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The recent associations of neutrino events with blazars (e.g. TXS 0506+056, 3HSP

J095507.9+355101) provided a unique opportunity to study the possible physical connec-

tion between the multiwavelength electromagnetic and neutrino emissions. We present
SOPRANO, a new conservative implicit kinetic code which follows the time evolution of

the isotropic distribution functions of protons, neutrons and the secondaries produced
in photo-pion and photo-pair interactions, alongside with the evolution of photon and

electron/positron distribution functions. In the current work, we apply SOPRANO to

model the broadband spectrum of TXS 0506+056, 3HSP J095507.9+355101 and 3C
279 blazars. It was possible to constrain main physical parameters within both a pure

hadronic and lepto-hadronic scenarios.

Keywords: Radiation mechanisms; non-thermal–quasars; individual; TXS 0506+056,
3HSP J095507.9+355101 and 3C 279 – galaxies; jets – gamma-rays; galaxies

1. Introduction

In recent years, the discovery of very high energy neutrinos of astrophysical origin

by the IceCube experiment1–3 has opened a new window on very high energy sources

such as gamma-ray bursts (hereafter GRBs), active galactic nuclei (AGNs) and tidal

disruption events (TDEs). In 2017, the very high energy neutrino IceCube 170922A4

and its further association (confidence level of 3.5σ) with the blazar TXS 0506+0565

made clear that high energy protons, neutron and even possibly nucleons have an

important role to play in the dynamics and the radiation of relativistic jets.6–8

In the forthcoming years, it is expected that many more crucial data will be-

come available for high energy sources at all wavelengths, but more importantly at

very high energy. For instance, the MAGIC collaboration recently reported the first

observations of a GRB at energies above TeV with its observation of 190114C,9 and

several more are expected to be observed with CTA.10,11 In addition, upgrades of

existing neutrino facilities, with e.g. IceCube-Gen2,12 as well as new experiments

such as P-one,13 KM3Net14 and the Baikal-GVD,15 will allow for increasingly more

∗Current address.
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sensitive searches of the origin of very high energy neutrinos.16 Those experiments

should also help to establish more firm coincidental observations of neutrino bursts

with identified electromagnetic counterparts, thus allowing for models to be tested,

constrained, challenged and eventually ruled out.

In order to understand observations and constrain models of emission able to

explain very high energy neutrinos, it is necessary to perform self-consistent simula-

tions of the time evolution of hadrons distribution functions, together with following

the evolution of the photon and lepton distribution functions. This is a challenging

task since 1- the number of distributions is much larger (from two to fourteen al-

though some are trivial), 2- all equations describing the time evolution of particle

distribution functions are coupled in a non-trivial (and non-linear) way by many

complex processes that 3- have different time scales, requiring an implicit time dis-

cretization. The high number of distribution functions comes from the fact that

we also wish to follow the cooling and emission of charged secondaries (pion and

muons), preventing us from using semi-analytical expressions for the production

rate of neutrinos, see e.g.17

Over the years, several groups have developed numerical models to estimate

leptons, hadron and photon distribution functions in order to make predictions to

explain observations, either under the steady state approximation18–21 or for the

fully time dependent equations either for leptons only22 or adding protons.23–28

In this paper, we present our approach to the problem: a modular code solving

the time dependent isotropic kinetic equations which preserves the total energy of

the system as well as the number of particles where needed. The code structure is

modular such that processes can be added easily (or removed). It is also implicit so

numerical stability is achieved at all time.

The paper is organised as follows. In Section 2, we detail the processes included

in our numerical code and the associated kinetic equation. In Section 3, we provide

elements of the numerical discretizations in energy and time. In Section 4 we present

examples of the theoretical modelings obtained by SOPRANO. In particular, we

model the spectra of TSX 0506+056, 3HSP J095507.9+355101 and of 3C 279. The

conclusion follows.

2. SOPRANO: Simulator of Processes in Relativistic

AstroNomical Objects

In its current version, the code evolves in time the isotropic kinetic equations for

photons, electrons and positrons (considered as one species, see below), protons,

neutrons, charged and neutral pions, muons, neutrino and anti-neutrino of all fla-

vors. We summarize here all terms appearing in the kinetic equation for all particle

species. For the cross-sections used in SOPRANO see.29 In the photon distribution

function, we assign nph to be the number of photons per unit volume per hertz.

We further define Ni to be the number of particles of species i per unit volume per

unit Lorentz factor of particle i. Here i can be all leptons and all hadrons. Then, we
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define Nνi
the number of neutrinos of flavour i per units volume per GeV. Finally,

for the sink and source terms we assign Q and S, respectively. The contribution of

inverse Compton scattering is noted RIC for the photons and is a cooling term for

the leptons.

• Photons : they are created by synchrotron radiation from all charged par-

ticles, and by π0 decay. They are absorbed by pair production and redis-

tributed in energy by inverse Compton scattering. We neglect the absorp-

tion of photons in the photo-pion and photo-pair processes. The resulting

kinetic equation takes the form

∂nph

∂t
= −Sγγ→e+e− +Qπ0

+RIC +
∑
i

Qi
synch (1)

• Leptons : electron and positrons are considered a single species. They are

created by muon decay µ, by photo-pair production and photon pair pro-

duction. The also undergo synchrotron cooling such that the final kinetic

equation reads

∂Ne±

∂t
= Qµ +Qpγ→e+e− +Qγγ→e+e−CIC + Csynch (2)

• Protons : protons undergo cooling via synchrotron emission, Bethe-Heitler

photo-pair production and via photo-pair production. They are produced

by photo-pair interaction with neutron, and disappear for a fraction of

photo-pair interaction. The kinetic equation takes the form

∂Np

∂t
= Cpγ→pπ + Cpγ→e+e− + Csynch − Sγp→nπ +Qγn→pπ (3)

• Neutron : Neutron are produced in photo-pion production and disappear

in photo-pion interactions. The kinetic equation takes the form

∂Nn

∂t
= −Snγ→pπ +Qpγ→nπ + Cnγ→nπ (4)

• Charged pions : π+ and π− are produced by photo-pair production. Then,

they cool via synchrotron emission and decay. The kinetic equation for both

species takes the form

∂Nπ±

∂t
= Qpγ→π +Qnγ→π − Sπ + Csynch (5)

We note that we solve the kinetic equation independently for both species,

since the branching ratio in photo-pion production are different for negative

and positive pions.

• Neutral pions : the π0 kinetic equation is similar to that of charged pions

but without synchrotron cooling.
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• Muons : Muons are produced by the decay of charged pions. They are also

cooled by the synchrotron process and they decay. Therefore, the kinetic

equation is

∂Nµ

∂t
= Qπ± − Sµ + Csynch (6)

• Neutrinos and anti-neutrinos: neutrinos and anti-neutrinos are produced

in the decay of pions and of muons. We consider all 2 flavours ζ

∂Nν,ζ

∂t
= Qπ± +Qµ (7)

3. Numerical Discretization

The SOPRANO follows the evolution of distribution functions as a function of time

under the following simplificative assumptions: i) space is infinite and homogeneous,

ii) distribution functions are isotropic. For disretization, SOPRANO uses a flavour

of finite volume approximation based on the discontinuous Galerkin method. This

method fits nicely for solving integro-differential equations.

3.1. Energy discretization

In order to numerically solve the kinetic equations presented in Section 2, a numer-

ical grid for the energy of all particles is introduced. The grid element are equally

space in logarithmic of the energy.a The grid characteristics for each types of particle

are given by Table 1. We use the approach of the discontinuous Galerkin method.

On each energy cell I, we approximate the distribution function by a polynomial.

In the current version we restraint to first order and consider the Legendre polyno-

mial as basis function. Therefore, on each energy cell I, the distribution function is

approximated by

N I
i (x) = N I

i,0L
I
0(x) (8)

where the first order Legendre polynomial on the energy cell I is

LI
0 =

1√
xI+ 1

2
− xI− 1

2

≡ 1√
||I||

(9)

Here xI±(1/2) are the boundaries of energy cell I and where we introduced the

additional notation ||I|| = (xI+1/2−xI−1/2). An important properly of the Legendre

polynomial is that ∫
I

LI
0dx = 1. (10)

aNote that our numerical method do not require to have a uniform grid. Because it is based on
finite volume, we can refine the grid in one or several energy bands of interest. In this way, we
can provide more detailed results in those specific bands, while the rest of the domain is coarse

for faster numerical estimation.
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Table 1. Characteristics of the numerical grids used by SOPRANO

for the numerical models of this work. The cells are equally space in

logarithmic scale.

Particle Number of cells Minimum energy Maximum energy

Photons 150 ν = 10−2Hz ν = 1030 Hz

Leptons 130 γe± = 1.2 γe± = 5× 1013

Hadrons 100 γh = 1.2 γh = 1011

Neutrinos 100 Eν = 10−3 GeV Eν = 1011 Gev

In the following we will use interchangeably N I
i ≡ N I

i,0. We seek the weak formu-

lation of all kinetic equations presented below on all energy interval I. For this, we

multiply both sides of the equation by L0 and integrate over I. After simplification,

we obtain a system of differential equations for all N I
i,0. This specific discretization

and the structure of the kinetic equation allows us to retrieve a numerical method

which conserves energy and the number of particles when they are conserved.

3.2. Temporal discretization

Before discussing the temporal discretization, we note that the equation are non-

linear in the distribution function for Compton scattering, pair production, photo-

pion and photo-pair processes. We have decided to linearize the kinetic equation

of photo-pion and photo-pair processes by assuming that the target photon-field is

equal to the one at the previous time step, effectively making those process linear in

the distribution function. For all leptonic processes,b we preserve the non-linearity

of the kinetic equations and solve at each time step a non-linear system via Newton-

Raphson iteration. The temporal evolution of the distribution function is performed

with the implicit Euler.

The computation of one time step is done in the following form

(1) solve the linear kinetic equation for the protons since for photo-pion and photo-

pair processes the photon distribution function is assumed to be known and

given by its value at time t. The pairs created in the photo-pair processes are

saved to be use as a source term in the leptonic computation.

(2) compute the decay and cooling (when required) of pions and muons. The pairs

and photons created in the muon and pion decay are used as source terms in

the leptonic computation.

(3) perform the fully implicit leptonic computation with the source term computed

in the two previous steps.

4. Modeling of Blazar SEDs

The code SOPRANO, described in Section 2, is used to model the multiwavelength

SEDs of TXS 0506+056, 3HSP J095507.9+355101 and 3C 279. Two of these sources,

bThis is true for all process but synchrotron which is linear in the distribution function.
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TXS 0506+056 and 3HSP J095507.9+355101, coincide in space and time with the

IceCube 170922A4 and IceCube 200107A30 events, respectively. The other source,

3C 279, shows a prominent flare in the γ-ray band. In all modelings, the emission

region assumed to be a sphere with a radius of R′ which is moving with a bulk

Lorentz factor of Γ ∼ δ, carries a magnetic field with an intensity of B′ and a

population of relativistic particles. The magnetic jet luminosity is defined as

LB = πcR′2δ2
B′2

8π
, (11)

while for protons and electrons as follows:

Lp = πR′2δ2mpc
3

∫
γpQ

′
p(γp)γp, (12)

Le = πR′2δ2mec
3

∫
γe Q

′
e(γe) dγe, (13)

where c is the speed of light, mp and me are the proton and electron masses, while

Q′
p and Q′

e refer to proton and electron injection spectra, with the following forms:

Q′
p(γp) = Q′

0,pγ
−αp
p γp < γp,max. (14)

Q′
e(γe) =

Q′
0γ

−αe
e exp

(
− γe
γe,cut

)
γe,min ≤ γe ≤ γe,max,

0 otherwise,

(15)

where γe,min is the minimum injection Lorentz factor. All primed quantities refer

to the comoving frame. The distribution functions of protons and electrons evolve

via cooling and via interaction with photons, producing different signatures in the

broadband spectrum. Our aim is to identify those signatures and use them to con-

strain the emission mechanism within the framework of different scenarios. We also

assume that the injection power-law indexes are such that αe = αp. Once injected in

the emitting region, particles interact with the magnetic field and with the photons,

producing secondary particles, which themselves interact, radiate and decay, shaping

the broadband SED. The low energy component is interpreted as the synchrotron

emission of the primary electrons while the HE component is modelled either within

a pure hadronic model(hereafter HM) or a hybrid lepto-hadronic (hereafter hybrid)

model e.g.31,32 For the HM, the high energy peak on SED is formed due to the

proton synchrotron emission, however in the hybrid model, the high energy peak is

explained by leptonic processes and proton synchrotron emission is required to be

subdominant. The proton content is obtained by maximizing the neutrino flux at

PeV energies, which is constrained by the radiation from the secondaries produced

by the Bethe-Heithler and photo-pion processes. Indeed, it has long been speculated

that efficient neutrino production is associated with efficient Bethe-Heithler process,

creating a population of HE pairs, which can over-shine the tight constraints in the

X-ray band e.g., order of minutes.33 The system of kinetic equations is evolved for
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one dynamical time scale t′dyn ∼ R′/c considering the magnetic field to be constant,

and taking into account all relevant processes for particles interactions. Having esti-

mated the model parameters of each blazar SEDs, the corresponding neutrino flux

can be derived. The flux of muon neutrino, Fνµ
(Eνµ

), in all considered scenarios

is shown by the light blue line in Figures 1-3. When available, the neutrino flux is

compared with the limit imposed by the IceCube detector. This flux can be trans-

formed to the expected observed number of neutrinos in the IceCube detector using

its averaged effective area Aeff(Eµ), which is mostly a function of the incident neu-

trino energy. For 3HSP J095507.9+355101 and 3C 279, the average area from34 was

considered, while for TXS 0506+056 we used the area released after the observa-

tion of IceCube-170922A.c The effective area increases with energy and reaches its

maximal value for energies above several hundreds of PeV. The expected number

of muon neutrinos and anti-neutrinos is computed through

Nνµ+ν̄µ
= texp

∫ Emax,νµ

Emin,νµ

Fνµ
(Eνµ

)Aeff(Eνµ
) dEνµ

(16)

where the minimum and maximum energy of the neutrinos are Emin,νµ
= 100 GeV

and Emax,νµ
= 109 GeV, respectively, chosen to correspond the limits for the effec-

tive area. The expected number of neutrino events depends on the duration of the

source activity, texp, over which the neutrinos are emitted. The neutrino oscillation,

within the quasi-two neutrino oscillation assumption, is taken into account by

Nobs
νµ

= 0.575Nνµ + 0.425Nνe , (17)

where Nobs
νµ

is the observable distribution of muon neutrinos, while, Nνµ and Nνe

are the emitted muon and electron neutrino distributions.35

5. Results

The results of the SEDs modeling are shown in Fig. 1-3 with the Table 2 and 3.

TXS 0506+056: Two different periods are chosen for modelling: the single neu-

trino detection period,4 and the historical neutrino flaring period.5 The modeling

results are shown in Figure 1 and Table 2. Panels a) and b) of Figure 1 represent

the modeling of SED of the single neutrino event period, while panel c) and d) show

flare for historical neutrino flare SED modelings. The multiwavelength data from4

are modeled within a HM scenario in panel a). The corresponding model parameters

are given in Table 2. The sum of all components, represented by the blue line in the

top left panel of Figure 1, satisfactorily explains the observed data. The model over-

predicts the radio data, but by taking into account the synchrotron self-absorption

effect,29 the model is in agreement with the data. The modeling parameters given

in the first column of Table 1 are in the range of similar estimations for blazars in

general and for TXS 0506+056 in particular. A Doppler factor δ = 20 and a radius

chttps://icecube.wisc.edu/science/data-releases/
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R′ = 2.5× 1015 cm were used in our modeling. This is in agreement with the limits

on the variability time of 105s presented in.36 We note that when δ = 10 or 15,

the data can also be well reproduced by the model. The initial injection power-law

index of the emitting electrons is αe = 2.1, a value that can be formed by shock

accelerations, e.g.37 Due to the high magnetic field, B = 80 G, electrons are in the

fast cooling regime and their distribution function is a power-law with index αe+1.

The initial electron distribution extends up to γcut = 2.4× 103 (∼ 1 GeV) which is

representative of the acceleration and cooling time scales. Instead, protons cool less

efficiently and they could be accelerated up to much higher energies, i.e. γmax = 109

(9.4× 1017 eV), see.29

As an alternative model to HM or leptonic models, the hybrid model is also

applied to the SED of TXS 0506+056, shown in panel b) of Figure 1. The model

parameters are given in the second column of Table 2. The blue dashed lines rep-

resent the time evolution of the spectrum in selected numerical steps, which builds

and forms the overall SED, represented by the solid blue line after one dynamical

time scale. The synchrotron component peaking between 1-10 eV is up-scattered

by the relativistic electrons to produce the HE and VHE component. In contrast

to HM scenario, the magnetic field in the emitting region is B = 0.57G signifi-

cantly lower, therefore, electrons with Lorentz factor γe,min = 103 are not substan-

tially cooled within one dynamical time scale. For this hybrid model, protons do

not directly contribute to the observed SED, instead the contribution of secondary

electron-positrons dominates in the X-ray band, which puts constraints on the pro-

ton luminosity and as a consequence the neutrino luminosity. For example, if one

increases by 1.5 times the proton luminosity, the model would overshoot the X-ray

data, as shown by the dotted-dashed blue line in panel b) of Figure 1.

Further the results of the SED modeling obtained during the historical neutrino

flare of TXS 0506+056 is presented. Unfortunately, when 13 ± 5 neutrinos were

observed between October 2014 and March 2015,5 the multiwavelength coverage is

scarce. Yet, the flux upper limit of F < 9.12×10−12erg cm−2 s−1 derived from Swift

BAT observations38 introduces substantial difficulties for a one-zone modeling. In-

deed, the predicted number of neutrino events cannot be matched to the IceCube

observations38 and39 have shown that only few neutrino events could be detected

under different optimistic considerations for the emitting region and for the target

photon field (internal or external to the jet). Matching together the observed multi-

wavelength data and the neutrino data seems to require two zone models with more

free parameters.38,39

To accommodate the X-ray limit and try to account for the neutrino flux during

this flare, two different assumptions on the proton distribution function are made.

On the one hand, radiation from the secondaries can be constrained to be dominant

in the MeV band, in which there are no observational constraint. On the other hand,

radiation from the secondaries could be dominant in the GeV band and produce

the second HE hump. The SEDs of these two models are respectively shown in

panels c) and d) of Figure 1, with data from.39 Those two models lead to two very
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different sets of parameters for the emitting region, see column 3 and 4 of Table

2. The first model requires a large radius R′ = 1017cm and a slowly moving jet

with Doppler factor δ = 10, while the second model necessitates those parameters

to be R′ = 1015cm and δ = 15. The required magnetic field also significantly differs

between these two models with B = 35G for the first model, to be compared to

B = 0.65G for the second one. The first model tends to reproduce the neutrino flux,

albeit produces the peak at lower energies. The second model puts the neutrino peak

at larger energy, but is not able to reproduce the observed neutrino number. In both

interpretations, it is clear that the upper limit in the X-ray band imposes strong

constraints on the photon spectrum, which in turn limits the proton content in

the jet. Considering larger proton luminosity would lead to over-estimate both the

observed γ-ray flux and the X-ray upper limit.

Table 2. Parameter sets used for modeling the SEDs of TXS 0506+056, ob-
served in 2017 and during the neutrino flare in 2014-2015. The electon, proton

and magnetic luminosities are also given.

TXS 0506+056: 2017 TXS 0506+056: 2014-2015

Hadronic Lepto-hadronic Hadronic Lepto-hadronic

δ 20 20 15 10

R/1015 cm 2.5 10 1 100

B[G] 80 0.57 35 0.65

γe,min 100 1000 2× 102 9× 103

γe,cut 2.4× 103 4.5× 104 104 =γe,max

γe,max 3× 104 6× 104 8× 104 8× 104

αe 2.1 2.0 2.0 2.0

αp = αe 2.1 2.0 2.0 2.0

γp,min 1 1 1 1

γp,max 109 106 2× 108 1.2× 105

Le (erg s−1) 2.2× 1044 9.3× 1044 2.8× 1044 5.3× 1044

LB (erg s−1) 6.0× 1046 4.9× 1043 1045 1.6× 1045

Lp (erg s−1) 2.1× 1047 2.6× 1050 3.4× 1047 4.9× 1052

From the jet energetic perspective, the total jet luminosity in the case of TXS

0506+056, for the proton synchrotron model, shown on panel a) of Figure 1, is

Ltot = Lp +Le +LB = 2.7× 1047 erg s−1, which exceeds by one order of magnitude

the Eddington luminosity of ≃ 4× 1046erg s−1 for a black hole mass of 3× 108 M⊙,

as estimated for TXS 0506+056 using the absolute R-band magnitude.40 This is in

agreement with previous studies suggesting that in the case of proton synchrotron

models or models producing a high neutrino flux, the required jet luminosity exceeds

that of the Eddington limit.41 Within the hybrid model, matching the neutrino

flux with the neutrino event of TXS 0506+056, displayed on panel b) of Figure 1,

requires the jet luminosity to be ∼ 1050 erg s−1, significantly exceeding that of the

Eddington luminosity. Although the Eddington luminosity is not a strict limit and

super-Eddington luminosities were previously reported,42 this value is extremely

large. On the other hand, for the neutrino flare in 2014-2015, when assuming that
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Fig. 1. The multiwavelength SED of TXS 0506+056 during the neutrino emission in 2017 (upper

panels) and during the neutrino flare in 2014-2015 (lower panels) modeled within the hadronic

and lepto-hadronic hybrid scenarios. The solid blue line in all plots represents the sum of all
components which has been corrected for EBL absorption considering the model of.43

the emission from the secondary pairs solely dominates in the X-ray and γ-ray bands,

an unrealistically high luminosity of ∼ 1052erg s−1 is obtained. Indeed, matching the

high neutrino flux with the large radius (1017 cm) imposed by the modeling in this

case, requires a large protons density, hence the too large proton luminosity. In the

alternative interpretation, when the emission from the secondary pairs dominates

in the GeV band, a modest luminosity of 3.4× 1047 erg s−1 is estimated.

The expected numbers of neutrinos during the 6 months flare of TXS 0506+056

are 0.43 and 0.23 for the hadronic and hybrid scenarios, respectively. During the

2014-2015 neutrino flare, our most optimistic models predict 3.0-3.3 neutrinos for

a 6 months exposure time (note however that the IceCube observational window

was ∼ 110 days). Our results are in agreement with previous estimations for TXS

0506+056 and confirm that within a one-zone scenarios, 13 ± 5 events from the

direction of TXS 0506+056 cannot be explained.38,39

3HSP J095507.9+355101: It is the first time that the jet of an extreme blazar

is associated with a neutrino event,30 straightening the assumption that the jets of

this blazar type are potential sites for cosmic rays and even ultra-high energy cosmic

ray acceleration.44

The SED of 3HSP J095507.9+355101 is shown in Figure 2, where the multiwave-

length data are from.45 Optical, UV and X-ray data were acquired on the 8th, 10th

and 11th of January. However, since the data taken on the 8th and 11th of January
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seem to have the same flux and spectral shape,46 we only model the data from the

8th. The lack of available multiwavelength data does not allow to constrain the low

and high energy peaks, which hardens the estimation of the model free parameters.

A hint of a 20− 30 minutes variability has been found in the NICER and NuSTAR

data, but only at the ∼ 3.5 σ level.47 Therefore, the compactness of the emitting

region cannot be constrained. In order to keep the generality, the SED of 3HSP

J095507.9+355101 is modeled for two different parameter configurations. For the

HM, we consider R′ = 3×1014 cm and δ = 15, while for the hybrid model we assume

R′ ≃ 1016 cm and δ = 30. The all estimated parameters are shown in Table 3.

Fig. 2. The multiwavelength SEDs of 3HSP J095507.9+355101 on the the 8th and the 11th of

January (panels a) and b) on the top raw) and on the 10th of January (panels c) and d) on the
bottom raw). The data are taken from.45,46 The observed spectrum including all processes is

shown by the solid blue line. All models (solid blue lines) have been corrected for EBL absorption
considering the model of.43

The estimated muon neutrino rate for 3HSP J095507.9+355101, is within

6 × 10−4 − 4.8 × 10−3 per day. This implies that under this rate of emission, the

expected number of neutrinos to be detected by IceCube in a time corresponding

to the duration of the flare is very low. Such low neutrino estimation was obtained

also by the authors of,46 where they concluded that in the most promising scenarios,

there is a ∼ 1% to ∼ 3% to observe one neutrino over the time characteristic of the

long-term emission of 3HSP J095507.9+355101 (years).

3C 279: The broadband emission from the powerful FSRQs 3C 279 at redshift

z = 0.536 has characterized by high amplitude variability almost in all energy
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bands e.g., order of minutes,48 and in particular in the HE γ-ray band, which

present the fastest variability. On the 16th of June 2015, Fermi LAT observations

showed that 3C 279 was in an exceptionally bright state. The flux increased up to

3.6× 10−5 photon cm−2 s−1 with a flux doubling time on the order of 5 minutes.49

IceCube performed a time-dependent neutrino signal search correlated with this

γ-ray flare but no evidence for a signal was found.50 We apply SOPRANO to model

the SED of 3C 279 during its flare in the framework of the HM, when the second

peak dominates by proton synchrotron emission. The parameters of our modeling

are given in Table 3. Figure 3 shows the multiwavelength SED of 3C 279 taken

from,51 alongside with the results of our modeling. During the brightening, the

X-ray emission of the source appears with a hard photon index < 1.50, smoothly

connecting with the INTEGRAL data, described by a power-law with index 1.08.51

In the HE γ-ray band, the spectrum presents a power-law with photon index 2.21

with a turn over.52 We make the hypothesis that the HE component is produced

from a single mechanism. In our modeling it is interpreted as proton synchrotron

emission, represented by the red dashed lines in Figure 3. This interpretation re-

quires that protons are accelerated up to γp,max = 2.1× 108, see Table 3.

Fig. 3. The multiwavelength SED of 3C 279 during the exceptional flaring activity in 2015. The

contribution of different particle emission is shown by dashed lines whereas the thick solid line

represents the observed spectrum, corrected for EBL absorption considering the model of.43

The compactness of the emitting region implies a high efficiency for photo-pion

and photo-pair interactions, which inject energetic secondary pairs. The contribu-

tion of these pairs dominates above ∼ 10 GeV and peak at ∼ 100 GeV, as can be

seen by the blue dashed line in Figure 3. The synchrotron radiation of the primary

electrons peaks at ∼ 0.1 eV and its HE tail accounts for the observed optical/UV

data. These data constrain the cut-off energy to be relatively low, γe,cut = 2.4×102,

otherwise, for B = 70 G and δ = 55, the synchrotron radiation would overshoot

the observed flux in optical and UV bands. A similar hadronic modeling for this

flare is presented in51 and in.53 The neutrino rate for the considered flaring period
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is as high as 0.15 per day is estimated. However, for a relatively short period of the

source activity, from minutes to one day, no neutrino events in the IceCube detector

are expected, in agreement with.50

Table 3. Parameters used to model the multiwavelength SEDs of 3HSP J095507.9+355101

and 3C 279. The electron, proton and magnetic luminosity is also displayed.

3HSP J095507.9+355101 3C 279

January 8th January 10th

Hadronic Lepto-hadronic Hadronic Lepto-hadronic Hadronic

δ 15 30 15 30 55

R/1015 cm 0.3 10 0.3 10 0.32

B[G] 45 0.11 45 0.08 70

γe,min 104 100 5× 103 100 1

γe,cut 6× 105 2× 106 2× 105 7× 105 2.4× 102

γe,max 9× 105 6× 106 5× 105 6× 106 4× 102

αe 1.9 2.0 1.9 2 1.8

αp = αe 1.9 2.0 1.9 2 1.8

γp,min 1 1 1 1 1

γp,max 9× 108 106 9× 108 106 2.1× 108

Le (erg s−1) 1.2× 1044 1.6× 1044 7.3× 1043 2.1× 1044 1.9× 1044

LB (erg s−1) 1.5× 1044 4.1× 1042 1.5× 1044 2.2× 1042 5.7× 1045

Lp (erg s−1) 3.2× 1046 8.0× 1050 3.2× 1046 1.8× 1051 1.3× 1049

6. Conclusion

We have presented a new kinetic model of photo-hadronic and leptonic interactions

aiming at studying the emission of optically thin (for Compton scattering) scenar-

ios of relativistic sources (e.g., AGNs and GRBs). Our numerical solution of the

kinetic equations for protons, neutrons, pions, muons, neutrinos, pairs, and photons

conserves the total energy of the system as well as the number of particles where

required. The code takes as an input the spectral injection rate of the particles (e.g.,

electrons and/or protons), and compute the time evolution of all relevant particles,

including the secondaries, as they interact and cool, allowing the computation of

the broadband emission spectrum at any given period. In this paper, we have ap-

plied SOPRANO to model the SEDs of three blazars, two of which are potentially

associated to neutrino emission observed by IceCube. We have assumed different

models for the production of the HE component and compute in all cases the ex-

pected number of muon neutrinos. The time-dependent nature of the code allowed

to follow the evolution of all particles in one dynamical time scale and then assess

the proton content in the jet by using the radiative spectrum of either secondaries

or initial particles. This is necessary for the estimation of the expected number of

neutrinos. Such time-dependent treatment of the particle evolution enabled us to

constrain different scenarios of neutrino production by using the limits imposed by

the observations in different bands.
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