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The recent IceCube discovery of 0.1-1 PeV neutrinos of astrophysical origin opens up a new era

for high-energy astrophysics. There are various astrophysical candidate sources, including active

galactic nuclei (AGN) and starburst galaxies. Yet, a firm association of the detected neutrinos with

one (or more) of them is still lacking. This talk will focus onthe possible association of IceCube

neutrinos with BL Lacs, a sub-class of radio loud AGN. We present the results from leptohadronic

modeling of six individual BL Lacs, including the closest toEarth, Mrk 421, that were selected as

probable counterparts of the IceCube neutrinos. We also show the cumulative neutrino emission

from BL Lacs, which was calculated by incorporating our results from the modeling of individual

sources into Monte Carlo simulations of the blazar population. We finally discuss our results in

the light of current IceCube limits (above 2 PeV) and a possible future detection.
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1. Introduction

The IceCube Neutrino Telescope based at the South Pole has detected a number of very high-
energy neutrinos (30 TeV – 2 PeV) of astrophysical origin during the first three years of data
sampling in full configuration [1]. With a sample of 37 eventsthe background only hypothesis
with no astrophysical component has been rejected with a significance of more than 5σ .

If we exclude a possible connection with dark matter (e.g. [2]), the IceCube discovery calls for
astrophysical sites, where cosmic-ray (CR) acceleration at energies close to and above the “knee”
of the CR spectrum is efficiently at work. A firm association between the detected neutrinos and
a specific class (or classes) of astrophysical sources is still lacking, notwithstanding the numerous
scenarios that have been proposed so far. A pure Galactic origin of the observed neutrino signal
is strongly constrained by diffuse TeV-PeVγ-ray limits (see e.g. [3] and references therein), but
a Galactic contribution to the observed neutrino flux cannotbe excluded at the moment. Proton-
proton (pp) collisions in galaxy groups and/or star forming galaxies have also been invoked to
explain the diffuse neutrino flux (e.g. [4]). Other extragalactic scenarios that include neutrino pro-
duction through photohadronic (pγ) interactions have been extensively discussed in the literature
(see e.g. [5, 6, 7, 8, 9] for active galactic neuclei (AGN) scenarios and [10, 11, 12] for gamma-ray
burst (GRB) scenarios).

[13] have recently searched for plausible astrophysical counterparts within the median error
circles of IceCube neutrinos using a phenomenological, yetmodel-independent method. This is
based upon (i) the use of high-energyγ-ray (GeV-TeV) source catalogs, (ii) the assumption that
each neutrino event is associated with one astrophysical source, and (iii) anenergetic criterion,
according to which a source is ruled out as a plausible counterpart, if the extrapolation of theγ-ray
flux at the highest photon energies cannot explain the neutrino flux even after taking into account
the large uncertainty of the latter. Using this method [13] derived the most probable counterparts
for 9 out of the 18 neutrino events of their sample. Interestingly, these include 8 BL Lac objects,
amongst which the nearest blazar, Mrk 421, and two pulsar wind nebulae. We note that flat spec-
trum radio quasars (FSRQs), which are believed to be more efficient PeV neutrino emitters than
BL Lacs (e.g. [14]), do not appear in the list of most probablecounterparts. This could be a
consequence of the energetic criterion described above.

2. The Model

Motivated by the aforementioned results, we investigate the BL Lac–PeV neutrino connection
within a specific theoretical framework for blazar emission[15], where theγ-rays are of photo-
hadronic origin and the low-energy emission of the blazar SED is attributed to synchrotron radiation
of primary relativistic electrons (the model and the numerical treatment are described, in more gen-
eral terms, in [16] and [17]). Under the assumption that CR acceleration to energies∼ 10−100 PeV
is viable in blazar jets, the production of charged pions is anatural outcome of photopion (pπ) in-
teractions between the relativistic protons and the internally produced synchrotron photons. The
decay of charged pions results in the injection of secondaryrelativistic electron-positron pairs. It
is the synchrotron radiation of the latter that emerges in the GeV – TeV regime, in contrast to the
hadronic cascade scenario for blazar emission [18], where the cascade emission mainly contributes
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Figure 1: SED of blazar H 1914-194 and the neutrino flux for the corresponding IceCube event (ID 22).
The data are obtained from ASI Science Data Center using the SED builder tool. All types of symbols and
lines are explained in the legend above the plot.

to theγ-ray regime. As the synchrotron self-Compton (SSC) emission from primary electrons may
also emerge in the GeV – TeV energy band, the observedγ-ray emission can be totally or partially
explained by photohadronic processes, depending on the specifics of individual sources [15]. An
example of SED fitting with the leptohadronic model described above is shown in Fig. 1.

3. Neutrino emission from individual BL Lacs

The (quasi)-simultaneous SED of six BL Lacs, namely Mrk 421,1ES 1011+496, PG 1553+113,
H 2356−309, 1H 1914−194, and 1RXS J054357.3−553206, were fitted [15] with the lepto-
hadronic model described in §2. The all-flavour neutrino fluxes derived by the model are presented
in Fig. 2. According to the model-independent analysis of [13] the neutrino event 9 has two plausi-
ble astrophysical counterparts: the BL Lacs Mrk 421 and 1ES 1011+496. The differences between
the neutrino fluxes originate from the differences in their SEDs. In this regard, the case of neutrino
event 9 reveals in the best way how detailed information fromthe photon emission may be used to
lift possible degeneracies between multiple astrophysical counterparts. As the neutrino spectrum
for 1ES 1011+496 (dashed line) is an upper limit, our resultsstrongly favour Mrk 421 against
1ES 1011+496.

In all cases, the model-derived neutrino flux at the energy bin of the detected neutrino is below
the 1σ error bars, but still within the 3σ error bars. Although the association of these sources
cannot be, strictly speaking, excluded at the present time,blazars Mrk 421 and 1H 1914-194 are
the two most interesting cases, because their association with the respective IceCube events can be
either verified or disputed in the near future. Figure 2 demonstrates that the model-derived neutrino
spectra from blazars with different properties are similarin shape. We may thus model the observed
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Figure 2: Comparison of the model (lines) and the observed (circles) neutrino fluxes as defined in [13] for
the six BL Lacs of the sample. The Poissonian 1σ error bars for each event are also shown [19].

differential neutrino plus anti-neutrino (ν + ν̄) flux of all flavours (Fν(Eν)) as

Fν(Eν) = F0Eβ
ν exp

(

−
Eν

E0

)

, (3.1)

where〈β 〉 ∼ 0.34 [15] andE0 is in good approximation equal to the peak energy of the neutrino
spectrum, namely

Eν ,p(δ ,z,νs,p)≃
17.5 PeV
(1+z)2

(

δ
10

)2
( νs,p

1016 Hz

)−1
. (3.2)

In the above,δ is the Doppler factor,z is the source redshift andνs,p is theobservedsynchrotron
peak frequency. The luminosity from thepπ component is directly connected to that of very high-
energy (∼ 2−20 PeV) neutrinos (see e.g. Fig. 1). Thus, our approach allows us to associate the
observed blazarγ-ray flux with the expected all-flavour neutrino flux as

Fν ,tot =YνγFγ
(

> Eγ
)

, (3.3)

whereEγ = 10 GeV andYνγ is a factor that includes all the details about the efficiencyof pπ interac-
tions; for example,Yνγ ≪ 1 implies an SSC origin for the blazarγ-ray emission. The normalization
F0 can be then inferred from Eqs. (3.1) and (3.3).

4. The neutrino background from BL Lacs

The calculation of the neutrino background1 (NBG) fromall BL Lacs requires detailed knowl-
edge of the blazar population in terms ofνs,p, δ , γ-ray fluxes and redshift. All these parameters,

1We use “background” in the astronomical sense of the total emission from a population. This includes resolved and
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Figure 3: The predicted neutrino background (per neutrino flavour) from all BL Lacs (blue solid line) and
from high-frequency peaked BL Lacs (HBL) only (blue dotted line) for Yνγ = 0.8 andEbreak= 200 GeV,
∆Γ = 0.5. The curves correspond to the mean value of ten different simulations. The (red) filled points are
the data points from [1], while the open points are the 3σ upper limits. The upper (magenta) short dashed
line represents the 90% C.L. upper limits from [23] while thelower (cyan) short dashed line is the expected
three year sensitivity curve for the Askaryan Radio Array [24].

and many more, are available in the Monte Carlo simulations presented in a series of papers by
Giommi, Padovani, et al. (e.g. [20], [21]). We note that the blazar SEDs in the simulations are
extrapolated to the VHE band by using the simulatedFermifluxes and spectral indices and assum-
ing a break atE = Ebreak and a steepening of the photon spectrum by∆Γ (for details, see [22]).
Using Eqs. (3.1)-(3.3) we assign to each blazar in the simulation a neutrino spectrum. SinceE0 is
fully determined by Eq. (3.2) andβ covers a narrow range, we are left only withYνγ as a possible
“tunable” parameter. Then, we compute the total NBG asB =

∫ Fmax
Fmin

F dN
dF dF where dN

dF are the
differential number counts andFmin andFmax are the fluxes over which these extend. To obtain the
NBG per neutrino flavour we divide our results by three. Finally, we perform ten simulations and
calculate their average in order to smooth out the “noise” inherent to the Monte Carlo simulations.

Preliminary results for the predicted NBG from BL Lacs are presented in Fig. 3. These are
obtained forYνγ = 0.8, Ebreak= 200 GeV, and∆Γ = 0.5. We find that BL Lacs as a class (blue
solid line) can easily explain the whole NBG atEν & 0.5 PeV, while they do not contribute much

unresolved sources, the contribution of the latter corresponding to the “diffuse” intensity generally used by high-energy
physicists.
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(∼ 10%) at lower energies. AtEν . 30 PeV most of the contribution to the NBG comes from high-
frequency peaked BL Lacs (HBL) (blue dotted line); see also Eq. (3.2). Although HBL represent
a small fraction (∼ 5%) of the BL Lac population, they dominate the neutrino output up to≈ 30
PeV due to their relatively highγ-ray, and therefore neutrino, fluxes and powers. According to
preliminary calculations our results up to∼ 1−2 PeV are not sensitive on whetherYνγ is constant
or dependent on the blazarγ-ray luminosity. However, assuming an anti-correlation betweenYνγ

andLγ(> 10GeV), we find that the predicted NBG atEν & 5 PeV is in tension with the 3σ IceCube
upper limits and the 90% C.L. upper limits from [23]. Thus, this hypothesis is ruled out.

The model prediction on the detectability of 2 PeV< Eν < 10 PeV neutrinos for the NBG
shown in Fig. 3 isNν ∼ 4.6 without taking into account the Glashow resonance (andNν ∼ 7,
otherwise). This calculation is based on the effective areas from [25]. Since the model NBG
peaks atEν > 10 PeV, we expect 2-3 additional events up to∼ 100 PeV after making an educated
guess on the effective areas above 10 PeV. Given that the 3σ upper limit for 0 events is 6.6 [19],
the prediction ofNν ∼ 6.6− 7.6 is close to being inconsistent with the IceCube non-detections.
However,Yνγ = 0.8 is likely an upper limit. This was derived, in fact, from a small sample of
BL Lacs, which may represent the tip of the iceberg in terms ofneutrino emission, as they were
selected as the most probable candidates [13]. For example,if Yνγ = 0.3 then we expectNν ≈ 3 (4)
for 2< Eν < 100 PeV, which is well within the 2σ limit for 0 events.

5. Summary and discussion

Following the identification of eight BL Lac objects as likely sources of IceCube neutrinos
by [13], we set out to deduce the neutrino emission of the oneswhose redshift is known (6) by
applying a leptohadronic model. We found that the model neutrino flux for two of them, namely
Mrk 421 and 1H 1914-194, is close to and within the 1σ error bars for neutrino events 9 and 22,
respectively.

The different model predictions for the neutrino emission from individual blazars originate
from differences in their SEDs. In particular, we found thatsome cases favour fits dominated by
SSC while others favour fits dominated by photohadronic interactions, with the former having a
lower ratio of neutrino toγ-ray (> 10 GeV) luminosities than the latter. This ratio,Yνγ , stands out
as an important parameter for the calculation of the NBG fromBL Lacs.

We showed that a comparison of the model predicted NBG with current IceCube upper limits
and, ultimately, future detections atEν > 2 PeV, can be used to constrain the value ofYνγ , since it
is the only tunable parameter of the model. In other words, this would provide an indirect way of
probing the origin of the BL Lacγ-ray emission.

A simultaneous look at theγ-ray (e.g. [21]) and neutrino backgrounds lead us to suggest
that another population/physical mechanism could explainboth the former atE . 10 GeV (since
blazars dominate above that energy) and the latter atEν . 0.5 GeV. This might include star forming
galaxies, although a Galactic component for the low-energyIceCube events could also be possible.
Even if this is the case, we note that there is still room for individual BL Lac sources, like Mrk 421,
to be sub-PeV neutrino emitters.
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