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Neutrino-emitting blazars may accelerate cosmic ray (CR) protons at the inner regions of the jet,
where most of the magnetic energy is likely to be dissipated. In this picture, the spectrum of the
neutrino output is shaped by the soft photon fields that the parent hadrons encounter before leaving
the source. In this work, we build a lepto-hadronic emission model based on particle acceleration
by magnetic reconnection along the jet propagation axis, in the transition from magnetically
to kinetically dominated flow. We employ the reconnection striped jet model to obtain the jet
properties at three characteristic emission regions and derive the associated electromagnetic and
neutrino output. We also perform Monte Carlo simulations for the propagation of CR protons
within the jet as an alternative method for calculating the neutrino flux. We apply this emission
model to interpret the 2017 multi-messenger event from the blazar TXS 0506+056 and we also

discuss applications of the model in the context of flat-spectrum radio quasars and BL Lac objects.
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1. Introduction

Blazars are likely high energy (HE) neutrino factories [1]. However, so far the acceleration
mechanism that energises the parent hadrons, as well as the location where the particle acceleration
process takes place in the jet, are issues not yet established. Currently, magnetic reconnection [2, 3]
and diffusive shock acceleration (DSA) [4] are perhaps the most invoked mechanisms to energise the
particles that produce the emission of blazars. In this contribution, we focus on the electromagnetic
(EM) and neutrino output of blazar jets driven by magnetic reconnection. This study is particularly
motivated by the recent test particle simulations of [5] in 3D relativistic magnetohydrodynamics
(RMHD) jets which suggest that fast magnetic reconnection driven by kink instability turbulence in
magnetically dominated jets [6] can accelerate cosmic-ray (CR) protons up to ultra-high-energies
(UHES).

The blazar emission is strongly influenced by the target radiation fields that surround the regions
of particle acceleration. Usually, the radiation of the putative dusty torus (DT) and broad-line region
(BLR) are considered as the relevant target radiation fields. In this work, we investigate the impact
of these target fields on the neutrino and EM output from magnetically dominated blazar jets. To
estimate the physical properties of the jet (such as the magnetic field, bulk Lorentz factor, and
magnetic dissipation power) as a function of the distance from the central engine, we follow the
reconnection striped jet model developed by [7, 8]. This model predicts the formation of magnetic
field reversals along the inner, magnetically dominated region of the jet (see Figure 1), which
allows, in principle, for fast magnetic reconnection development. Therefore, it may reproduce
similar effects as those found in the 3D MHD simulations of relativistic jets with kink-driven
turbulent fast reconnection [5, 6]. For this reason, we have adopted it to build the semi-analytical
multi-messenger (MM) emission model described below.

The striped jet model predicts a jet bulk Lorentz factor I'; that always increases along the
jet propagation axis to an asymptotic terminal value. On the other hand, the predicted magnetic
dissipation power Pg;ss peaks at a finite distance from the central engine (see Figure 1). For typical
parameters of blazars the peak of the dissipation power predicted by this model is attained beyond the
length scale of the DT. We then assume that the major contributions of the external radiation fields to
the blazar emission take place in the jet at the BLR and DT length scales. Based on this assumption
we build a lepto-hadronic emission model in which the blazar emission is a superposition of the
MM output from three characteristic regions, namely the length scales of the BLR, the DT, and
the location of the magnetic dissipation peak (see Figure 1). We employ the striped jet model to
obtain the jet properties at these characteristic locations and derive the associated EM and neutrino
output within a one-zone approximation in each region. Additionally, we also perform Monte Carlo
simulations of the propagating CR protons as an alternative and more precise method to obtain the
neutrino emission.

In the next section, we describe the general considerations for the target soft radiation fields
and the jet properties based on the reconnection jet model. In Section 3 we apply our MM emission
model to interpret the 2017 neutrino event from the blazar TXS 0506+056 and also to reproduce
the blazar sequence and its associated neutrino output.
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Figure 1: Top: Schematic representation of the three emission regions along the blazar jet defined by the
length scale of the broad-line region (BLR), the dusty torus (DT), and the location of the magnetic dissipation
peak (see the text.) The arrows represent the magnetic field reversals that allow for magnetic reconnection.
Middle and Bottom: Magnetic reconnection power and jet bulk Lorentz factor as a function of the distance
from the central engine as predicted by the striped jet model [7, 8]. The curves correspond to the model
parameters of the SED of Figure 3.

2. The properties of the blazar jet

We consider an AGN accreting mass at a rate M, that launches two opposite directed jets with
total mass loss rate MJ We parameterise the total jet power L; and the accretion disc luminosity
Lap in terms of the accretion rate in Eddington units 7, the terminal jet bulk Lorentz factor I's,, the
ratio gt = MJ /M,, and the mass M, of the central supermassive black hole (SMBH) as:

L; = TopuritMg(Ma)c?,  Lap = namMg(Ma)c?, 1)

where we fix the efficiency of the accretion disc luminosity asng = 0.1 and Mg = 1.4x10'8(M, /M)
g s~! is the Eddington accretion rate onto the central engine. We estimate the size of the BLR and
the DT with the scaling laws [9]:
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Figure 2: Left: Photon field densities in the jet co-moving frame at the three characteristic emission regions
(see the text) and corresponding to the parameters of the SED model presented in Figure 3. Right: Mean
free path curves of photo-hadronic interactions corresponding to the photon field densities displayed on the
left. The continuous curves are obtained with the step-like approximation for the photo-meson cross-section
described in [11], whereas the dotted curves are obtained with tabulated data for the photo-meson cross-
section and using the CRPropa3 tools!. The horizontal dashed lines indicate the size scale of each emission
region.

For simplicity, we consider the BLR and DT radiation fields as isotropic and uniform within the
radii given by equation 2 and non-effective as target fields outside these radii. In the rest frame
of the SMBH, the DT photon field is assumed as given by a normalised black body with specific
intensity
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with a dust temperature of 7ot = 500 K. For the BLR photon field we consider constant specific

intensities
LpLr

2 9
47rczBLR

“)

Cc
AvI, iR = EUBLR§ UpLr =

of energy bin widths Alog;o(E) = 0.1 centred at the H I and He II Lya atomic lines energies 10.2
eV and 40.8 eV, respectively. Following [10], we assume the total DT luminosity of Lpt = 0.5Lap
and the total BLR luminosity of Lgir = 0.1Lap for the HI line and of Lgyr = 0.05Lap for the He
II line.

In the left panel of Figure 2, we display an example of the target photon fields for photo-hadronic
interactions as seen in the jet co-moving frame for each one of the aforementioned characteristic
regions. Up to the BLR boundary, the target photon field is composed by photons from the BRL and
the DT as well as by photons produced within the jet, namely, synchrotron and inverse Compton (IC)
radiation, being the latter conformed by synchrotron self-Compton (SSC) plus external Compton
(EC). At the location corresponding to DT size, we neglect BLR photons since they impinge this
region from behind and thus we assume the target photons as conformed by the external DT photons
and the internal jet radiation (synchrotron plus IC photons). With a similar argument, external
photons are neglected at the location of the magnetic dissipation peak where we only consider
internal jet radiation as the target field. This approximation is valid provided the peak of magnetic
dissipation is well beyond the DT length scale, which is the case for all the models considered in
this work.

thttps://github.com/CRPropa/CRPropa3-data
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Following [7, 8], we estimate the magnetic field strength, the magnetic reconnection power,
and the bulk Lorentz factor of the jet in each one of the characteristic emission regions through the
following equations:

B? 4€? 1 - x(0)

P dy _ (- x@)*
Ar TS (Inin6i0)*me x*({)

dg X*(0)

k
1 -
Lj’ PdiSS = lﬂ] {L], ’ (5)
X
where x({) = Ij/Tw, B is the jet magnetic field in the jet co-moving frame, € = 0.1 is the
reconnection rate, ¢ = (2€z)/(Iminl'2), 0; is the opening angle of the jet assumed as conical, and
Imin = 100GM, /c?. We plot in Figure 1 the magnetic dissipation power and the jet bulk Lorentz

factor as a function of the jet propagation axis given by the equations above and corresponding to a
SMBH of mass M, = 3 x 10° Mg and jet terminal bulk Lorentz factor of I'o, = 32.8.

3. Electromagnetic and neutrino output

Following [7], we assume that a small fraction of the magnetic dissipation power energises non-
thermal particles accelerated by magnetic reconnection [5]. Under this assumption, we normalise
the energy density Up,e of primary protons and electrons in the jet co-moving frame as

NpePaiss = (T;0;2)*wcUp e, (©6)

with 7, < 1, and Up,e = f dEENp,e. For CR electrons, the particle distribution N. (particles
per unit volume, per unit energy) is obtained by solving the stationary transport equation. For
CR protons the particle distribution is obtained as I\7p = QpAt, where At = min{fesc, teool(E)},
being fec = 6jz/c, and tc‘olo , the total cooling rate due to proton synchrotron radiation, photo-
pion production, and photo-pair production (Bethe-Heitler process). The injection function of CR
protons Qp (particles per unit energy, per unit time, per unit volume) is parameterised as a power-law
(PL) with exponential cut-off, where the maximum energy is obtained by balancing the magnetic
reconnection acceleration rate with the proton energy loss rates. A similar injection function is
assumed for the primary relativistic electrons for which we additionally consider a smooth, broken
PL.

We then build a lepto-hadronic emission model where primary electrons accounts for most of
the EM blazar spectrum and CR protons, through internal cascades initiated by hadronic interactions,
provide neutrino output and a subdominant contribution to the EM spectrum. To account for the EM
radiation of hadronic origin we compute the emission within the jet from: (i) charged pion cascade,
(ii) neutral pion cascade, (iii) Bethe-Heitler cascade, and (iv) proton synchrotron. To evaluate the
internal gamma-ray absorption we consider that same target photon field that leads to photo-hadroic
interactions. To evaluate the gamma-ray attenuation due to the extragalactic background light
(EBL), we consider the Dominguez et al. [12] EBL model. Note, however, that other propagation
effects such as those of intergalactic magnetic fields [13], not considered here, can significantly
modify our SED models at the gamma-ray energies.

We display in Figure 3 an example of the MM blazar SED model described in this work. The
dashed curves in different colours represent the total EM flux (including leptonic and hadronic
components) produced in a given emission region, and the dotted curves are the respective neutrino
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Figure 3: Blazar lepto-hadronic SED emission model based on the magnetic reconnection striped jet model
(see the text). Curves above ~ PeV energies are neutrino fluxes. The dotted curves are obtained with analytic
homogeneous approximation and the step-like curves are obtained with Monte Carlo emission calculation
during 3D propagation of CR protons employing the CRPropa3 code (see the text). The overplotted data
corresponds to the simultaneous electromagnetic and neutrino measure of the TXS 0506+056 blazar reported
in [1].

fluxes. This SED model is obtained assuming a SMBH of mass M, = 3 x 10° M, accreting at
a rate of rin = 0.028 with a jet producing CR protons and electrons that represent the fractions
np =0.1and 77, = 6 X 1074, respectively, of the magnetic reconnection power (see equation 6) in
the characteristic emission regions.

We note that magnetic reconnection at the BLR length scale provides the main contribution
to the blazar low energy bump whereas the emission produced at the DT length provides the main
contribution to the blazar second bump. The emission produced at the magnetic dissipation peak
is negligible in all EM and neutrino emission bands when compared to the contribution from the
other regions. The radiation of the hadronic cascades contribute modestly to the high energy tail
of the EM spectrum as well as to the X-ray emission bands. The overplotted data in Figure 3 is
taken from [1] which corresponds to the 2017 simultaneous MM signal associated to the balzar
TXS 0506+056.

In addition to the afore-described lepto-hadronic emission calculations, we performed Monte
Carlo (MC) simulations employing the CPropa3 code [14] for the propagation and interaction of CR
protons within the jet emission regions. To set the simulation environment, we use the jet physical
properties, inferred from the semi-analytic SED emission model. We set a random magnetic field
background with a turbulence spectrum of index -11/3 (generated with the CRPropa3 code) and an
RMS strength equivalent to the magnetic field given by the semi-analytic model. This turbulent
magnetic spectrum is compatible with the 3D RMHD jet simulations of [6] and [5] employed to
calculate the acceleration of CRs by 3D magnetic reconnection. In these works, the jets undergo fast
magnetic reconnection triggered by a turbulent magnetic field that approaches a Kolmogorov-like
profile [6]. The mean free paths of photo-hadronic collisions employed in our MC simulation are
calculated as described in Figure 2. The neutrino fluxes that result from this MC approach are
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Figure 4: Blazar sequence trend derived from the magnetic reconnection, lepto-hadronic jet emission model
described in the text. The different curves correspond to different accretion rates onto the central black hole
in Eddington units as indicated in the legends. The blazar sequence from BL Lacs to FSRQs is reproduced
as the peaks of the SED models with increasing accretion rate shift from right to left, respectively. The solid
curves represent the total electromagnetic luminosity in the cosmic frame, whereas the dashed curves are the
associated neutrino emission.

plotted with the step-like curves in Figure 3. In order to obtain a more realistic MC simulation of
neutrino production, we aim to perform numerical radiative transfer to derive the target radiation
fields directly from the RMHD simulated jet. This ongoing investigation will be the subject of a
forthcoming publication.

Finally, we note that the lepto-hadronic jet emission model based on magnetic reconnection
acceleration discussed in these proceedings can be applied to interpret the emission of BL Lacs
and flat-spectrum radio quasars. In Figure 4, we reproduce the so-called blazar sequence trend
as a function of the dimensionless accretion rate s onto the central engine. To obtain the blazar

trend of Figure 4, we impose a dependence of the model parameters on 7z as 1 = M i/ M, oc i~

1/4

Ej, o i~ ! (the electron energy break), and ', oc 2/~ (the terminal jet Lorentz factor).
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