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1 INTRODUCTION

ABSTRACT

We recently proposed that structured (spine-sheath) jets associated with BL Lac objects could
offer a suitable environment for the production of the extragalactic high-energy (£ > 100 TeV)
neutrino recently revealed by IceCube. Our previous analysis was limited to low-power BL
Lac objects. We extend our preliminary study to the entire BL. Lac population, assuming that
the entire diffuse emission is accounted for by these sources. The neutrino output from a
single source depends on a relatively large number of parameters. However, for several of
them we have constraints coming from observations and previous application of the structured
jet model to blazar and radiogalaxy emission. The observed neutrino spectrum then fixes the
remaining free parameters. We assume that the power of cosmic rays as well as the radiative
luminosity of the sheath depends linearly on the jet power. In turn, we assume that the latter
is well traced by the y-ray luminosity. We exploit the BL Lac y-ray luminosity function and
its cosmic evolution as recently inferred from Fermi-LAT data to derive the expected neutrino
cumulative intensity from the entire BL Lac population. When considering only the low-power
BL Lacs, a large cosmic ray power for each source is required to account for the neutrino
flux. Instead, if BL Lacs of all powers produce neutrinos, the power demand decreases, and
the required cosmic ray power becomes of the same order of the radiative jet power. In our
scheme, the maximum energy of cosmic rays is constrained to be < few PeV by the lack of
events above few PeV. Although such a value is obtained through a fine-tuning with the data,
we show that it could be possibly related to the equilibrium between cooling and acceleration
processes for high-energy cosmic rays. We also discuss the prospects for the direct association
of IceCube events with BL Lacs, providing an estimate of the expected counts for the most
promising sources.

Key words: astroparticle physics —neutrinos — radiation mechanisms: non-thermal — BL Lac-
ertae objects: general — gamma-rays: galaxies.

UHECR regime, E < 10'7 eV. The substantial isotropy of the flux
(with only a non-significant small excess in the direction of the

The detection of high-energy neutrinos by the IceCube observatory
at the South Pole (Aartsen et al. 2013a, 2014) opened a new win-
dow for the study of the energetic astrophysical phenomena. The
discovery has triggered a wealth of studies devoted to the iden-
tification of the possible sources (e.g. Anchordoqui et al. 2014;
Murase 2014, for recent reviews). The data are consistent with a
flavour ratio ve 1 v, : v; =1 :1:1 and the flux level is close to
the so-called Waxman—Bahcall limit (Waxman & Bahcall 1999),
valid if neutrinos are produced by ultra-high-energy cosmic rays
(UHECR; E > 10" eV) through pion-producing hadronic inter-
action before leaving their — optically thin — sources. However,
the energies of the neutrinos (E, < few PeV) indicate that they are
associated with cosmic rays (CR) with energies much below the
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galactic centre) is consistent with an extragalactic origin, although
a sizeable contribution from galactic sources cannot be ruled out
(e.g. Ahlers & Murase 2014). Possible extragalactic astrophysical
sources include propagating CR (e.g. Essey et al. 2010; Kalasheyv,
Kusenko & Essey 2013), star-forming and starburst galaxies (e.g.
Loeb & Waxman 2006; Murase, Ahlers & Lacki 2013; Tamborra,
Ando & Murase 2014; Wang, Zhao & Li 2014), galaxy clusters
(e.g. Murase & Beacom 2013; Zandanel et al. 2014), y-ray burst
(e.g. Waxman & Bahcall 1997; Laha et al. 2013; Petropoulou,
Giannios & Dimitrakoudis 2014) and active galactic nuclei (AGN;
e.g. Mannheim 1995; Atoyan & Dermer 2003; Kalashev, Semikoz
& Tkachev 2015; Kimura, Murase & Toma 2014).

Among AGN, blazars, characterized by the presence of a rel-
ativistic jet of plasma moving towards the observer (e.g. Urry &
Padovani 1995), have been widely discussed in the past as candi-
date CR accelerators (e.g. Biermann & Strittmatter 1987; see Kotera
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& Olinto 2011 for areview) and thus potential neutrino emitters (e.g.
Atoyan & Dermer 2003; Becker 2008). Murase, Inoue & Dermer
(2014) and Dermer, Murase & Inoue (2014) revisited the possibility
— already discussed in the past, e.g. Atoyan & Dermer (2003) — that
the observed neutrinos are produced in the jet of blazars through
photopion reactions involving high-energy CR and soft photons
(» + y = X + m), followed by the prompt charged pion decay
* = pu* + vy —> et + 2v, + ve; hereafter we do not dis-
tinguish among v and ¥). Their analysis — based on the simplest,
one-zone, framework — led to the conclusion that both the flux
level and the spectral shape inferred by the IceCube data are dif-
ficult to reproduce by this scenario. In particular they predicted a
rapid decline of the emission below 1 PeV. In their framework —
in which the CR luminosity is assumed to be proportional to the
electromagnetic output — it is naturally expected that the neutrino
cumulative flux is dominated by the most luminous and powerful
blazars, i.e. the flat-spectrum radio quasars (FSRQ), which are also
the sources characterized by the most rich radiative environment
(required to have efficient photomeson reactions). BL Lac objects,
the low-power blazars defined as those which display faint or even
absent optical broad emission lines, would provide only a minor
contribution.

As noted, the Murase et al. (2014) analysis relies on the simplest
scenario for blazars, assuming that their jets are characterized by
a well-localized emission region (hence the definition of one-zone
models) with a well-defined speed. In a previous paper (Tavecchio,
Ghisellini & Guetta 2014, hereafter Paper I), we reconsidered this
issue showing that, under the assumption that the jet presents a ve-
locity structure, i.e. the flow is composed by a fast spine surrounded
by a slower sheath (or layer), the neutrino output from the weak
BL Lac objects (the so-called highly peaked BL Lacs, HBL) is
boosted and could match the observations. The proposal for the
existence of a velocity structure of the jet has been advanced as a
possible solution for the so-called Doppler crisis for TeV BL Lacs
(e.g. Georganopoulos & Kazanas 2003; Ghisellini, Tavecchio &
Chiaberge 2005) and to unify the BL Lacs and radiogalaxy pop-
ulations (e.g. Chiaberge et al. 2000; Meyer et al. 2011; Sbarrato,
Padovani & Ghisellini 2014). Direct radio very long baseline inter-
ferometry (VLBI) imaging of both radiogalaxies (e.g. Miiller et al.
2014; Nagai et al. 2014) and BL Lac (e.g. Giroletti et al. 2004; Piner
& Edwards 2014) jets, often showing a ‘limb brightening’ transverse
structure, provides a convincing observational support to this idea,
also corroborated by numerical simulations (e.g. McKinney 2006;
Rossi et al. 2008). The reason behind the possibility to increase the
neutrino (and inverse Compton y -ray) production efficiency in such
a spine-layer structure stems from the fact that for particles flowing
in the spine the radiation field produced in the layer appears to be
amplified because of the relative motion between the two structures
(e.g. Tavecchio & Ghisellini 2008). In this condition, the density of
the soft photons in the spine rest frame — determining the proton
cooling rate and hence the neutrino luminosity — can easily exceed
that of the locally produced synchrotron ones, the only component
taken in consideration in the one-zone modelling of Murase et al.
(2014) in the case of BL Lacs (for FSRQ, instead, the photon field is
thought to be dominated by the radiation coming from the external
environment).

In Paper I, we considered only the weakest BL Lac sources —
similar to the prototypical TeV blazar Mrk 421 — for which the
arguments supporting the existence of the jet structure are the most
compelling. Interestingly, a hint of an actual spatial association
between the IceCube events and some low-power TeV emitting BL
Lac (among which the aforementioned Mrk 421) has been found by
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Padovani & Resconi (2014). The implied flux is consistent with the
upper limits derived by the sophisticated analysis of the IceCube
collaboration (Aartsen et al. 2013b, 2014).

There are hints suggesting that a velocity structure could be a
universal characteristic of all BL Lac jets. This idea is supported by
the modelling of the radiogalaxy emission through the spine-layer
model (Tavecchio & Ghisellini 2008, 2014), which suggests that
these jets are typically more powerful than those associated with
the weakest BL Lac (rather, they resemble the BL Lacs of the in-
termediate, IBL, or low-synchrotron peak, LBL, category). These
arguments motivated us to extend our previous work presented in
Paper 1, considering the possibility that the entire BL Lac popula-
tion is a source of high-energy neutrinos. To this aim, we have to
refine the simple description of the cosmic evolution we adopted in
Paper I with a more complex, luminosity-dependent, evolution of
the BL Lac luminosity function. We describe our neutrino emission
model and the assumed cosmic evolution of BL Lacs in Section 2.
We report the results in Section 3, in which we also present a list
of the most probable candidates expected to be associated with the
IceCube events. In Section 4, we conclude with a discussion.

Throughout the paper, the following cosmological parameters are
assumed: Hy = 70 km s~! Mpc™!, Qy = 0.3, 2, = 0.7. We use
the notation Q = Qx 10¥ in cgs units.

2 SETTING THE STAGE

2.1 Neutrino emission

‘We calculate the neutrino emission from a single BL Lac following
the scheme already adopted and described in Paper 1. Here we just
recall its basic features.

We assume a two-flow jet structure, with a fast spine (with
bulk Lorentz factor I'y) with cross-sectional radius R surrounded
by the slower and thin layer (with I'} < T'5). The corresponding
Doppler factors, denoting with 6, the observing angle, are §;; =
[T s(1 = Biscos6,)] 7"

We further assume that the spine carries a population of high-
energy CR (protons, for simplicity), whose luminosity in the spine
frame (for which we use primed symbols) is parametrized by a
cut-off power-law distribution in energy:

/

E
Li(E)) = kyE; ™" exp (— E}’ ) E, > El, (1)

cut

with total (spine frame) luminosity L;, = S L(E,) dE. The cool-
ing rate t[’,;l (E,) of protons with energy £, through the photomeson
reaction with a target radiation field with numerical density n;(¢)
is given by (Atoyan & Dermer 2003, see also Dermer & Menon
2009):

Ry X oone) [
tpyl(Ep)zc/qh dez;/l[;e2 i déo,,(8) K,y (8)E, )

where y, = E[/)/mpcz, 0y (€) is the photopion cross-section, K, (€)
is the inelasticity and €y, is the threshold energy of the process.
The photomeson production efficiency is measured by the factor
Jpy» defined as the ratio between the time-scales of the competing
adiabatic and photomeson losses:

th

’
tad

Ty (Ep)

T (Ep) = (3)

where 1/, & R/c.

MNRAS 451, 1502-1510 (2015)
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The neutrino luminosity in the spine frame can thus be calculated
as

! ’ ’ 3 : ! ! ’ ’
E|LY(E}) = g minl1. f,, (E)) EyLy(E,). @)

where E/, = 0.05 E{]. The factor 3/8 takes into account the fraction
of the energy going into v and v (of all flavours).

The observed luminosity is derived taking into account the rela-
tivistic boosting, parametrized by the relativistic Doppler factor §;:
E,L,(E,)=E|L/(E/)§*and E, = §E).

We assume that the dominant population of soft photons — spec-
ifying n;(¢) in equation (2) — is provided by the boosted layer radi-
ation (we show in Paper I that the internally produced synchrotron
photons provide a negligible contribution, thus making a one-zone
model unable to reproduce the data, unless one allows for extremely
large CR power). The spectrum of this component is modelled as
a broken power law L(¢;) with indices o , and (observer frame,
unprimed symbols) spectral energy distribution (SED) peak energy
€,. The layer luminosity is parametrized by the total (integrated)
luminosity — in the observer frame — .

As in Paper I we neglect the anisotropy of the layer radiation field
in the spine frame (Dermer 1995). We also neglect the high-energy
photons produced in the neutral pion decay 7° — yy.

2.2 Model parameters and scaling laws

Summarizing, our model is specified by the following 11 parame-
ters: the jet radius, R, the spine and layer Lorentz factors I's and I},
the observed layer radiative luminosity L, the peak €, of its energy
distribution [in €L(¢)], the spectral slopes «; and o, of Li(¢), the
spine comoving CR luminosity L/, the CR power-law index n, the
minimum and the cut-off energy E; ., E. ..

Admittedly, the set of free parameters is relatively large. However,
not all parameters have the same importance in determining the
shape and the level of the resulting neutrino spectrum. For instance,
the slopes of the layer spectrum «; and «; have a very minor
impact on the resulting spectrum (as long as their value is within the
range usually considered), which is instead mostly driven by the CR
distribution. Moreover, several of these parameters — in particular
those related to jet structure — can be tuned to the values inspired by
observations and previous applications of the structured jet model to
blazars and radiogalaxies (see also Paper I). With these motivations
and for definiteness in the following, we assume I'y = 15, '} = 2,
ajet radius R = 10" cm and a layer spectrum with slopes o} = 0.5
and o, = 1.5.

More important is the role of the peak energy of the layer emis-
sion €, which regulates, through the photopion threshold condition
Er’)e[’ > mymyc*, the possible values of the minimum CR energy
and the position of the maximum of the neutrino emitted luminos-
ity. In fact, increasingly larger values of €, allow for lower values
of Ej ., and thus lower energies of the produced neutrinos. On
the other hand, due to the steep CR distribution, decreasing E, .,
leads to increase the CR power required to produce a given neutrino
output.

In Paper I we considered two possible realizations of the model,
characterized by two different values of the layer peak energy. We
showed that to satisfactorily reproduce the low-energy data points
around 100 TeV, one has to assume a layer emission peaking in
the UV band, €, &~ 400 eV. Although we cannot exclude that the
layer peak energy varies across the BL Lac population — therefore
determining a more complicated neutrino emission — for simplicity
in the following we adopt this value for our reference model.

MNRAS 451, 1502-1510 (2015)
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Figure 1. Photopion production efficiency, f,, , as a function of the energy
(in the jet spine frame) for protons carried by the spine scattering off the
layer radiation field, for a BL Lac y-ray luminosity L, = 104 ergs™! (solid
blue line), L, = 10% ergs~! (long dashed green line) and L,= 10% ergs~!
(dashed red line).

For both the CR luminosity L/ and the layer radiative luminosity
L;, we assume, as a physically motivated working hypothesis, a
linear dependence on the jet power, Pj —i.e. constant efficiencies.
In turn, we assume that P, is well traced by the observed y-ray
0.1-100 GeV luminosity, L,, as supported by the modelling of
blazar SED (e.g. Ghisellini et al. 2014). We normalize the values
of L{D and L, to the values corresponding to the weakest sources,
corresponding to L, = 10* erg s~!. Therefore, we assume

Lr _ L/ L}/ L'V

= — Li=L,——m.
p PO 10M erg 57! ! ho g0 erg s—!

)
For the layer we adopt the value used in Paper I,
Lo =2 x 10" erg s7!, while Ly, is left as a free parameter,
Note that what matters for the resulting neutrino luminosity is the
product of these two parameters, not their single values. Therefore,
the results shown below could be obtained for different choices of
L, and Ll’m‘ Our specific choice somewhat maximizes the layer
luminosity L, ,, allowing us to maximize the photomeson efficiency
and thus to minimize the CR power L .

The parameters specifying the CR distribution are left free and ad-
justed to reproduce the observations. In principle, one could assume
a dependence of these parameters on the jet power. However, in the
absence of a clear physical motivation, a detailed choice is some-
what arbitrary. Moreover, as we will discuss below, the neutrino
diffuse emission is dominated, in our scheme, by the most powerful
sources. In this sense, the neutrino spectrum is mostly dictated by
the CR parameters associated with sources of a given luminosity
and thus a possible luminosity dependence is only relatively rele-
vant for our results. The value of fpy(El’J) for the assumed set of
parameters is shown in Fig. 1. Note the large efficiency (f,, > 0.1)
characterizing the most powerful sources for proton energies corre-
sponding to the neutrinos detected by IceCube. For these sources,
fpy even reaches 1 for E| of few PeV, implying that CR of these
energies effectively cool through photomeson losses.
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Given the assumed linear scaling of CR and layer luminosities
with the jet power, the neutrino luminosity — proportional to their
product — will scale as L, L;Lt 0’6 Li. Alternatively, this can be
expressed by the fact that the efficiency of the neutrino produc-
tion, , = L, /Pj., increases with the jet power (and thus with the
y-ray luminosity), n, o< L, . We will see that this fact implies that,
despite that the cosmic density of sources decreases with their y -ray
luminosity (i.e. a decreasing luminosity function), the cumulative
cosmic neutrino output is dominated by the most powerful — but
rare — sources.

2.3 Diffuse intensity

The cumulative diffuse neutrino intensity deriving from the entire
population of BL Lacs is evaluated as

Eoagn— B[ [ L B4 o
U anH, oo, w2 + Q|

in which the luminosity-dependent comoving volume neutrino
emissivity j is expressed by the product of the comoving density
of sources with a given y-ray luminosity, provided by the lumi-
nosity function X(L,, z), and the corresponding source neutrino
luminosity:

L.(E))
o

J(Ly, Ey,2) = 5(Ly, 2) @)

v

Equation (6) is a generalization of the relation used in Paper I, which
was suitable for a population of sources with a unique luminosity.

We derive X(L,, z) using the luminosity function and the param-
eters for its luminosity-dependent evolution for BL Lacs derived by
Ajello et al. (2014) using Fermi/LAT data. The local (i.e. z = 0)
luminosity function is described by

S(L _0)_ A & V|+ ﬁ ¥ —1 (8)
Ly, 2= ~ In(10)L, KL) (L) }

with A = 3.4 x 107 Mpc~3, y1 = 0.27, y2 = 1.86 and
L. = 2.8 x 10¥ erg s~'. This luminosity function evolves with
zas

X(L,,2)=%X(L,,z=0) xe(L,, 2), 9)

where!
-1
l1+z —pidy) 1+z 2

o= () ™+ () ]

1 +Z¢‘(Ly) 1 +ZC(LV)

(10

and the functions z.(L, ) and p1(L, ) are specified by
2e(Ly) =25 x (L, /10% ergs™")*, (11)
pl(L,) = pl* + 7 x log(L,/10* ergs™"). (12)

The best-fitting parameters derived by Ajello et al. (2014) are
p2=-74,7" =134, 0 =4.53 x 1072, pI* =2.24 and v = 4.92.

This parametrization captures the basic features of the y-ray
emitting BL Lac evolution. In particular, low-luminosity sources
L, < 10* erg s~') are characterized by a negative evolution (i.e.
a density decreasing with z), while sources of higher luminosity
display a null or positive evolution.

! The sign of the exponents p1 and p2 in Ajello et al. (2014) is incorrect
(Ajello, private communication).
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Table 1. Parameters for the two realizations of the
model shown in Fig. 2. The three columns report the
normalization of the CR luminosity, the minimum
and the cut-off energy of the CR energy distribution.

Model Ly, Elin Ely
(ergs™) (eV) (eV)

All 3x 100 2x108 3x 10

Lowpower 3 x10*"  2x10% 23 x 10V

We consider that the BL Lac y-ray luminosity is in the range
10* erg s7! < L, < 10% erg s~!. Note that in the Fermi second
LAT AGN catalogue (2LAC; Ackermann et al. 2011), there are
sources classified as BL Lac objects with even larger L,, as also
assumed in the population study of Ajello et al. (2014). However,
as discussed in Ghisellini et al. (2011, see also Giommi, Padovani
& Polenta 2013; Ruan et al. 2014), these are instead intermediate
objects between FSRQ and BL Lacs or even misclassified FSRQ
whose beamed non-thermal continuum is so luminous to swamp
the broad emission lines. We suppose that the jets of these sources
do not develop an important layer and therefore we do not consider
them as neutrino emitters.

The assumed maximum luminosity is much below the break
luminosity L. The local luminosity function, equation (8), can
thus be well approximated by a single power law, (L, ,z = 0) «
LD, Recalling the relation between the neutrino and the y-ray
luminosity (L, o< Li), the neutrino luminosity density (equation 7)
can also be expressed as a function of the sole y-ray luminosity.
Therefore, we can express the contribution of the sources with a
given y-ray luminosity to the total neutrino background as

I(Ly) o< Ly j(Ly) < L, (L, 2) L, o L, (13)

from which I(L,) L'y'73, i.e. the resulting integral neutrino flux
is dominated by the most powerful sources.

3 RESULTS

3.1 Cumulative intensity

We apply the model described above to reproduce the observed
neutrino intensity. As noted above, the only free parameters of the
model are those specifying the proton energy distribution and the
total CR luminosity normalization: n, E.,, E;,, and L, ;. First, we
consider the case in which the entire BL Lac population is charac-
terized by the presence of a structured jet, fixing L, , = 10% erg s!
in equation (6). For the parameters reported in the first row of Ta-
ble 1, we obtain the diffuse spectrum shown by the solid black line
in Fig. 2 (upper panel), to be compared with the reported IceCube
data points from Aartsen et al. (2014). The abrupt cut-off at low
energy is an artefact due to the assumed abrupt truncation of the CR
energy distribution at low energy.

The grey lines show the contributions from BL Lacs in two dif-
ferent ranges of luminosity, namely 10*~10* erg s~! (dashed) and
10%°-10% erg s~ (long dashed). As expected from the consider-
ations above (Section 2.3), the total emission is dominated by the
most luminous sources, although their density is much smaller than
that of the low-luminosity ones.

The high-energy cut-off of the CR distribution is robustly fixed
to E/, =3 PeV by the IceCube upper limits at high energy. A
larger value would lead to overpredict the flux above few PeV.

MNRAS 451, 1502-1510 (2015)
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Figure 2. Upper panel: measured diffuse intensities of high-energy neutri-
nos (red symbols, from Aartsen et al. 2014). Red triangles indicate upper
limits. Grey data points show the fluxes for an increase of the prompt at-
mospheric background to the level of 90 per cent CL limit. The black solid
line reports the diffuse neutrino intensity calculated assuming that all the
BL Lac jets have a spine-layer structure. Grey lines report the contribu-
tions from sources with 10* erg s™! < L, < 10% erg s~! (dashed) and
10% erg s7! < L, < 10 erg s~! (long dashed). The blue lines report
the corresponding CR intensities, assuming efficient escape from the jet.
Orange (Apel et al. 2012) and cyan (Chen 2008) data points show the ob-
served high-energy CR spectrum. Lower panel: same as the upper panel but
considering only the sources with L,, < 10% erg s~!. Grey lines show the
contribution of sources with 10* erg s~ < L, <3x 10* erg s~! (dashed)
and 3 x 10" erg s™! < L, < 10%¥ erg s™! (long dashed).

Although clearly this value has been obtained through a fine-tuning
with the data, we note that it is consistent with the expectation
for the most powerful sources, for which the CR energy is likely
limited by photomeson losses (more in Section 3.2). The value
of the minimum CR energy E| is instead less constrained. The
lowest energy IceCube data point at 2100 TeV allows us to limit
E!., from above, E/. <20 x E,/8 ~ 10'* eV (we ignore the
cosmological redshift). The curves in Fig. 2 have been derived by
assuming E/. =2 x 10'3 eV, although lower values are allowed.
The flat spectrum points to a relatively soft CR spectrum, n = 2.8.

In the lower panel of Fig. 2, we report the case, similar to that
discussed in Paper I, in which only the jets of the weak BL Lacs —
operatively defined as the sources with L, < 10% erg s~! — develop
a layer. The CR power for a given y-ray luminosity, L’ _, increases
by a factor of 10 with respect to the previous case.

In Fig. 2, we also show the cumulative CR flux from BL Lacs

(blue lines) assuming efficient escape from the jet and efficient

’
p.0>

MNRAS 451, 1502-1510 (2015)

penetration within the Milky Way. For the case of all BL Lacs, the
flux is well below the measured level. For the case of HBL alone,
the flux is close to the limit fixed by the level recorded at the Earth.
This is because, if only low-power BL Lacs have to reproduce the
neutrino flux, they must contain a number of energetic CR which
is greater than if BL Lacs of all powers contribute, since, as noted
before, the photopion production efficiency f,, — and hence the
neutrino emission efficiency — increases with the jet power (or,
equivalently, with the y-ray luminosity) — i.e. low-power jets are
less efficient than high-power jets in producing neutrinos. For our
two models, the contribution of the BL Lacs to the CR in the 10—
3 x 10'® eV energy range is of the order of ~5 and ~50 per cent
for the ‘All” and the ‘Low-power’ case, respectively.

3.2 CR power

The CR luminosity required to match the observed flux is relatively
limited. The y-ray luminosity-dependent beaming-corrected power
in CR (similar to that valid for photons; e.g. Celotti & Ghisellini
2008):

2 5
Pr = ]"2> = Lp.oLJ’-44 FSZ (14)

s

is Pcp >~ 2 x 10¥L, 4 erg s™' (‘All’ case) and Pcr =~
2 x 10%L, 4 erg s~' (‘Low-power’ case). This value can be
compared to the beaming-corrected radiative luminosity, which
for blazars can be directly related to the observed y-ray lumi-
nosity (Sbarrato et al. 2012), Pyg = 3 x 1042L?,"Z& erg s™!. The
(y-ray luminosity-dependent) ratio between the two quantities is
thus & = Pcp/Pua 2 5 L)%, and ~ 50 L)%, for the two cases.
These values should be compared to £ ~ 100 assumed by Murase
et al. (2014) — although the possible existence of a curved CR dis-
tribution as that discussed by Dermer et al. (2014) should allow one
to reduce such a large value.

Since for blazar jets the ratio between the radiative and the kinetic
power (calculated assuming a composition of one cold proton per
emitting electron) is Prqg/Pjec ~ 0.1 (e.g. Nemmen et al. 2012;
Ghisellini et al. 2014), we can also assess the ratio between the jet
power (calculated neglecting the contribution of CR) and the CR
power, i.e. Pcg/ P 2 0.5 L7 forthe ‘All’ case and 10 times larger
for the ‘Low-power’ case. Therefore, even in the most conservative
case, the jet should be able to channel a sizeable part of its kinetic
power into CR acceleration. As a consequence, the total jet power
should increase by a corresponding amount with respect to the
current estimates.

3.3 Neutrino point sources

Having calculated the expected cumulative neutrino flux, we can
also derive the expected number of events detectable by IceCube
from a given BL Lac object. This is particularly valuable in view of
the identification of the possible astrophysical counterparts of the
detected neutrinos and to test our model.

To this aim, first of all we calculate the theoretical differential
neutrino number flux at the Earth from a generic source of neutrino
luminosity L, at redshift z as

dN _ L\I[E\I(l + Z)]
dtdE,dA ~  4nd? E,

¢(E,) = , (15)

where d| is the luminosity distance. We derive the expected Ice-
Cube rate convolving the flux with the energy-dependent IceCube
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Figure 3. Expected IceCube count rate (events/year) for the 2LAC BL Lac
as a function of the y-ray luminosity for the ‘All’ (upper panel) and the
‘Low-power’ (lower panel) scenario, respectively.

effective area A.r. We used the angle-averaged point-source effec-
tive area provided by Yacobi, Guetta & Behar (2014). Note that,
due to different cuts and analysis thresholds, this effective area is
larger (by a factor of &5) than the effective area associated with
the IceCube analysis of the diffuse background given in Aartsen
et al. (2013a). Finally, we derive the number of events expected
with an exposure of 3 years (corresponding to an effective exposure
of Texp =998 d):

N, = Tug / Aut(E)B(E,) dE, . (16)

For consistency, we first checked that our two models represented
in Fig. 2 provide about 30 events detected in 3 years (Aartsen
et al. 2014). We then applied the procedure using the BL Lacs
belonging to the 2LAC? (Ackermann et al. 2011) with measured
redshift. For each source, the y-ray luminosity is derived converting
the flux provided by the 2LAC using the procedure described in
Ghisellini, Maraschi & Tavecchio (2009). The y-ray luminosity is
then converted into the luminosity in neutrinos L,(E,) according
to our model. The resulting event rates (N, /Te, in units of yr~')
for the sources, as a function of L,, are reported in Fig. 3 for the
two scenarios. The numbers of events for the exposure of 998 d
N, for the five brightest sources and for the two possible scenarios
explored above are reported in Table 2.

For the °‘All’ scenario, the brightest three to four sources are
characterized by a rate sufficient to allow the detection of several

2 http://www.asdc.asi.it/fermi2lac/
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Table 2. List of the BL Lacs and the ex-
pected neutrino counts for an exposure of 3 yr
and the two scenarios described in the text.

Source z N, (998 d)
All
PKS 2155-304 0.116 45
PKS 0447—-439 0.205 3.7
PKS 0301243 0.26 2.7
1H 1013+498 0.212 1.4
S4 09544-65 0.367 1.0
Low power
Mrk 421 0.031 4.9
1ES 0806—05 0.137 1.0
RXJ 0159.5+1047  0.195 0.7
1ES 19594650 0.047 0.6
1ES 2322—-409 0.1735 0.5

events with a relatively prolonged exposure. The most probable
candidate is PKS 2155—304 (see below). On the other hand, if only
low-power BL Lacs are considered, the situation is different, with
one source — Mrk 421 — expected to be clearly detectable and with all
the other sources with a smaller flux, providing N, /Texp, < 0.5 yr*I.

An obvious caveat is in order when considering this result. This
calculation, although applied to single sources, is built on our results
based on the averaged characteristics of the BL Lac population (be-
sides our model assumptions). Furthermore, the y-ray luminosity
of the 2LAC is an average over 2 years of observations. Given these
limits, our procedure cannot consider source peculiarities or mid-
term variability, particularly relevant for the high-energy emission
of luminous BL Lac objects (e.g. Abdo et al. 2010).

Given these limitations, it is however possible to note a clear
difference between the two cases: in the ‘All’ case there is a bunch
of relatively bright neutrino BL Lacs — those with the highest power.
For the ‘Low-power’ case, instead, Mrk 421 largely dominates over
the other sources. A remark concerns the case PKS 2155—304, the
first entry in Table 2 for the ‘All’ case, which is the only HBL
of this list. Indeed, as we noted above, the neutrinos reaching the
Earth are preferentially produced by the most powerful sources
which preferentially are of the IBL or LBL type (e.g. Ackermann
etal. 2011; Giommi etal. 2012). PKS 2155—304 is clearly an outlier
of this general trend, displaying an SED typical of HBL (i.e. the
synchrotron peak in the soft X-ray band) but with a luminosity much
larger than that of the averaged HBL population. Given the link that
we assumed between the electromagnetic and neutrino output, this
peculiarity shows up also in the neutrino window. In Fig. 4, we
report in detail the SED and the expected neutrino output for this
source. In the SED, we also report the IceCube sensitivity curve for
3 years, scaling that provided in Tchernin et al. (2013) for one year
and about half of the detector (IC-40 configuration). Clearly, the
flux limit is very close to that theoretically expected.

Recently, Ahlers & Halzen (2014) performed a calculation aimed
to assess the possibility to single out neutrino sources with IceCube,
considering different possible source scenarios and taking into ac-
count the details of the IceCube instrument (e.g. background, statis-
tics). They also consider blazars as possible sources, adopting the
local density and the cosmological evolution valid for the most pow-
erful blazars, i.e. FSRQ. Comparing the neutrino flux they derived
for single sources with the upper limits on the flux of the weak
BL Lac Mrk 421 and Mrk 501, they conclude that a blazar origin is
disfavoured. However, as said, their calculations are clearly tuned
for FSRQ, not BL Lacs, which display quite different cosmological

MNRAS 451, 1502-1510 (2015)
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Figure 4. SED of PKS 2155-304 (green points — taken from
http://www.asdc.asi.it — and solid grey line). The red solid line shows the
expected neutrino emission expected in our model for the ‘All BL Lac’ case.
The blue line tracks the corresponding layer emission. The black dashed
line marked ‘IceCube, 3 yr’ displays the estimated flux limit for IceCube,
obtained scaling the sensitivity curve provided in Tchernin et al. (2013).

density and evolution. Indeed, a calculation based on the BL Lac
demography provides results compatible to those presented here
(Ahlers, private communication.).

4 DISCUSSION

We have presented an extension of the scenario envisaging the
production of high-energy neutrinos in the structured jets of BL
Lac objects sketched in Paper I. The key ingredient is the relativistic
boosting of the radiation produced in the layer in the spine frame
(Ghisellini et al. 2005; Tavecchio & Ghisellini 2008), which entails
the increased efficiency of the photopion reactions and the following
neutrino emission. We stress that the synchrotron photons produced
in the spine provide a rather small contribution to the total density of
soft target photons. In the absence of a layer — in one-zone models
— one should thus adopt larger CR luminosities to reach the level of
the neutrino diffuse flux (see also Murase et al. 2014).

The observational evidence supporting the idea that BL Lac (and
radiogalaxy) jets are structured outflows — i.e. with a faster spine
surrounded by a slower layer — is steadily accumulating. The de-
celeration of the flow after the blazar region expected for this con-
figuration offers the simplest explanation of the anomalous lower
apparent speeds inferred for jets of TeV emitting BL Lac through
VLBI observation (Piner & Edwards 2004; Piner, Pant & Edwards
2008). Likely, a spine-layer system is the most natural description
of the limb brightening displayed by several BL Lac (Giroletti et al.
2004, 2008; Piner, Pant & Edwards 2010; Piner & Edwards 2014)
and radiogalaxy (e.g. Miiller et al. 2014; Nagai et al. 2014) jets at
VLBI resolutions. Strong independent — although indirect — support
is provided by arguments from the unification scheme of BL Lacs
and Fanaroff—Riley type I (FR I) radiogalaxies (e.g. Chiaberge et al.
2000; Meyer et al. 2011; Sbarrato et al. 2014). Indeed, while large
Lorentz factors (I' &~ 10-20) are required to model the BL Lac
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emission (e.g. Tavecchio et al. 2010), the emission properties and
the number density of radiogalaxies instead favour low (I" & 3-5)
bulk Lorentz factors. The structure jet scenario easily solves this
problem: depending on the jet viewing angle, large or low Lorentz
factors are inferred for BL Lac (dominated by the spine) or ra-
diogalaxies (for which the layer contributes most to the emission),
respectively.

There is relatively small number of cases for which some con-
straints to the structural parameters of the layer can be derived (e.g.
Tavecchio & Ghisellini 2008, 2014). In our work, we assumed a
phenomenological view, tuning the layer properties (bulk Lorentz
factor, emitted spectrum) so that we can reproduce at best the ob-
served neutrino flux. An improvement of present knowledge could
help in better test our proposal.

One is naturally led to wonder whether misaligned BL Lacs —i.e.
FR I radiogalaxies, according to the classical unification scheme
for radio-loud AGN (e.g. Urry & Padovani 1995) — could also
contribute to the observed neutrino background (see also Becker
Tjus et al. 2014). In this case, one expects that the close-by ra-
diogalaxies Cen A, M87 and NGC 1275 — also observed to emit
TeV photons (Aharonian et al. 2006, 2009; Aleksi¢ et al. 2012) —
should be optimal candidates for a direct association with IceCube
events (recall also that Cen A is also possibly associated with a
handful of UHECR detected by Auger; Abraham et al. 2007). For
all three sources, however, quite stringent upper limits are derived
(Aartsen et al. 2013b). In the structured jets scenario adopted here,
the electromagnetic emission from the inner jet of radiogalaxies
(at least at high energies, see below) is likely to be dominated by
the layer, since, due to the large viewing angle, the more beamed
spine radiation is deboosted as observed from the Earth. Analo-
gously, we expect that possible neutrino emission from the layer
would dominate over that of the spine in case of misaligned jets.
As for the inverse Compton emission (e.g. Tavecchio & Ghisellini
2008), the dominant radiation field for the photopion reaction is
expected to be that of the spine, boosted in the layer frame by the
relative motion. For M87 and NGC 1275, the application of the
spine-layer scenario (Tavecchio & Ghisellini 2008, 2014) suggests
that the high-energy y-ray component is produced in the layer,
while the low-energy non-thermal emission is rather due to the (de-
boosted) spine emission. In this case, we therefore have a direct
handling on the spine radiation field. For all the aforementioned
radiogalaxies, this low-energy component peaks in the IR band,
around €, =~ 0.1eV. Therefore, in order to allow the photome-
son reaction, proton energies should exceed (we neglect the small
Doppler shift) E, 2 m,m,c*/e, ~ 10'8(€,/0.1 eV)~' eV, implying
that the resulting neutrinos have energies exceeding E, 2 50 PeV,
well above the energies of neutrinos considered here. If such high
energy for protons is attainable, upcoming new detectors extending
beyond the IceCube band (ARA, Allison et al. 2012; ARIANNA,
Barwick 2007; ANITA, Gorham et al. 2009; EVA, Gorham et al.
2011) could thus be able to detect neutrinos from the layer of nearby
radiogalaxies.

An attractive feature of our scenario, especially in the case for
which the entire BL Lac population contributes to the observed flux,
is the moderate required power in CR. Indeed, while it is typically
assumed that the CR luminosity greatly exceeds that in radiation
(e.g. Murase & Nagataki 2006; Murase et al. 2014), we found that
aratio Pcr/Prag & 5 can match the observed flux. In turn, the ratio
between the CR power and the kinetic power —as derived through the
modelling of the observed emission with standard leptonic models,
e.g. Ghisellini et al. (2014) —is Pcr/Pjec S 1. In case of fast cooling
of the accelerated electrons, Pcr /Py,q directly provides a measure of
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Figure 5. Acceleration and cooling time-scales (in the spine rest frame)
expected for high-energy protons on BL Lac jets. Red lines show the pho-
tomeson time-scale 7, for three different values of the y-ray luminosity.
Blue lines show an estimate of the acceleration time-scale for three values
of the ratio of magnetic field to acceleration efficiency, B/n. The horizontal
line is the adiabatic time-scale for a radius R = 10" cm.

the electron-to-proton luminosity ratio, f, ~ P.,q/Pcr. Theoretical
expectations indicate values f. < 1, (e.g. Becker Tjus et al. 2014 and
references therein), consistent with our findings. The fact that the
CR power can be a sizeable fraction of the jet power could perhaps
be linked to the deceleration of the jet from sub-pc to pc scale as
inferred from VLBI observations (e.g. Piner & Edwards 2014). We
also recall that propagating CR beams produced by BL Lac jets
have been invoked to explain several peculiarities of low-power
BL Lac jets (the so-called extreme HBL), in particular their hard
and slowly variable TeV emission (e.g. Essey et al. 2010; Murase
et al. 2012; Aharonian et al. 2013; Tavecchio 2014).

It should be remarked that the CR power sensitively depends on
the minimum energy. In our modelling, we assumed E/,;, ~ 103 eV,
as limited by the observed low-energy data points. Lower values
are not excluded, of course, possibly increasing the energy budget.
A related point concerns the required maximum CR energy. The
IceCube upper limits robustly fixed the (spine rest frame) maximum
energy to few PeV.

As noted above, the IceCube upper limits above 10 PeV robustly
constrain the maximum energy of the parent CR to few PeV. Since,
at least in the °‘All’ case, the photomeson efficiency f,, can be
close to 1 for the most powerful sources, it is tempting to relate
the derived maximum energies to the equilibrium between losses
and gains suffered by CR, expressed by the equality between cool-
ing and acceleration time-scales foo] & fyc. In Fig. 5, we show
the characteristic cooling and acceleration time-scales for different
parameters (see e.g. Aharonian 2000). Photomeson cooling times
are shown for three different values of the y-ray luminosity. The
acceleration time-scale is parametrized by the Larmor radius of the
accelerated CR, r: 1, (E;) =nrp/c >~ 1.36 x 10’°nE;sB~" s.
The parameter n — depending on the details of the acceleration
process and microphysical parameters — is not well known (e.g.
Rieger, Bosch-Ramon & Duffy 2007) but it should be in the range
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n = 10-100. We report three different curves, corresponding to
values of the ratio B/n bracketing values suitable for BL Lac jets.
Adiabatic losses are accounted for by using the adiabatic cooling
time expected from jet expansion (Tavecchio 2014). Considering
the most powerful jet, L, = 10 erg 7!, and above E, ~ 10'* eV
the cooling time is ruled by photomeson losses. The expected max-
imum energies for the considered range (defined by the intersection
of the curves for photomeson losses and those for acceleration) of
B/n is El’3 ~ 3 x 10'*—10'¢ eV. Low-power sources, instead, are
characterized by a less important photomeson cooling. In this case,
the dominating losses are the adiabatic ones, defining a similar range
El’3 ~ 3 x 10'=3 x 10'® eV. In both cases, typical energies around
the PeV range should be expected.

We provided a list of the sources with the largest expected neu-
trino flux, which are the best candidates to be detected as point
sources by IceCube. The kind and the characteristics of the sources
are quite different in the two scenarios. In the case in which neu-
trino emission occurs in all the BL Lac population, the brightest
sources are those with powerful jets (IBL and LBL type) located at
relatively large redshift (z ~ 0.2). The most probable source is PKS
2155—304, an HBL with an atypically large luminosity. In the case
in which, instead, only low-power jets have an efficient layer, the
most probable sources associated with neutrino events are HBL at
low redshift. In both cases, we expect that the brightest sources
could have several associated neutrinos in the next few years.
If BL Lac objects are the sources dominating the extragalactic
neutrino sky, our model can thus be effectively tested by a more
extended IceCube exposure and the two options that we presented
could be effectively distinguished.

In this work, we have assumed that the entire diffuse emission is
related to BL Lacs, but we cannot exclude that the more powerful —
but more rare — FSRQ contribute to or even dominate the neutrino
background. However, as discussed by Murase et al. (2014) and
Dermer et al. (2014), the dominant UV ambient radiation field sur-
rounding the jetin FSRQ leads to predict that the bulk of the neutrino
output should be emitted above the PeV range. More accumulated
data will also permit to assess the role of FSRQ.
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