectral energy distribution (red), injected proton flux (black dotted lines), and ex-
pected instantaneous all-flavour neutrino flux (blue) for each for the flares in our sample in the observer
frame. Green dashed lines give the neutrino emission produced in interactions of protons with photons the
blob. For some of the flares 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. *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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Figure 2: Predicted neutrino counts for each of the sources in our sample. The red bars give the ex-
pected number of muon neutrinos as seen in IceCube, in the IC86 configuration, and comparison to the
expected number of neutrinos for identical flares if IceCube-Gen2 were in operation, as well as three addi-
tional IceCube-sized detectors in the Northern hemisphere. For 1ES 1959+650 the error bars are statistical
and derive from the modelling of two separate flares. *For AO 0235+164 we have used baryon loading ten
times lower than all other sources, &, = 150.

effective area identical to that of IceCube will be operating in the Northern hemisphere (see [56]
for details of the modelled facilities). In this configuration, the two brightest sources in our sample,
AO 0235+164, and OJ 287 would produce in total ~ 3 muon+anti-muon neutrinos above 100 TeV
or otherwise, constrain the proton luminosity of their jets to be lower than assumed in our optimistic
model.

4. Summary

This proceeding summarises recent results on blazars, and blazar flares as sources of the dif-
fuse neutrino flux seen with IceCube, and as neutrino point sources, respectively. The constraints
on neutrino production in TXS 0506+056 during its 2017 and 2014-15 flares, in canonical blazar
jets, for neutrino emission cospatial with the radiative output of the jet were outlined, and expected
neutrino counts from other blazar flares were presented. The continued operation of IceCube, the
advent of KM3NeT [58], IceCube-Gen2 and other future neutrino telescopes in concert with multi-
messenger observations, will continue to shed light to the question of the origin of high-energy
neutrinos, and the proton content of blazar jets.
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