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A B S T R A C T 

Blazars are a rare class of active galactic nuclei (AGNs) with relativistic jets pointing towards the observer. Jets are thought to 

be launched as Poynting-flux dominated outflows that accelerate to relativistic speeds at the expense of the available magnetic 

energy. In this work, we consider electron–proton jets and assume that particles are energized via magnetic reconnection in 

parts of the jet where the magnetization is still high ( σ ≥ 1). The magnetization and bulk Lorentz factor Ŵ are related to the 

available jet energy per baryon as μ = Ŵ(1 + σ ). We adopt an observationally motivated relation between Ŵ and the mass 

accretion rate into the black hole ṁ , which also controls the luminosity of external radiation fields. We numerically compute 

the photon and neutrino jet emission as a function of μ and σ . We find that the blazar SED is produced by synchrotron and 

inverse Compton radiation of accelerated electrons, while the emission of hadronic-related processes is subdominant except 

for the highest magnetization considered. We show that low-luminosity blazars ( L γ � 10 
45 erg s −1 ) are associated with less 

po werful, slo wer jets with higher magnetizations in the jet dissipation region. Their broad-band photon spectra resemble those 

of BL Lac objects, and the expected neutrino luminosity is L ν+ ̄ν ∼ (0 . 3 − 1) L γ . High-luminosity blazars ( L γ ≫ 10 
45 erg s −1 ) 

are associated with more powerful, faster jets with lower magnetizations. Their broad-band photon spectra resemble those of flat 

spectrum radio quasars, and they are expected to be dim neutrino sources with L ν+ ̄ν ≪ L γ . 

Key words: acceleration of particles – neutrinos – radiation mechanisms: non-thermal – galaxies: active. 

1  I N T RO D U C T I O N  

Blazars are a rare class of active galactic nuclei (AGNs) with 

relativistic jets that are powered by accretion onto a central su- 

permassive black hole (Begelman, Blandford & Rees 1984 ) and 

are closely aligned to our line of sight (Urry & P ado vani 1995 ). 

They are the most powerful persistent astrophysical sources of non- 

thermal electromagnetic radiation in the Universe, and are promising 

candidate sources of other cosmic messengers like high-energy 

neutrinos (for a recent re vie w, see Murase & Stecker 2022 ). 

The spectral energy distribution (SED) of blazars, which extends 

from radio wavelengths to γ -ray energies, has a characteristic double- 

hump shape. The blazar SED is dominated by variable non-thermal 

emission, which is Doppler boosted as it originates in the relativistic 

jet pointing towards the observer. Depending on the location of 

the peak energy, ε pk , of the low-energy hump (in a εL ε versus ε 

plot), blazars are divided in three spectral subclasses (Abdo et al. 

2010 ): high-synchrotron peaked (HSP) blazars for ε pk ≥ 4 eV, 

intermediate-synchrotron peaked (ISP) blazars for 0.4 < ε pk < 

4 eV, and low-synchrotron peaked (LSP) blazars for ε pk < 0.4 eV. 

Historically, blazars were also divided in flat-spectrum radio quasars 

(FSRQs) and BL Lac objects (BL Lacs) based on the appearance 

of their optical spectra. The former class displays strong, broad 

⋆ E-mail: mpetropo@phys.uoa.gr (MP); dgiannio@purdue.edu (DG) 

emission lines, while the latter class has almost featureless optical 

spectra, showing at most some weak emission lines (for a recent 

re vie w, see P ado v ani et al. 2017 ). It is note worthy that all FSRQs 

are LSP blazars, with a few exceptions that belong to the ISP 

subclass. 

The observational differences between FSRQs and BL Lacs have 

been attributed to differences in the accretion flow of the central 

black hole. In particular, Ghisellini et al. ( 2011 ) and Sbarrato et al. 

( 2012 ) proposed that FSRQs have accretion discs with bolometric 

luminosity L d � 10 −2 L Edd , where L Edd is the Eddington luminosity 

of the central black hole. P ado vani et al. ( 2017 ) also stressed that 

the dividing line in L d / L Edd is meaningful in a statistical sense, as 

the blazar’s divide may also depend on other f actors lik e the black 

hole mass and spin. Moreo v er, a strong correlation between the jet 

luminosity and the accretion power was found (see e.g. Ghisellini 

et al. 2014 ), highlighting the jet-disc coupling in blazars. 

Giommi, P ado vani & Polenta ( 2013 ) suggested that some blazars 

with radiatively efficient discs ( L d / L Edd > 0.01) may appear as 

masquerading BL Lacs, simply because the optical emission lines are 

swamped by the non-thermal jet continuum (see also Georganopou- 

los & Marscher 1998 ). Notably, the first astrophysical source to be 

associated with high-energy neutrinos was the blazar TXS 0506 + 056 

(IceCube Collaboration et al. 2018a,b ), a masquerading BL Lac 

(P ado vani et al. 2019a ). Since then sev eral works hav e reported hints 

of possible associations between neutrinos detected by IceCube and 

blazars at different levels of statistical significance (e.g. Aartsen et al. 
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2020a ; Plavin et al. 2020 ; Hovatta et al. 2021 ; P ado vani et al. 2022a , c ; 

Buson et al. 2022 ). If at least some of these associations are true, then 

blazar jets should contain baryons that are accelerated to relativistic 

energies. 

Radiation models applied to multiwavelength observations of 

TXS 0506 + 056 (e.g. K ei v ani et al. 2018 ; Cerruti et al. 2019 ; 

Gao et al. 2019 ) and other individual sources of interest, like PKS 

0735 + 178 (Sahakyan et al. 2022 ) and PKS 1502 + 106 (Oikonomou 

et al. 2021 ; Rodrigues et al. 2021 ), are phenomenological with many 

free parameters, including those describing the accelerated particles, 

such as spectrum and total energy. These are left free to vary when 

modelling the SED in order to maximize the neutrino emission of the 

source (at energies rele v ant for IceCube). Moreo v er, e xternal photon 

fields, which are not directly visible, are often invoked to enhance the 

production rate of neutrinos (e.g. Reimer, B ̈ottcher & Buson 2019 ; 

Rodrigues et al. 2019 ). Despite the heterogeneous approaches used 

for the modelling of individual sources, some general conclusions 

can still be drawn. First, hybrid radiation models, where the SED 

is attributed to emission of accelerated electrons, and the radiative 

signatures of protons are not directly visible, are fa v oured for all 

blazar subclasses and, in particular, for LSP/ISP sources. Even 

though the electromagnetic emission of hadronic-related processes 

in these models is not imprinted on the SED, the proton power can 

still be constrained when modelling their putative neutrino emission. 

Secondly, the baryonic loading of jets, usually defined as the ratio 

of the bolometric luminosity in relativistic protons and the observed 

γ -ray luminosity, is 10 � L p / L γ < 10 5 , with higher values found for 

lower luminosity blazars. Thirdly, the ratio of the all-fla v our neutrino 

luminosity to the γ -ray luminosity, Y νγ = L ν+ ̄ν/L γ , is smaller than 

unity and has a decreasing trend with increasing L γ (see e.g. fig. 15 

in Petropoulou et al. 2020b ). These recent results raise the following 

question: is there a physically moti v ated scenario for blazar emission 

that could explain the trends of Y νγ with L γ while constraining the 

properties of the accelerated particles in the emitting region of jets? 

AGN jets are thought to be launched from the vicinity of a 

rotating accreting black hole as Poynting-flux dominated plasma 

outflows (Blandford & Znajek 1977 ). Ideal magnetohydrodynamic 

(MHD) models of magnetically dominated jets predict that the bulk 

acceleration of the jet takes place at the expense of its magnetization 

σ (i.e. the ratio of the Poynting flux and the total energy flux of 

the jet). This means that the jet bulk Lorentz factor Ŵ increases, as 

σ decreases, while the total energy flux of the jet remains constant 

in the absence of energy dissipation. Such magnetic acceleration 

is spatially extended and terminates when the jet becomes matter- 

dominated, i.e. σ < 1 (Vlahakis & K ̈onigl 2004 ; Komissarov et al. 

2007 ; Komissarov 2011 ). 

Observations of blazars reveal that their jets are characterized by 

a high radiative efficiency (e.g. Celotti & Ghisellini 2008 ; Ghisellini 

et al. 2014 ). If blazar jets were ideal MHD outflows, i.e. there 

was no mechanism in place for tapping the available jet energy 

and transferring it to non-thermal particles, then jets would simply 

not shine. If energy dissipation takes place in regions where the 

relati vistic bulk flo w remains Poynting dominated (i.e. σ � 1), then 

magnetic reconnection 1 is a more promising mechanism for particle 

energization than relativistic shocks (Sironi, Petropoulou & Giannios 

2015 ); for a recent re vie w, see also Matthews, Bell & Blundell 

( 2020 ). Both two-dimensional (2D) and 3D kinetic simulations of 

1 This is a process that liberates energy stored in magnetic fields during a 

topological rearrangement of the field lines. The energy is then transferred to 

the plasma, both via heating and acceleration of particles. 

reconnection in the relativistic regime ( σ ≥ 1) have shown that 

particles are efficiently accelerated into power -law distrib utions with 

slopes depending on σ (e.g. Guo et al. 2014 ; Sironi & Spitko vsk y 

2014 ; Werner et al. 2016 ). More specifically, hard power laws with p 

∼ 1.5 are found for σ ≫ 10, while p ∼ 2.5 −3 is found for σ ∼ 1 −3. 

Recent 3D simulations of reconnection find a weaker dependence 

of the slope on plasma magnetization, but with the same o v erall 

trend (Zhang, Sironi & Giannios 2021 ). This unique dependence 

of the particle distribution shape on σ is bound to have an impact 

on the observed jet emission (see e.g. Petropoulou, Coenders & 

Dimitrakoudis 2016 ; Christie et al. 2019 ). Meanwhile, the fraction of 

energy transferred to non-thermal particles does not strongly depend 

on σ , and can reach 50 per cent in pair plasmas or 25 per cent in 

electron–proton plasmas (Sironi et al. 2015 ). 

Recently, Rueda-Becerril, Harrison & Giannios ( 2021 ) proposed 

a fairly simple idea that could account for the observed spectra of 

blazars. According to this, all jets, regardless of their power, are 

launched with similar energy per baryon, μ. Using an observationally 

driven correlation between the accretion rate and the jet Lorentz 

factor, ṁ ∝ Ŵ 
s , Rueda-Becerril et al. ( 2021 ) proposed that FSRQs 

have faster more powerful jets, with moderate magnetization in their 

emission region, which results in steep particle energy distributions. 

BL Lac objects, on the other hand, are associated with less powerful 

and slower jets, which retain higher magnetizations in the region 

where particle energization occurs. The appealing aspect of their 

model is that all physical quantities can be traced back to two 

fundamental parameters of the jet, namely μ and σ . In this paper, 

we expand upon the work of Rueda-Becerril et al. ( 2021 ) by 

considering the radiative signatures of relativistic protons accelerated 

by magnetic reconnection in blazar jets. Contrary to other works 

where the properties of the relativistic particles, such as their injection 

spectrum and energy budget, are left free here we use physically 

moti v ated v alues that are connected to the plasma properties of the 

blazar jet. 

This paper is structured as follows. In Section 2 , we outline the 

model and the numerical code used. In Section 3 , we present our 

results on the expected electromagnetic and high-energy neutrino 

emission. We discuss our findings in Section 4 and conclude in 

Section 5 . 

2  M O D E L  

We are interested in computing the photon and neutrino emission 

from blazar jets using a physically moti v ated model with as few as 

possible free parameters. Our goal is to express important physical 

quantities, such as the jet luminosity, the magnetic field strength, 

the size of the emitting region, with at least two of the three main 

parameters: the jet magnetization ( σ ), the total energy to rest mass 

flux ratio of the jet ( μ), and the dimensionless accretion rate onto the 

black hole ( ̇m ). 

2.1 Main parameters 

The total energy flux per unit rest-mass energy flux, μ, is one of 

the integrals of motion (i.e. quantities that remain constant along 

magnetic field lines) in an ideal magnetohydrodynamical (MHD) 

axisymmetric outflow (Komissarov et al. 2007 ; Tchekhovsk o y, 

McKinney & Narayan 2009 ). For a cold outflow, where the pressure 

and internal energy is negligible compared to the rest mass energy 

of the plasma, μ can be written as 

μ = Ŵ(1 + σ ) , (1) 
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where Ŵ and σ are the bulk Lorentz factor of the flow and its 

magnetization, respectively. The latter is usually defined as 

σ = 
B 

′ 2 

4 πρ ′ c 2 
, (2) 

where B 
′ and ρ ′ are the magnetic field strength and mass density 

in the jet rest frame, respectively; henceforth, primed quantities 

are used to denote quantities in the jet rest frame. For jets with 

an electron–proton plasma composition, ρ ′ ≈ n ′ m p where n ′ is the 

comoving number density of cold electrons (or protons). According 

to equation ( 1 ), if all jets were launched with the same μ, those with 

lower magnetizations would be asymptotically faster, and vice versa. 

Moreo v er, equation ( 1 ) e xpresses energy conservation along the jet. 

MHD models of axisymmetric stationary outflows show that their 

bulk Lorentz factor increases with distance from the central engine 

at the expense of the outflow’s electromagnetic energy flux (e.g. 

Komissarov et al. 2007 ). 

The other main parameter in our model, which also distinguishes 

FSRQs from BL Lac objects, is the dimensionless accretion rate 

ṁ = 
Ṁ 

Ṁ Edd 

, (3) 

where Ṁ is the accretion rate onto the black hole and Ṁ Edd is the 

Eddington mass accretion rate. This is defined as 

Ṁ Edd ≡
L Edd 

ηd c 2 
, (4) 

where L Edd = 1.26 × 10 38 ( M /M ⊙) erg s −1 is the Eddington luminosity 

of a black hole with mass M , and ηd is the radiative efficiency of the 

disc. Accordingly, the bolometric disc luminosity is given by 

L d = ηd Ṁ c 2 = ṁ L Edd . (5) 

The radiative efficiency may vary from ∼6 to ∼40 per cent in 

different accreting re gimes. F or low enough accretion rates ( ̇m � 

0 . 02), the disc structure changes and becomes radiatively inefficient 

(see e.g. Maccarone 2003 , for state transitions in X-ray binaries). 

Here, we adopt ηd = 0.1 as a default value for all accretion 

rates considered ( ̇m ∼ 10 −5 − 1), and discuss the effects of a mass 

accretion-dependent radiative efficiency in Section 4 . 

Following Rueda-Becerril et al. ( 2021 ), we assume that the jet bulk 

Lorentz factor and the accretion rate are correlated. In particular, 

Lister et al. ( 2009 ) demonstrated that there is a strong correlation 

between the apparent jet speed and the apparent radio luminosity 

using a big sample of AGN that were observed with MOJAVE. Cohen 

et al. ( 2007 ) also investigated the correlation between the intrinsic 

jet luminosity and the Lorentz factor by performing Monte Carlo 

simulations, fa v ouring a positive correlation. Motivated by these 

results, and assuming a jet-disc connection, we use the following 

relation between ṁ and Ŵ 

ṁ 

ṁ o 
= 

(

Ŵ 

Ŵ o 

)s 

, (6) 

where s > 0. Rueda-Becerril et al. ( 2021 ) performed a series of 

simulations with dif ferent v alues of s , showing that their results did 

not change much for 2.4 ≤ s ≤ 3.5. Based on these results, we adopt 

s = 3 as our default value. Moreo v er, Lister et al. ( 2019 ) presented 

estimates of the distribution of maximum jet speeds using another 

MOJAVE sample of 409 radio-loud AGN, and it was found that Ŵ max 

≈ 50. Consequently, we set ( Ŵ o , ṁ o ) = (40 , 1) to co v er also cases 

with dimensionless accretion rates up to 2 (for selected values of μ

and σ ). Based on the abo v e, equation ( 6 ) can be rewritten as 

ṁ ≃ 1 . 6 × 10 −5 Ŵ 
3 = 1 . 6 × 10 −5 μ3 

(1 + σ ) 3 
, (7) 

where we used equation ( 1 ) to obtain the expression on the right-hand 

side. According to this equation, jets launched with the same μ and 

low magnetizations are powered by higher accretion rates, which in 

turn are associated with higher disc luminosities (see equation 5 ), 

and vice versa. 

2.2 External radiation fields 

A crucial parameter in our model is the radiation energy density 

produced by the emission of the Broad Line Region (BLR). This 

is believed to be reprocessed radiation from the accretion disc. 

Assuming that the emission is isotropic in the black hole rest frame 

with typical photon energy ǫBLR = 2 eV, the integrated BLR energy 

density is given by 

u BLR = 
ηBLR L d 

4 πcR 
2 
BLR 

, (8) 

where the BLR radius is estimated as R BLR = 10 17 L 
1 / 2 
d , 45 cm and 

ηBLR = 0 . 1 ηBLR , −1 is the co v ering factor (Ghisellini & Tav ecchio 

2008 ). Here, we introduced the notation q x = q /10 x (in cgs units). 

The non-thermal emission region is described as a spherical blob 

in the comoving frame of the outflow. We further assume that this is 

located, in all cases, close to the outer edge of the BLR at a distance 

R em = 0 . 9 R BLR = 2 . 8 × 10 17 ṁ 
1 / 2 L 

1 / 2 
Edd , 46 cm . (9) 

While the location of the γ -ray emitting region in AGN remains an 

open issue, our choice for R em is moti v ated by recent results about 

TXS 0506 + 056. P ado vani et al. ( 2019a ) showed using γ γ opacity 

constraints that the emission region cannot reside well within its 

BLR, but it should be closer to its outer edge. Ho we ver, it is still 

possible that R em > R BLR . We discuss in this case how our results 

would be modified in Section 4 . 

In a conical jet with half-opening angle θ j ∼ 1/ Ŵ, we can also relate 

the comoving radius of the emitting blob with Ŵ or ṁ as follows 

R 
′ 
b = R em θj ≃ 1 . 1 × 10 15 

(

ṁ 

1 . 6 × 10 −5 

)1 / 6 

L 
1 / 2 
Edd , 46 cm , (10) 

where we used equations ( 7 ) and ( 9 ). 

Moreo v er, the energy of BLR photons in the blob comoving 

frame is boosted as ǫ′ 
BLR ≈ ŴǫBLR and the comoving energy density 

reads u 
′ 
BLR ≈ Ŵ 

2 
(

1 + β2 / 3 
)

u BLR , where β = 
√ 

1 − 1 / Ŵ 2 . Using 

equations ( 7 ) and ( 8 ) and assuming β ≈ 1, the comoving energy 

density of external photons can be expressed as function of Ŵ or ṁ 

u 
′ 
BLR ≃ 

1 

18 π
Ŵ 

2 = 
1 

18 π

(

ṁ 

1 . 6 × 10 −5 

)2 / 3 

erg cm 
−3 . (11) 

2.3 Jet power and energy dissipation 

The jet power is ultimately connected to the accretion power (e.g. 

Celotti & Ghisellini 2008 ; Ghisellini et al. 2014 ) as 

L j = ηj Ṁ c 2 = 
ηj 

ηd 
ṁ L Edd , (12) 

where η
j is the jet production efficiency. As a reference value, we 

use ηj = 0.9 even though values as high as ∼1.4 are possible in 

specific accretion regimes and for maximally spinning black holes 

(e.g. Tchekhovsk o y, Narayan & McKinney 2011 ). 
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The power of a cold outflow is comprised of two main compo- 

nents, one related to matter (kinetic power, L kin ) and another one 

related to the electromagnetic fields (Poynting luminosity, L B ). The 

magnetization introduced in equation ( 2 ) can also be defined as 

σ = 
L B 

L kin 
= 

L B 

L j − L B 
. (13) 

From the equation abo v e, we can derive the comoving magnetic 

field strength 

B 
′ = 

(

4 σL j 

(1 + σ ) R 
′ 2 
b cβŴ 2 

)1 / 2 

. (14) 

Combining equations ( 7 ), ( 10 ), and ( 12 ), the comoving magnetic 

field turns out to be a function of σ alone, namely 

B 
′ = 

(

4 σ

(1 + σ ) cβ

)1 / 2 (
ηj 

ηd 

)1 / 2 

≃ 12 

(

σ

1 + σ

)1 / 2 
( ηj 

0 . 9 

)1 / 2 ( ηd 

0 . 1 

)−1 / 2 
G , (15) 

where β ≈ 1 was used when deriving the numerical value. This 

approximation breaks down for combinations of μ and σ that lead 

to Ŵ ∼ 1. For example, for μ = 50 and σ = 48.9, the magnetic 

field strength reaches a maximum value of ∼48 G and not ∼12 G 

as predicted by the approximate expression above. An even stronger 

magnetic field in the emitting region could be achieved, if this was 

located closer to the black hole (e.g. B 
′ ∼ 100 G for R em = 0 . 1 R BLR ). 

In non-thermal emitting astrophysical outflows there should be a 

mechanism in place for dissipating energy (carried by the matter in 

form of kinetic or thermal energy or by the electromagnetic fields) 

and transferring it into non-thermal radiating particles. Magnetic 

reconnection is often considered as a primary process for fast 

energy release and particle energization in magnetically dominated 

environments (for a recent re vie w, see Guo et al. 2020 ). 

The luminosity transferred to non-thermal electrons and protons 

(as measured in the comoving frame of the blob) can be related to 

the Poynting jet luminosity as 

L 
′ 
e = L 

′ 
p = f rec 

2 L B 

3 βŴ 2 
, (16) 

where f rec is the fraction of the dissipated magnetic energy that 

is distributed to relativistic particles. Using 2D particle-in-cell 

simulations, Sironi et al. ( 2015 ) estimated f rec for a range of plasma 

magnetizations (1 ≤ σ ≤ 30) and obtained an approximate relation 

for σ � 10 in electron–proton plasmas: f rec ≈ 0.25 σ /( σ + 2). For σ

∼ 1, the dissipation efficiency decreases slightly ( ∼0.1). Moreover, 

for σ � 10, the energy partition between relativistic protons and 

electrons is about the same, which justifies the use of the same f rec 

for both species. Because of the linear dependence of L 
′ 
e(p) on f rec 

and the fact that the efficiency changes only by a factor of 2.5 for the 

range of σ values we consider, we adopt f rec = 0.25 as a representative 

value in our calculations. 

Substitution of equations ( 7 ) and ( 13 ) into equation ( 16 ) with β ≈
1 yields 

L 
′ 
e(p) ≃ 2 . 4 × 10 41 σ

1 + σ

(

f rec 

0 . 25 

)

( ηj 

0 . 9 

)( ηd 

0 . 1 

)−1 

×
(

ṁ 

1 . 6 × 10 −5 

)1 / 3 

L Edd , 46 erg s −1 . (17) 

Given that ṁ ∝ Ŵ 
3 and μ = Ŵ(1 + σ ), we find that L 

′ 
e / p ∝ μσ/ (1 + 

σ ) 2 . Therefore, the relativistic particle luminosity is higher in jets 

with lower magnetizations and the same μ. This will have an impact 

on the radiative output of blazar jets, as we will show in Section 3 . 

2.4 Relativistic particle distributions 

Relativistic magnetic reconnection ( σ ≥ 1) is an efficient process for 

accelerating particles into broad power -law distrib utions (e.g. Sironi 

& Spitko vsk y 2014 ; Guo et al. 2014 ; Werner et al. 2016 ). Kinetic 

simulations of relativistic reconnection in 2D and 3D have shown 

that the slope p of the power -law distrib ution, p = −dlog N 
′ 
/dlog γ ′ , 

depends on σ with p < 2 for σ � 10, and p > 2 otherwise (e.g. Sironi 

& Spitko vsk y 2014 ; Guo et al. 2014 ; Werner et al. 2016 ). Moreo v er, 

proton and electron distrib utions ha ve similar slopes for σ ≫ 1 (e.g. 

Guo et al. 2016 ). While this has not been clearly demonstrated for 

σ ∼ 1 (e.g. Werner et al. 2018 ; Petropoulou et al. 2019 ), we assume 

that p e = p p = p for all values of σ we study. We select indicatively 

p ∈ { 3, 2.5, 2.2, 1.5, 1.2 } for σ ∈ { 1, 3, 10, 30, 50 } , while noting 

that differences of ∼0.3 in the derived slopes between simulations 

are found. 

Moti v ated by these results, we model the volumetric injection rate 

of relativistic particles as 

Q 
inj 
i ( γ ′ ) = Q 0 , i γ

′−p for γ ′ 
i , min < γ ′ < γ ′ 

i , max , (18) 

where γ ′ 
i , min / max are the minimum and maximum particle Lorentz 

factors, and Q 0 , i is a normalization factor. This can be derived from 

the particle injection luminosity (see equation 16 ), and reads 

Q 0 , i = 
4 L B f rec 

3 βŴ 2 V ′ m i c 2 I 
, (19) 

where i = e, p, V 
′ = 4 πR 

′ 3 
b / 3, and I is given by 

I = 

⎧ 

⎨ 

⎩ 

γ
′ 2 −p 
i , max −γ

′ 2 −p 
i , min 

2 −p , p �= 2 

ln 
(

γ ′ 
i , max 

γ ′ 
i , min 

)

, p = 2 
. 

In the reconnection region, the average energy per particle can be 

approximately written as f rec σm p c 
2 . Thus, the mean Lorentz factor 

of particles with rest mass m i is 

〈 γ ′ 
i 〉 ∼ f rec σ

m p 

m i 
. (20) 

The mean particle Lorentz factor of a power-law distribution with a 

finite energy range and slope p �= 2 is also written as 

〈 γ ′ 
i 〉 = 

1 − p 

2 − p 

γ
′ −p+ 2 
max , i − γ

′ −p+ 2 
min , i 

γ
′ −p+ 1 
max , i − γ

′ −p+ 1 
min , i 

. (21) 

For p > 2 (i.e. σ � 10) and assuming γ ′ 
max , i ≫ γ ′ 

min , i , we can 

determine the minimum Lorentz factor of the distribution using 

equations ( 20 ) and ( 21 ) 

γ ′ 
min , i ≈

2 − p 

1 − p 
f rec σ

m p 

m i 
. (22) 

If the abo v e e xpression yields v alues lo wer than 1, we set γ ′ 
min , i = 

1 . 25. The maximum Lorentz factor can be estimated through the 

balance of the acceleration and energy loss time-scales of particles. 

Particles can accelerate via the reconnecting electric field, E rec ∼
β rec B 

′ 
, where β rec ∼ 0.1 is the reconnection rate and B 

′ 
is the magnetic 

field strength of the unreconnected plasma. 2 The characteristic 

2 This is ∼
√ 

2 times lower than the average magnetic field in magnetic islands 

formed in the reconnection region (Sironi, Giannios & Petropoulou 2016 ). 
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acceleration time-scale can be written as 

t ′ acc ≈
m i γ

′ 
i c 

2 

eβrec B ′ c 
= ηacc 

r g 

c 
, (23) 

where r g is the gyroradius of a relativistic particle. Such fast 

acceleration (with ηacc ∼ 10) has been seen at the X-points of a 

current sheet in 2D simulations of reconnection (see Sironi 2022 , 

and references therein). Recently, Zhang et al. ( 2021 ) demonstrated 

using 3D simulations of reconnection that non-trapped particles also 

undergo fast acceleration with ηacc ∼ 10. Ho we ver, much slo wer 

acceleration processes of particles trapped within magnetic islands 

were also identified in large-scale 2D simulations (Petropoulou & 

Sironi 2018 ; Hakobyan et al. 2021 ). Being conserv ati ve, we use ηacc 

= 10 3 in our numerical calculations. 3 We then determine γ ′ 
max , i by 

solving numerically the following equation 

t ′ acc = 

⎛ 

⎝ 
∑ 

j 

t 
′ −1 
loss , j 

⎞ 

⎠ 

−1 

, (24) 

taking into account all the rele v ant energy loss processes for each 

particle species. While for electrons synchrotron radiation and 

inverse Compton scattering are the two competing energy loss 

processes in general, synchrotron cooling al w ays dominates at the 

highest energies. Protons could also lose energy via photopair and 

photopion production processes on jet photons and external radiation. 

Finally, for 1 < p < 2 and γ ′ 
max , i ≫ γ ′ 

min , i , we cannot determine 

anymore the minimum Lorentz factor from equation ( 22 ). Instead, we 

use γ ′ 
min , p = 1 . 25 and γ ′ 

min , e = 10 3 as indicati ve v alues. Our choice 

suggests that the power-law forms roughly abo v e the proton rest- 

mass energy. 

We summarize the model parameters in Table 1 where we distin- 

guish them in those used as an input to the numerical calculations 

and in those that are useful derived quantities. 

2.5 Numerical approach 

A useful approach for the study of non-thermal emission from 

time-variable astrophysical sources is the one involving solution of 

a system of differential equations describing the evolution of the 

radiating particle distributions (kinetic equation approach). 

The kinetic equations for a homogeneous emitting region con- 

taining relativistic particles of species i can be cast in the following 

compact form 

∂n ′ i ( γ
′ 
i , t 

′ ) 

∂t ′ 
+ 

n ′ i ( γ
′ 
i , t 

′ ) 

t ′ esc , i 

+ 

∑ 

j 

L 
j 
i ( n 

′ 
i , n 

′ 
k , t 

′ ) = 

= 

∑ 

j 

Q 
j 
i ( n 

′ 
i , n 

′ 
k , t 

′ ) + Q 
inj 
i ( γ ′ 

i , t 
′ ) , (25) 

where n ′ i is the differential particle number density, t ′ esc , i = R 
′ 
b /c 

is the particle escape time-scale, L 
j 
i is the operator for particle 

losses (sink term) due to process j , Q 
j 
i is the operator of particle 

injection (source term) due to process j , Q 
inj 
i is the operator for the 

injection of accelerated particles, and index i refers to protons (p), 

electrons/positrons (e), photons ( γ ), neutrons (n), and neutrinos ( ν). 

Note that the operators Q 
j 
i and L 

j 
i of two-particle interactions (e.g. 

inverse Compton scattering, photopair and photopion production 

processes) generally depend on the densities of two particle species i , 

3 For comparison, Rueda-Becerril et al. ( 2021 ) adopted ηacc = 10 6 , which 

resulted in smaller values of γ ′ 
max , e than those derived here. 

Table 1. Model parameters with their description and values. 

Parameter Symbol Value(s) 

Input 

Total energy flux normalized to 

rest-mass energy flux 

μ { 50, 70, 90 } 

Magnetization a σ { 1, 3, 10, 30, 50 } 
Power-la w inde x of accretion rate 

– bulk Lorentz factor relation 

s 3 

Disc radiative efficiency ηd 0.1 

Ratio of jet power to accretion 

power 

ηj 0.9 

Dissipated energy fraction 

transferred to relativistic particles 

f rec 0.25 

Power-law slope of particle 

distributions b 
p { 3, 2.5, 2.2, 1.5, 1.2 } 

Acceleration efficiency ηacc 10 3 

Minimum electron Lorentz factor γe , min 10 3 (for p < 2) 

Minimum proton Lorentz factor γp , min 10 0.1 (for p < 2) 

Black hole mass M BH 10 9 M ⊙
BLR photon energy ǫBLR 2 eV 

Derived 

Bulk Lorentz factor c Ŵ Equation ( 1 ) 

Accretion rate normalized to the 

Eddington rate 

ṁ Equation ( 7 ) 

Total jet power L j (erg s −1 ) Equation ( 12 ) 

Injection luminosity of particle 

species i 

L ′ i (erg s −1 ) Equation ( 16 ) 

Minimum Lorentz factor of 

particle species i 

γi , min Equation ( 22 ) (for p 

≥ 2) 

Maximum Lorentz factor of 

particle species i 

γi , max Equation ( 24 ) 

Blob radius R ′ b (cm) Equation ( 10 ) 

Magnetic field strength of 

unreconnected plasma d 
B 

′ 
(G) Equation ( 14 ) 

Doppler factor δ Equation ( 26 ) 

Notes. a For μ = 50 we use σ = 48.9. The magnetization σ refers to the 

unreconnected plasma at the jet location where dissipation takes place. The 

magnetization of the reconnected plasma, ho we ver, is close to unity (e.g. 

Sironi et al. 2015 ; Hakobyan et al. 2021 ). 
b In the same order as the values of σ listed abo v e. 
c Computed for each pair of ( μ, σ ) values. 
d It is taken to be the same as the magnetic field in the emitting region. 

k . The coupling of the equations happens through the energy loss and 

injection terms for each particle species, and guarantees that the total 

energy lost by one particle species (e.g. protons) equals the energy 

transferred to other particles (e.g. pairs, neutrinos, and photons). 

The main physical processes that are included in equation ( 25 ) 

(for each stable species) are summarized below: 

(i) Electr ons/positr ons : synchrotron radiation, inverse Compton 

scattering on synchrotron and external photons (using the full cross 

section), escape. 

(ii) Protons : synchrotron radiation, photopair (Bethe-Heitler) pro- 

duction process, photopion production process, escape. 

(iii) Photons : synchrotron radiation, synchrotron self-absorption, 

inverse Compton scattering, photon–photon pair production, neutral 

pion decay, escape. 

(iv) Neutrons : photopion production process, escape. 

(v) Neutrinos : photopion production process, escape. 

We compute the (comoving) photon and all-fla v our neutrino 

energy spectra by solving the kinetic equations described in equa- 

tion ( 25 ) until an equilibrium is reached (steady state), since we are 

not interested in the study of transient phenomena such as blazar 
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Figure 1. Doppler factor plotted against the jet bulk Lorentz factor for 

dif ferent v alues of μ and σ as indicated in the legend, assuming θobs = π /90 

(2 deg). The vertical dashed line marks the value 1/ θobs . The approximate 

relation δ = 2 Ŵ for Ŵθobs ≪ 1 is also shown (dotted line). 

flares. For the computations, we use the numerical code ATHE νA 

(Mastichiadis & Kirk 1995 ; Dimitrakoudis et al. 2012 ). Finally, we 

perform the appropriate transformations to obtain the spectra in the 

observer’s frame using the Doppler factor 

δ = 
1 

Ŵ(1 − β cos ( θobs )) 
, (26) 

where we set θobs = π /90 (2 deg). The Doppler factor as a function 

of Ŵ is plotted for reference in Fig. 1 for 15 pairs of ( μ, σ ) values. 

Emission from jets with σ ≤ 3 will undergo the strongest Doppler 

beaming, which will impact the observed luminosity as we will show 

in the next section. Note that for Ŵθobs ≫ 1 or equi v alently μθobs ≫
(1 + σ ), the Doppler factor begins to decrease. 

For completeness, we also list the parameter values used as input 

to the numerical code in tabular form in Appendix A . 

3  RE SULTS  

In this section, we present the results for 15 simulated blazars 

that were obtained using the code described in Section 2.5 for the 

parameter values listed in Table 1 . 

We begin by showing first the BLR luminosity (normalized to the 

Eddington luminosity) as a function of the jet Lorentz factor for all 

simulated blazars (see Fig. 2 ). For a fixed BLR covering fraction, as 

assumed here, and because of the adopted ṁ − Ŵ relation, we find that 

faster jets are associated with more luminous accretion discs and BLR 

emission. For comparison, we also indicate the value L BLR / L Edd ∼
5 × 10 −4 that roughly divides FSRQs from BL Lac objects according 

to Ghisellini et al. ( 2011 ). This so-called blazar’s divide implies 

that differences between FSRQs and BL Lacs reflect differences in 

the accretion regime (e.g. Ghisellini, Maraschi & Tavecchio 2009 ; 

Sbarrato, P ado vani & Ghisellini 2014 ). In what follows, we will 

refer to simulated sources with L BLR / L Edd ≫ 5 × 10 −4 ( σ ≤ 3) as 

FSRQs, and as BL Lac objects otherwise ( σ > 10). Therefore, a 

weak BLR is naturally present also in BL Lacs and can be used as 

a target photon field for both photohadronic interactions and inverse 

Compton scattering. Note that our results for σ = 10 (green points in 

figure) fall in the transition regime. We will also show in Section 3.1 

that the derived SEDs for σ = 10 fall in between the high-luminosity 

and low-luminosity simulated blazars. 

Figure 2. Ratio of the BLR luminosity and the Eddington luminosity 

(assuming M = 10 9 M ⊙ and a BLR co v ering factor of 0.1) as a function 

of the jet Lorentz factor for all parameter sets we considered. The horizontal 

dotted line indicates the characteristic value that divides FSRQs from BL 

Lacs according to Ghisellini et al. ( 2011 ). 

3.1 Photon and neutrino spectra 

We continue by showing results of photon SEDs and neutrino spectra. 

To highlight the main differences in the spectra of simulated blazars 

with low and high magnetizations, we show first in Fig. 3 the results 

for σ = 1 (left-hand panel) and σ ∼ 49 (right-hand panel) for μ = 50. 

In addition to the photon and neutrino spectra, we also plot the proton 

differential luminosity at injection, ε p L p ( ε p ) = δ4 ε ′ p L 
′ 
p ( ε 

′ 
p ) (where 

ε p = δε ′ p and ε ′ p = m p γ
′ 
p c 

2 ), and the BLR photon field (in the AGN 

rest frame), which is approximated by a grey body of temperature 

T BLR = ǫBLR /2.7 k B with energy density given by equation ( 8 ). 

The SEDs of the two blazars differ not only in bolometric 

luminosity but also in shape. The blazar with σ = 1 is several orders 

of magnitude more luminous than its high- σ counterpart. Most of 

its energy radiated as GeV γ -rays, and its low-energy component 

peaks in the far infrared (IR), which is consistent with the LSP 

classification (P ado vani & Giommi 1995 ; Abdo et al. 2010 ). The 

disc emission, which is not shown here, would be brighter than 

the BLR emission by a factor of η−1 
BLR = 10. Still, it would remain 

hidden below the non-thermal emission of the low- σ case. The high- 

energy component peaks at ∼1 GeV and is composed of synchrotron- 

self Compton (SSC) and external Compton (EC) emission, with the 

former emerging as a small bump in the X-rays. These spectral 

characteristics are consistent with those of FSRQs (see e.g. Abdo 

et al. 2010 ; Dermer et al. 2014 ). The high- σ blazar, on the other hand, 

is less luminous, its broad-band emission is synchrotron dominated, 

and has a ∼10 keV peak synchrotron energy. These features are 

reminiscent of low-luminosity HSP BL Lac objects. The contribution 

of EC emission to the high-energy component is negligible because 

of the weak BLR emission (not explicitly shown in the figure). 

The proton energy spectra (at injection) differ in these two cases by 

construction, since the power-law slope of particles accelerated via 

magnetic reconnection depends on σ (see Table 1 ). As a result, most 

of the energy is carried by low-energy protons in the low- σ case, 

as opposed to the high- σ case, where most of the energy is carried 

by the most energetic particles of the distribution. Moreo v er, the 

total injection luminosity in protons (and electrons for that matter) 

is higher in the low- σ blazar, since L e(p) = δ4 L 
′ 
e(p) ∝ μ5 σ/ (1 + σ ) 6 

assuming δ ∼ Ŵ (see also equation 16 ). 

In the low- σ case, any hadronic-related emission (i.e. proton 

synchrotron radiation, secondary leptonic synchrotron and inverse 
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Figure 3. Broad-band non-thermal photon spectrum (solid lines) and all-fla v our neutrino spectrum (dashed lines) for ( μ, σ ) = (50, 1) (left-hand panel) and 

(50,48.9) (right-hand panel). The differential proton luminosity at injection (dotted line) and the BLR photon distribution in the AGN rest frame (dash–dotted 

line) are also shown. For comparison, the photon spectra produced by primary electrons are o v erplotted (dash–dotted line). Solid faint lines show the photon 

spectra without internal γ γ absorption. No EBL γ -ray attenuation is included. 

Compton scattered (ICS) radiation, and γ -rays from neutral pion 

decays), is not visible in the broad-band photon spectra. In fact, 

the full spectrum (solid blue line) coincides with the one computed 

using emission from accelerated (primary) electrons (dash–dotted 

black line). Only when photon–photon absorption is omitted (for 

illustration purposes), does the hadronic contribution to very high- 

energy γ -rays ( � 100 TeV) become visible (compare solid and 

dash–dotted faint lines). These very energetic photons, which are 

produced from neutral pion decays, are attenuated in-source by lower 

energy photons. Moreo v er, the emission from the secondary pairs 

produced in this process is much less luminous than the primary 

leptonic emission, thus not altering the standard synchro-Compton 

spectrum. This is not true for the high- σ case though. Looking first 

at the unattenuated photon spectrum (solid faint blue line), we see 

two bumps in the range of 1 MeV to 100 GeV. The MeV peak is 

attributed to proton synchrotron radiation, which becomes visible 

due to the combination of the strong magnetic field in the emitting 

region, a high value of γ ′ 
max , p (see Table A1 ), and the hard proton 

spectrum (dotted green line) – see also Model B in Petropoulou, 

Vasilopoulos & Giannios ( 2017 ) for similar results. The second 

bump peaking at ∼10 GeV is produced by the SSC emission of 

primary electrons (see dash–dotted faint black line). Finally the bump 

at ∼10 PeV is the result of neutral pion decays. In this case, the 

hadronic-related spectral components have comparable luminosity 

to the primary Compton emission. As a result, the emission from 

secondaries produced by γ γ pair production modifies the γ -ray 

spectrum at � 1 MeV washing out the two bumps, and changes 

slightly the primary leptonic synchrotron component at energies � 

1 eV. 

While the electromagnetic signatures of the hadronic component 

are in most cases not visible, high-energy neutrinos are free streaming 

from the source upon their production without undergoing any 

attenuation. In both cases, the neutrino emission peaks at ∼10 PeV. 

Ho we ver, there are two important differences between the low- σ

and high- σ cases. First, the neutrino-to- γ -ray luminosity ratio is 

much smaller in the low- σ case than in the high- σ case, suggesting 

a progressively more important role of the photopion process in 

the source as σ increases (see also Section 3.2 ). Secondly, the 

neutrino spectrum in the low- σ blazar shows two bumps, a more 

luminous one peaking at ∼10 PeV, and a less luminous one peaking at 

∼100 GeV. The lower energy peak of the neutrino spectrum is related 

to lower energy protons that interact with high-energy non-thermal 

photons, while the higher energy bump is attributed to interactions 

with the BLR photons. As σ increases, the number density of 

BLR photons decreases, namely n ′ BLR ≈ u 
′ 
BLR /ǫ

′ 
BLR ∝ μ/ (1 + σ ) 

(see also equation 11 ). As a result, non-thermal jet photons become 

the main target for protons in the high- σ case. We refer the interested 

reader to Appendix B for a semi-analytical deri v ation of the neutrino 

spectra that qualitatively explains this trend. 

Fig. 4 shows the photon and neutrino spectra obtained for μ = 50 

(left-hand panel) and 90 (right-hand panel) for various magnetiza- 

tions. Similar trends are found for μ = 70 and therefore the respective 

plot is omitted. We comment first on the μ = 50 results and then 

make a comparative discussion of the results for the two μ values. 

The photon spectra of the simulated blazars become more lumi- 

nous for lower magnetizations in agreement with Rueda-Becerril 

et al. ( 2021 ). This trend can be understood by the combined result 

of tw o f actors. First, the Doppler boosting is stronger for lower 

σ values, as illustrated in Fig. 1 . Secondly, the particle injection 

luminosity (in the comoving frame) also decreases with σ � 3, since 

L 
′ 
e(p) ∝ μσ/ (1 + σ ) 2 (see equation 16 ). In all cases, the low-energy 

hump is attributed to primary electron synchrotron radiation. The 

high-energy hump is either explained by EC scattering off BLR 

photons by the jet electrons for σ ≤ 10, or it is attributed to SSC for 

σ = 30, or it is a combination of secondary leptonic emission and 

SSC of primary electrons for σ = 50. 

Overall, we do not find strong evolution of the peak synchrotron 

energy with γ -ray luminosity for the simulated blazars that be- 

long either in the high-luminosity group ( σ < 10) or the low- 

luminosity group ( σ ≥ 30). Moreo v er, there is a clear increase of the 

Compton dominance with γ -ray luminosity in the high-luminosity 

group, which is broadly consistent with the Fermi (revised) blazar 

sequence (Ghisellini et al. 2017 ; Prandini & Ghisellini 2022 ). The 

simulated blazar for σ = 10 is an outlier from the known spectral 

subclasses, as it has an almost flat synchrotron spectrum that spans 

about six orders of magnitude in energy. Its peculiar spectrum is the 

combined result of (i) rough energy equipartition between magnetic 

fields and BLR photons, and (ii) fast cooling electrons injected with p 

= 2.2 and a high maximum Lorentz factor ( ∼10 6 ). To better illustrate 

the differences in the radiating particle distributions, we present the 

steady-state electron energy distributions for the displayed photon 

spectra in Appendix C . 
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Figure 4. Broad-band non-thermal photon spectra (thin solid lines) and all-fla v our neutrino spectra (thick dashed lines) for μ = 50 (left-hand panel) and 90 

(right-hand panel) for different magnetizations (see inset legends). No EBL γ -ray attenuation is included. 

A major difference between the non-thermal photon and neutrino 

emission is that the neutrino luminosity is not a monotonic function 

of the magnetization. Instead, we obtain the most luminous neutrino 

emission for σ = 3. This more complex behaviour arises from 

an additional factor that needs to be taken into account when 

computing the neutrino spectra. Besides the target photon density 

(jet or BLR photons), the Doppler factor, and the bolometric proton 

injection luminosity, one has to consider the energy threshold of the 

interactions, and the integrated proton luminosity from this threshold 

and abo v e (see Appendix B for more details). 

Jets launched with higher μ values are more luminous, but with 

similar spectral shapes. This trend is partially explained by the fact 

that the injection electron luminosity (in the observer’s frame) scales 

as L e(p) ∝ μ5 σ /(1 + σ ) 6 . If the electrons are radiating away their 

energy efficiently, the photon luminosity should follow a similar 

scaling with the injection luminosity. Notice also the change in the 

Compton dominance (i.e. the luminosity ratio of the Compton and 

synchrotron components) between the low and high μ values for 

σ = 1, which implies a higher ratio u 
′ 
BLR /u 

′ 
B for μ = 90. Indeed, 

combination of equations ( 11 ) and ( 14 ) yields u 
′ 
BLR /u 

′ 
B ∝ μ2 / [ σ (1 + 

σ )]. This scaling also highlights the progressively diminishing role 

of EC scattering in the SEDs of more strongly magnetized jets, in 

agreement with the findings of Rueda-Becerril et al. ( 2021 ). With 

the exception of the Compton dominance, μ does not have a strong 

impact on the spectral shape. This is mostly due to the fact that 

the properties of the radiating particles (e.g. p and γ ′ 
min , e ) and the 

magnetic field strength are independent of μ. Finally, the neutrino 

spectra for μ = 90 are more luminous than those for μ = 50, while 

having similar shapes for all values of σ we considered. 

3.2 Baryonic loading and neutrino-to- γ -ray luminosity ratio 

The expected (all-fla v our) neutrino luminosity of a blazar can be 

estimated as 

L ν+ ̄ν ≈
3 

8 
f p πL p = 

3 

8 
f p πξL γ = Y νγ L γ , (27) 

where f p π = 1 / (1 + t ′ p π/t ′ dyn ) is the so-called photopion production 

efficiency, t ′ p π is the respective energy loss time-scale for protons, 

t ′ dyn ∼ R 
′ 
b /c is the source dynamical time-scale, L p = δ4 L 

′ 
p , and 

ξ ≡ L p / L γ is known as the baryonic loading of the source. The 

latter is largely unknown and it is taken as a free parameter in 

most leptohadronic models (e.g. Murase, Inoue & Dermer 2014 ; 

Petropoulou et al. 2015 ), with the exception of models where γ - 

Figure 5. Baryonic loading of the simulated blazars plotted against the 

observed γ -ray luminosity integrated above 100 MeV. Different markers 

are used for different ( μ, σ ) values (see inset legend). 

rays are explained by proton synchrotron radiation (e.g. Cerruti et al. 

2015 ; Petropoulou & Dimitrakoudis 2015 ; Petropoulou & Dermer 

2016 ). The photopion efficiency also depends on various physical 

parameters, such as the Doppler factor and size of the source (for 

e xplicit e xpressions, see e.g. Murase et al. 2014 ; Petropoulou & 

Mastichiadis 2015 ). Fig. 5 shows the baryonic loading for the 

simulated blazars as a function of the γ -ray luminosity. 4 The obtained 

ξ values lie in the range of 1.5 and 150, showing a very weak 

decrease with increasing L γ . The baryonic loading is not as extreme 

as those obtained from SED modelling of individual blazars that aim 

to maximize their neutrino output (see e.g. Petropoulou et al. 2020b ). 

It is interesting to note that in our model where L p = L e the baryonic 

loading is also equi v alent to the inverse of the γ -ray efficiency L γ / L e 

(at least for the low- σ jets where the hadronic contribution to the 

γ -ray emission is negligible). 

All the information carried by the photopion efficiency and the 

baryonic loading can be incorporated into a single parameter, Y νγ , 

that is the ratio of the all-fla v our neutrino luminosity to the observed 

γ -ray luminosity of a blazar (e.g. Petropoulou et al. 2015 ; Palladino 

et al. 2019 ). In Fig. 6 we plot this ratio against the γ -ray luminosity 

4 Here, L γ represents the integrated γ -ray luminosity at energies above 

100 MeV. 
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Figure 6. Ratio Y νγ plotted against the γ -ray luminosity integrated above 

100 MeV for all simulated blazars. Different markers are used for different 

( μ, σ ) values (see inset legend). 

for 15 pairs of ( μ, σ ) values. We find a decreasing trend of Y νγ

with increasing L γ for σ ≤ 10, which is mostly driven by the strong 

dependence of L γ on σ , and to a lesser degree by the variation of 

L ν with σ (see also Fig. 4 ). Moreo v er, the ratio is not affected much 

by the value of μ. We find Y νγ ≪ 0.1 for the FSRQ-like simulated 

sources and the transitional blazar (i.e. for σ ≤ 10), while Y νγ ∼
0.3 − 1 for the BL Lac-like simulated blazars ( σ = 30, 50). 

Qualitatively similar findings were reported in earlier studies 

using very different approaches (Palladino et al. 2019 ; Petropoulou 

et al. 2020b ). More specifically, Petropoulou et al. ( 2020b ) gathered 

results about Y νγ from leptohadronic models applied to various BL 

Lac objects with L γ � 10 45 erg s −1 (see their Fig. 15), including 

the extreme HSP blazar 3HSP J095507.9 + 355101 (Giommi et al. 

2020b ; Paliya et al. 2020 ), six candidate neutrino sources from earlier 

works (Petropoulou et al. 2015 ), and the masquerading BL Lac 

TXS 0506 + 056 (K ei v ani et al. 2018 ; Petropoulou et al. 2020a ). 

These ratios were obtained by modelling of the SEDs using the 

highest proton luminosity allowed by the observations in each case. 

In these models, ho we ver, physical quantities, such as the electron 

and proton luminosities, the power-law slopes, the BLR luminosity, 

the Doppler factor, and others were treated as free parameters, unlike 

in our model where all of them are ultimately related to μ and σ . 

Palladino et al. ( 2019 ) explored different scenarios for the baryonic 

loading of blazars while trying to explain the diffuse neutrino flux in 

terms of the blazar sequence. They concluded that a scenario where 

ξ and Y νγ are anticorrelated with L γ is plausible (see their fig. 8 ). 

According to this, low-luminosity BL Lacs should be bright neutrino 

sources to power the IceCube neutrino flux, while FSRQs should be 

dim in neutrinos. Our results for the individual simulated blazars are 

qualitatively similar with these previous findings, while providing a 

physically moti v ated frame work. 

In Fig. 7 , we also show the ratio Y νγ as a function of σ . Because 

of the strong dependence of L γ on σ , the ratio increases for higher 

magnetizations. This trend can be approximated by the following 

expression 

log 
(

Y νγ

)

≈ −6 . 7 + 4 . 1 × log ( σ ) , (28) 

which is o v erplotted in Fig. 7 with a dashed line. Dif ferent v alues 

of μ produce only a small scatter around the predicted value from 

the e xpression abo v e. Combining the information about Y νγ and ξ , 

we can also infer the photopion production efficienc y. F or e xample, 

for high- σ sources where Y νγ ∼ 1 and ξ ∼ 100, we can estimate 

Figure 7. Ratio Y νγ as a function of σ for all simulated blazars. The trend 

can be approximated by the expression in equation ( 28 ; dashed line). 

Figure 8. Jet power plotted against the observed γ -ray luminosity 

( > 100 MeV) for all simulated blazars. Different markers are used for different 

( μ, σ ) values (see inset legend). The Eddington luminosity for a 10 9 M ⊙ black 

hole is also marked for reference (dotted line). 

using equation ( 27 ) that f p π ∼ 0.01, which is also verified by semi- 

analytical calculations (see Appendix B ). 

3.3 Jet power 

The jet power, L j , is plotted against the observed γ -ray luminosity 

(inte grated abo v e 100 MeV) for all simulated blazars in Fig. 8 . 

Being proportional to Ŵ 
3 , L j increases for lower magnetizations (see 

equations 1 , 7, and 12 ). For comparison reasons, a horizontal line 

which stands for the Eddington luminosity of a supermassive black 

hole with of 10 9 M ⊙ is also plotted in the same figure. All the low- 

luminosity blazars in our model (i.e. for σ > 10) have L j ≪ L Edd . 

This makes our model energetically fa v ourable compared to other 

leptohadronic models for BL Lac objects presented in the literature 

that require super-Eddington jet power (e.g. Petropoulou et al. 2015 , 

2020b ). Still, the high-luminosity blazars, which correspond to σ ≤
3 and ṁ � 10 −1 (see also Fig. 2 ), have jet power close to or even 

exceeding L Edd in agreement with previous findings (e.g. Ghisellini 

et al. 2014 ). 

4  DI SCUSSI ON  

In this paper, we hav e e xpanded the work of Rueda-Becerril et al. 

( 2021 ) by computing the photon and high-energy neutrino emissions 
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produced by the interactions of relativistic protons with photons. 

While the electromagnetic signal of proton-related processes (e.g. 

proton synchrotron radiation, synchrotron radiation of pairs from 

charged pion decays and photopair production) is in most cases 

hidden below the emission from primary electrons, the associated 

neutrino signal peaks at a few PeV, making it rele v ant for current and 

future neutrino detectors, like IceCube, IceCube-Gen2 (IceCube- 

Gen2 Collaboration et al. 2014 ; Aartsen et al. 2021 ), and KM3Net 

(Aiello et al. 2019 ). 

Our findings about the blazar SED are in general agreement with 

those presented in Rueda-Becerril et al. ( 2021 ). There are a couple 

important dif ferences, ho we ver, that are worth mentioning. First, 

electron cooling in the Klein–Nishina regime is included in our 

calculations (with an approximate way as described in Mastichiadis 

& Kirk 1995 ). This becomes important in the low- σ regime, when Ŵ 

becomes large and the BLR photons (which are the main seed photons 

for inverse Compton scattering) are boosted to higher energies. 

Because of the less efficient cooling of electrons in the Klein–

Nishina regime, the cooled part of the distribution does not have 

the standard slope of −p − 1, but it is flatter (see Appendix C ). 

Therefore, the synchrotron spectra for σ = 1 and 3 are not as steep 

as those presented in Rueda-Becerril et al. ( 2021 ). Moreo v er, the 

injected electron distributions for σ < 10 (where p > 2) extend to 

higher Lorentz factors than in Rueda-Becerril et al. ( 2021 ), because 

we adopted a lo wer v alue of ηacc which is closer to the one expected 

in reconnection. Furthermore, we find no strong evolution of the 

synchrotron peak energy with L γ for the low-luminosity simulated 

blazars ( σ ≥ 30) contrary to Rueda-Becerril et al. ( 2021 ; see their 

fig. 1). This stems from the different way of defining γ ′ 
max , e , which 

will be discussed in more detail later in this section. Besides these 

differences in implementation, the blazar SEDs shown in fig. 1 of 

Rueda-Becerril et al. ( 2021 ) are less luminous than those shown in 

our Fig. 4 for the same ( μ, σ ) values. This can be explained by the 

lo wer v alue of the reconnection ef ficiency used in Rueda-Becerril 

et al. ( 2021 ) and the time-averaging of the displayed spectra in their 

paper. 

The new element of this work is the calculation of the expected 

neutrino emission from FSRQ-like and BL Lac-like blazars in 

a common framework. We showed that the all-fla v our neutrino 

spectrum peaks at ∼10 PeV for all values of σ , with a total 

luminosity being weakly dependent on σ (see Fig. 4 ). We computed, 

Y νγ ≡ L ν+ ̄ν/L γ , for all values of ( μ, σ ) and showed that Y νγ ∝ 

σ 4 . As the low-luminosity blazars in our model are associated with 

high magnetization, they have Y νγ ∼ 0.3 −1. Ratios close to unity 

suggest a significant hadronic contribution to the γ -ray spectrum 

abo v e 100 MeV (see e.g. Fig. 3 ). The ratio Y νγ has been constrained 

by IceCube using different methods. A fit to the diffuse astrophysical 

neutrino flux with a composite spectral model that accounts for the 

contribution of HSP BL Lacs based on the model of P ado vani et al. 

( 2015 ) yielded Y νγ < 0.41 at 90 per cent C.L. (Aartsen et al. 2020b ). 

The strictest upper limit on Y νγ so far is 0.13 and is placed by the 

IceCube non-detections at ultra-high energies (Aartsen et al. 2016 ; 

Aartsen & Anonymous 2017 ). While the highest ratios obtained here 

appear inconsistent with the strictest upper limit, one should note that 

the latter was derived based on the model of Padovani et al. ( 2015 ) 

where the peak neutrino energy was related to the synchrotron peak 

frequency and a common value of Y νγ for all HSPs was assumed. 

Still, a more careful comparison of our model to existing ultra-high 

energy upper limits of IceCube is warranted. 

Recently, Giommi et al. ( 2020a ) presented a sample of 47 γ - 

ray selected ISP and HSP blazars, out of which about 16 could be 

associated with individual neutrino track events detected by IceCube. 

Follow-up spectroscopy of these sources and use of multifrequency 

diagnostics revealed that masquerading BL Lacs consist more than 

24 per cent of the sample (P ado vani et al. 2022b ). The y typically hav e 

10 45 < L γ ( > 100 MeV) < 10 47 erg s −1 (see figs 2 and 3 in P ado vani 

et al. 2022b ). Our simulated blazars for σ = 10 fall in this range of γ - 

ray luminosities and are characterized by Y νγ ∼ 4 × 10 −3 . Moreo v er, 

the simulated blazars for σ = 10 fall in the transition region between 

FSRQs and BL Lacs in terms of their BLR luminosity (see Fig. 2 ). 

Hence, we could tentatively compare them to masquerading BL 

Lacs. It is noteworthy that TXS 0506 + 056 (P ado vani et al. 2019b ) 

and PKS 0735 + 178 (Sahakyan et al. 2022 ) are also masquerading 

BL Lacs that have been associated with high-energy neutrinos. 

Leptohadronic modelling of these sources resulted in values (or 

upper limits) of Y νγ in the range 0.003 −0.03 (see e.g. Petropoulou 

et al. 2020b ; Sahakyan et al. 2022 ). These findings are consistent 

with those of our work, if one considers a possible scatter around 

the Y νγ values presented in Fig. 6 (due to e.g. different black hole 

masses). Even higher values of Y νγ for these intermediate blazars 

can be obtained in our model, if the proton power-law slope for σ = 

10 is closer to 2. On the contrary, the high-luminosity (FSRQ-like) 

sources in our model are deemed to be dim in neutrinos, because the 

proton distribution is very soft ( p ∼ 3) for σ � 1. 

In our model, neutrinos are produced via interactions of relativistic 

protons with photons produced locally via leptonic processes, and 

e xternally pro vided by the BLR. Inelastic proton–proton (pp) colli- 

sions are another likely process for neutrino production. These could 

take place between the relativistic proton population and the cold 

proton plasma of the jet. To estimate the importance of pp collisions 

we can compare the respecti ve ef ficiency with that of the photopion 

production process. Combining the definition of magnetization, from 

equation ( 2 ), with equations ( 10 ), ( 12 ), and ( 14 ), we may write the 

cold proton density as 

n ′ p , c ≃ 
7 . 8 × 10 3 

(1 + σ ) β

( ηj 

0 . 9 

)( ηd 

0 . 1 

)−1 
cm 

−3 . (29) 

Assuming a constant ef fecti ve cross section for the pp process, ˆ σpp = 

k pp σpp ≈ 25 × 10 −27 cm 
2 (Dermer & Menon 2009 ), we can estimate 

the efficiency of the pp process, as 

f pp ≈ n ′ p , c ̂  σpp R 
′ 
b ≃ 2 . 5 × 10 −7 n ′ p , c , 4 R 

′ 
b , 15 . (30) 

For comparison, the efficiency of the photopion production process is 

f p π � 10 −3 for interactions with BLR photons and � 10 −6 −10 −2 for 

high-energy proton interactions with jet photons (see Appendix B ). 

Therefore, pp collisions are a negligible source of neutrinos for 

energies abo v e the photopion production threshold. Nev ertheless, 

they can contribute to the neutrino spectrum at lower energies (i.e. at 

tens of GeV to TeV energies), but at a much lower luminosity than 

the one depicted in Fig. 4 . 

The predicted neutrino emission for the low-luminosity simulated 

blazars ( σ ≥ 30) depends strongly on the maximum proton Lorentz 

factor. In this work, we determined the latter by balancing the 

acceleration rate with the total energy loss rate. This approach for 

determining the maximum Lorentz factor assumes that a steady state 

is achieved for the highest energy protons. This, ho we ver, might not 

be al w ays true. In this case, the maximum Lorentz factor would be 

determined by equating the dynamical (expansion) time of the emis- 

sion region (blob) with the acceleration time-scale. This approach 

would yield a lower γ ′ 
max , p than the one used in this work. This 

can be understood if we consider that (i) t loss , p ∼ (10 − 100) × R 
′ 
b /c 

even for the high-energy protons in all cases we explored, and (ii) 

the dynamical time-scale is expected to be a few times longer than 

the light-crossing time of the emitting region R 
′ 
b /c. 
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For the high- σ cases where hard power-law proton distributions 

are expected (1 < p < 2), we could estimate the maximum Lorentz 

factor in a different manner (adopted also in Rueda-Becerril et al. 

2021 ). Using equations ( 20 ) and ( 21 ) and taking into account that the 

mean energy per particle cannot exceed by a lot ( σ + 1) m p c 
2 due to 

energetic constraints (e.g. Werner et al. 2016 ), one can express the 

maximum particle Lorentz factor as 

γ ′ 
max , i = 

[

2 − p 

p − 1 
f rec ( σ + 1) 

m p 

m i 

]1 / (2 −p) 

γ ′ (1 −p ) / (2 −p ) 
min , i . (31) 

When applied to electrons, the expression above predicts for p < 

2 an evolution of the peak synchrotron energy with σ , similar to 

the one presented in Rueda-Becerril et al. ( 2021 ). Direct application 

of the abo v e equation to protons yields small maximum Lorentz 

factors (e.g. γ ′ 
max , p ∼ 162 for σ = 50 and ∼6.3 × 10 4 for σ = 

1000 and p = 1.5). In this case, the energy threshold for photomeson 

interactions on the jet synchrotron photons or the BLR photons is not 

satisfied, making inelastic pp collisions (see previous paragraph) and 

photopion production on low-density Compton-scattered photons the 

only rele v ant mechanisms for neutrino production. As a result, low- 

luminosity HSP BL Lacs would also be dim neutrino sources, thus 

making the perspectives of detecting individual blazars in neutrinos 

poor. We note, ho we ver, that if there is a progressive softening of 

the power-law slope with time to p ∼ 2 even for high σ values, then 

equation ( 31 ) is not a hard limit. Some hints for this process have 

been reported by Petropoulou & Sironi ( 2018 ) and Hakobyan et al. 

( 2021 ), but the evolution was seen on long time-scales (i.e. several 

light crossing times of the reconnection layer). An asymptotically 

softer proton spectrum for the high- σ cases ( p ∼ 2) would result 

in lower peak neutrino energy and luminosity than those presented 

here, since most of the energy stored in relativistic protons would be 

carried by the lower energy protons of the distribution. A more careful 

analysis of these effects is, however, beyond the scope of this work. 

An important assumption of our work has to do with the location 

of the emitting region, which was fixed at the edge of the BLR. 

As a result, in all simulated blazars, the BLR photon field appeared 

boosted in the comoving frame of the emitting blob in the jet (e.g. 

Ghisellini & Madau 1996 ). This assumption is crucial for the low- σ

blazars, where BLR photons are the main seed for inverse Compton 

scattering. If the emitting region was located well beyond the BLR 

(see e.g. Costamante et al. 2018 ), then the BLR number density 

would appear de-boosted (e.g. Dermer & Schlickeiser 1994 ), and 

the EC component for σ ≤ 3 would be suppressed. Similarly, the 

neutrino production rate would decrease, thus reducing the high- 

energy peak of the neutrino spectrum. As a result, the low- σ sources 

would become even dimmer in neutrinos. At distances beyond the 

BLR, but still within the dusty torus, which is located at ∼pc scales 

(e.g. Bła ̇zejowski et al. 2000 ), IR photons from the torus become the 

rele v ant targets for EC scattering and photopion production (for an 

application to PKS 1502 + 106, see Oikonomou et al. 2021 ). In this 

case, the peak neutrino energy would shift to higher values, because a 

higher proton energy would be needed to satisfy the pion-production 

threshold on IR photons compared to the BLR photons. 5 As far as the 

peak neutrino luminosity is concerned, one has to estimate the pion 

production efficiency on IR photons and the proton luminosity abo v e 

the energy threshold, as shown for the BLR photons in Appendix B . 

First, the ratio of photon number densities can be written as 

n ′ DT 

n ′ BLR 

≈
ηDT 

ηBLR 

(

R BLR 

R DT 

)2 
ǫBLR 

ǫDT 
≈ 0 . 1 , (32) 

5 The energy threshold condition for head-on proton–photon collision reads 

2 γ ′ 
p ǫ

′ � 145 MeV, where ǫ′ is the target photon energy. 

where ηDT ∼ ηBLR are the co v ering factors of the torus and the BLR, 

and ǫBLR = 2 eV, ǫDT = 0.2 eV, R BLR = 0.1 pc, and R DT = 1 pc. The 

ratio of the pion-production efficiencies can be then estimated as 

f p π, DT 

f p π, BLR 
≈

n ′ DT 

n ′ BLR 

R DT 

R BLR 
∼ 1 , (33) 

where we assumed that the emitting region is located at the edge 

of the dusty torus and used equation ( 32 ). Therefore, for typical 

parameter values the pion production efficiencies are comparable (see 

also Murase et al. 2014 ; Oikonomou et al. 2021 ). Ho we ver, for σ

≤ 10, the proton energy spectra are steep ( p > 2). As a result, 

the increase in the proton energy threshold translates into a lower 

luminosity for the interacting protons, namely ε p L ε p | > th ∝ ε 
−p+ 2 
p , th . 

We can then estimate the ratio of the peak neutrino luminosities, for 

all other parameters fixed, as 

ε νL ε ν | DT 

ε νL ε ν | BLR 

≈
f p π, DT 

f p π, BLR 

(

ǫBLR 

ǫDT 

)−p+ 2 

≈ 0 . 1 
f p π, DT 

f p π, BLR 
, (34) 

where the numerical value is computed for p = 3. Therefore, the 

neutrino luminosity from pion production on the torus photons is 

expected to be lower than the one computed for the BLR photons. 

Radio observations of blazars indicate a correlation between the 

radio power and Ŵ. Based on this, we introduced a power-law relation 

between the accretion rate and the jet Lorentz factor, ṁ ∝ Ŵ 
s – see 

equation ( 7 ). This is another key point of our model, as it provides a 

way to associate low- σ (high- Ŵ) jets with higher accretion rates and 

more luminous external photon fields – see equation ( 5 ). Ho we ver, 

we did not choose the value of s based on theoretical grounds. One 

therefore may ponder how our results would be affected if a different 

value of s was adopted. The effects of s on the (leptonic) photon 

SEDs were explored in detail in Rueda-Becerril et al. ( 2021 ). The 

authors showed that the exact value of s changes the bolometric 

photon luminosity but not the spectral shape (see fig. A1 of their 

Appendix). This can be understood because the injection luminosity 

of particles is proportional to L j which in turn depends on ṁ – see 

equations ( 12 ) and ( 16 ). Meanwhile, the magnetic energy density 

is independent of L j , and the comoving energy density of external 

photons depends only on Ŵ. As a result, for an FSRQ-like source and 

a given pair of ( μ, σ ) values, a different value of s would not change 

the ratio of u 
′ 
B /u 

′ 
BLR (or the Compton ratio) but only the o v erall 

luminosity. Regarding the neutrino emission, any changes would 

be caused by changes in L 
′ 
p as long as the external photons would 

be the main targets for photopion interactions. For example, lower 

values of s would lead to higher proton injection luminosities, and 

higher neutrino luminosities. Ho we ver, in the FSRQ-like sources, the 

ratio Y νγ should remain unchanged, since L γ ∝ L e . Similar trends 

are expected for the BL Lac-like sources in our model. The only 

difference is that a superlinear scaling relation of L ν+ ̄ν on L p is 

expected because the target photon density will also depend on L e . 

We simulated blazars co v ering a wide range of dimensionless 

accretion rates, ṁ ∼ 10 −5 − 1, where ṁ is defined in equation ( 3 ). 

For simplicity, we assumed a linear scaling of the disc (and BLR) 

luminosity with ṁ . Ho we ver, belo w a certain value for the accretion 

rate ( ∼0.02) the disc becomes less luminous than the prediction of 

equation ( 5 ), because it becomes geometrically thick and radiatively 

inefficient (e.g. Sbarrato et al. 2014 ). Therefore, the BLR luminosity 

for the simulated blazars with σ ≥ 10 should be lower than the 

one used here. This would not affect much the results for the 

strongly magnetized blazars ( σ = 30, 50), where the dominant seed 

photons for inverse Compton scattering and pion production are the 

synchrotron jet photons. For σ = 10, ho we ver, a decrease in the 

BLR luminosity would decrease both the Compton luminosity and 

the peak neutrino luminosity. 
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5  C O N C L U S I O N  

We have presented a simple, but physically moti v ated, radiation 

model for baryon-loaded blazar jets. According to this, primary 

electrons and protons are accelerated to relativistic energies via 

magnetic reconnection in parts of the jet where the plasma mag- 

netization is σ ≥ 1. The blazar SED is produced by synchrotron and 

inverse Compton radiation of primary electrons. Electromagnetic 

emission produced directly or indirectly by relativistic protons is in 

most cases subdominant. In our model, low-luminosity blazars ( L γ � 

10 45 erg s −1 ) are associated with less powerful and slower jets ( Ŵ � 5) 

with higher magnetizations ( σ > 10) in the jet location where energy 

dissipation takes place. Their broad-band photon spectra resemble 

those of HSP BL Lac objects, and the expected neutrino luminosity 

is L ν+ ̄ν ∼ (0 . 3 − 1) L γ . On the other end, high-luminosity blazars 

( L γ ≫ 10 45 erg s −1 ) are associated with more powerful faster jets ( Ŵ 

> 10) and lower magnetizations ( σ ≤ 10). Their broad-band photon 

spectra resemble those of FSRQs, while they are expected to be dim 

neutrino sources with L ν+ ̄ν ≪ L γ . The implications of our model 

for the diffuse neutrino flux from the blazar population are worth 

investigating and will be the subject of a future publication. 
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APPENDI X  A :  C O D E  I NPUT  PA R A M E T E R S  

W e present in T ables A1 –A3 the code input parameters for all the 

( μ, σ ) values considered in this study. We note that the code takes as 

input a dimensionless form of the particle injection luminosities, the 

Table A1. Code input parameters used for the runs with μ = 50. 

μ = 50 

σ 1 3 10 30 48.9 

Ŵ 25 12.5 4.55 1.61 1.002 

ṁ 0.24 0.03 1.4 × 10 −3 6.6 × 10 −5 1.6 × 10 −5 

δ 28.38 20.98 8.77 2.87 1.07 

R ′ b (cm) 2 × 10 16 1.4 × 10 16 8.5 × 10 15 5.1 × 10 15 4 × 10 15 

B 
′ 

(G) 8.6 10.6 11.75 13.52 47.93 

p 3 2.5 2.2 1.5 1.2 

γ ′ 
min , e 10 2.4 10 2.7 10 2.9 10 3 10 3 

γ ′ 
min , p 10 0.1 10 0.1 10 0.1 10 0.1 10 0.1 

γ ′ 
max , e 10 6.1 10 6.01 10 6.0 10 6.0 10 5.7 

γ ′ 
max , p 10 8.6 10 8.7 10 8.6 10 8.8 10 8.6 

ℓ e 4 × 10 −3 4.3 × 10 −3 3.2 × 10 −3 2.5 × 10 −3 2.5 × 10 −2 

ℓ p 2.2 × 10 −6 2.3 × 10 −6 1.7 × 10 −6 1.4 × 10 −6 1.3 × 10 −5 

T ′ BLR (K) 2.2 × 10 5 1.1 × 10 5 3.9 × 10 4 1.4 × 10 4 8.6 × 10 3 

ℓ BLR 0.36 6.3 × 10 −2 5 × 10 −3 3.4 × 10 −4 8.7 × 10 −5 

Table A2. Code input parameters used for the runs with μ = 70. 

μ = 70 

σ 1 3 10 30 50 

Ŵ 35 17.5 6.36 2.26 1.4 

ṁ 0.67 0.083 4 × 10 −3 1.8 × 10 −4 4.3 × 10 −5 

δ 28.09 25.49 12.06 4.26 2.31 

R ′ b (cm) 2.4 × 10 16 1.7 × 10 16 1.1 × 10 15 6 × 10 15 4.7 × 10 15 

B 
′ 

(G) 8.6 10.6 11.7 12.6 14.4 

p 3 2.5 2.2 1.5 1.2 

γ ′ 
min , e 10 2.4 10 2.7 10 2.9 10 3 10 3 

γ ′ 
min , p 10 0.1 10 0.1 10 0.1 10 0.1 10 0.1 

γ ′ 
max , e 10 6.1 10 6.1 10 6 10 6 10 6 

γ ′ 
max , p 10 8.5 10 8.7 10 8.7 10 8.3 10 8.9 

ℓ e 4.7 × 10 −3 5 × 10 −3 3.7 × 10 −3 2.9 × 10 −3 2.6 × 10 −3 

ℓ p 2.6 × 10 −6 2.8 × 10 −6 2 × 10 −6 1.4 × 10 −6 1.4 × 10 −6 

T ′ BLR (K) 3 × 10 5 1.5 × 10 5 5.5 × 10 4 1.9 × 10 4 1.2 × 10 4 

ℓ BLR 0.83 0.15 1.2 × 10 −2 8.4 × 10 −4 2.3 × 10 −4 
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Table A3. Code input parameters used for the runs with μ = 90. 

μ = 90 

σ 1 3 10 30 50 

Ŵ 45 22.5 8.18 2.9 1.8 

ṁ 1.42 0.18 8.6 × 10 −3 3.8 × 10 −4 9.2 × 10 −5 

δ 25.96 27.83 15.09 5.58 3.21 

R ′ b (cm) 2.7 × 10 16 1.9 × 10 16 1.1 × 10 16 6.8 × 10 15 5.4 × 10 15 

B 
′ 

(G) 8.6 10.6 11.8 12.4 13.2 

p 3 2.5 2.2 1.5 1.2 

γ ′ 
min , e 10 2.4 10 2.7 10 2.9 10 3 10 3 

γ ′ 
min , p 10 0.1 10 0.1 10 0.1 10 0.1 10 0.1 

γ ′ 
max , e 10 6.1 10 6.1 10 6 10 6 10 6 

γ ′ 
max , p 10 8.4 10 8.7 10 8.7 10 8.8 10 9 

ℓ e 5.4 × 10 −3 5.6 × 10 −3 4.2 × 10 −3 2.8 × 10 −3 2.5 × 10 −3 

ℓ p 2.9 × 10 −6 3.1 × 10 −6 2.3 × 10 −6 1.5 × 10 −6 1.4 × 10 −6 

T ′ BLR (K) 3.9 × 10 5 1.9 × 10 5 7 × 10 4 2.5 × 10 4 1.6 × 10 4 

ℓ BLR 1.55 0.27 2.2 × 10 −2 1.6 × 10 −3 4.6 × 10 −4 

so-called compactness, which is defined as 

ℓ e(p) = 
L 

′ 
e(p) σT 

4 πR 
′ 
b m e(p) c 3 

, (A1) 

where L 
′ 
e(p) are given by equation ( 16 ). Similarly, the comoving en- 

ergy density of the BLR photons is expressed through its compactness 

as 

ℓ BLR = 
u 

′ 
BLR σT R 

′ 
b 

m e c 2 
, (A2) 

where u 
′ 
BLR is given by equation ( 11 ). 

APPENDIX  B:  SEMI-ANA LY TICAL  

C A L C U L AT I O N  O F  N E U T R I N O  SPECTRA  

We can estimate in a semi-analytical manner the differential all- 

fla v our neutrino luminosity as 

ε νL ε ν+ ̄ν ≈
3 

8 
f p πδ4 ε ′ p L 

′ 
ε ′ p 

, (B1) 

where L 
′ 
ε ′ p 

≡ d L 
′ 
p / d ε 

′ 
p is the differential proton luminosity in the 

comoving frame, δ is the Doppler factor of the emitting region, 

and f p π is the photopion production efficiency. The latter is defined 

as f p π = 1 / (1 + t ′ p π/t ′ dyn ), where t ′ dyn = R 
′ 
b /c and t ′ p π is the proton 

energy loss time-scale due to photopion production. 

For an isotropic radiation field, the inverse of the energy loss time- 

scale for a proton with Lorentz factor γ ′ 
p is calculated as (Stecker 

1968 ; Begelman, Rudak & Sikora 1990 ) 

t ′−1 
p π

(

γ ′ 
p 

)

= 
c 

2 γ ′ 2 
p 

∫ ∞ 

ǭth 

d ̄ǫ κp π( ̄ǫ) σp π( ̄ǫ) ̄ǫ

∫ ∞ 

ǭth / 2 γ
′ 
p 

d ε ′ 
n ′ ph 

(

ε ′ 
)

ε ′ 2 
, (B2) 

where σ p π and κp π are the cross-section and proton inelasticity, 

respectively, ǭ is the interaction energy (or the photon energy in the 

proton rest frame), and n ′ ph 

(

ε ′ 
)

is the differential photon number 

density in the comoving frame of the emission region. 

The target photon field has two contributions, from the BLR and 

the jet. Given that the non-thermal photons from the jet are produced 

by primary electrons, we can use the steady-state non-thermal photon 

spectra computed numerically with the ATHE νA code as input in the 

abo v e inte gral. We also adopt the total photopion production cross 

section from Morejon et al. ( 2019 ) and we numerically compute the 

double integral (assuming κp π = 0.2) for various magnetizations and 

μ = 50. 

Figure B1. Efficiency of photopion production interactions with BLR 

photons (left-hand panel) and jet photons (right-hand panel) plotted as a 

function of the proton energy (in the observer’s) frame for dif ferent v alues of 

σ (see inset legend) and μ = 50. 

Our results for f p π are shown in Fig. B1 . The efficiency computed 

using only BLR or jet photons is displayed separately in the two 

panels. Interactions with BLR have higher efficiency across all proton 

energies for σ = 1 −10, while interactions with jet photons are the 

main channel for neutrino production for σ = 30, 50. 

But in order to fully understand the dependence of the neutrino 

luminosity on σ , we need to check how the proton power, at energies 

that are rele v ant for neutrino production, scales with σ . In the absence 

of cooling, the differential proton luminosity can be written as 

L 
′ 
ε ′ p 

= V 
′ Q 

′ 
0 , p 

(

ε ′ p 

m p c 2 

)−p+ 1 

, (B3) 

where V 
′ Q 

′ 
0 , p is given by equation ( 19 ). The comoving proton 

luminosity for interactions with BLR photons abo v e the threshold 

then reads 

L 
′ 
p | > th = L 

′ 
p 

ε 
′ 2 −p 
max , p − ε 

′ 2 −p 
th , p 

ε 
′ 2 −p 
max , p − ε 

′ 2 −p 
min , p 

, (B4) 

where the proton energy threshold for interactions with BLR 

photons of energy 2 eV is ε ′ th , p ≃ 3 × 10 16 eV / Ŵ. Meanwhile, the 

threshold condition for interactions with jet photons is al w ays 

satisfied; the lowest energy protons can interact with ICS photons, 

but the efficiency of the interaction is very low (not explicitly 

shown in the figure) because of the low ICS photon number 

density. 
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Figure B2. Left-hand panel: differential proton luminosity (in the observer’s 

frame) plotted against the proton energy for μ = 50 and various values of 

σ (see inset legend). The vertical line marks the proton energy threshold 

with BLR photons of energy 2 eV (in the AGN rest frame). Right-hand 

panel: spectrum of all-fla v our neutrino luminosity (in the observer’s frame) 

computed using equation ( B1 ). Contributions from the BLR and jet photons 

are plotted with dotted and dashed lines, respectively. 

In the left-hand panel of Fig. B2 , we present the spectrum of 

proton luminosity (in the observer’s frame) for different plasma 

magnetizations. The vertical line indicates the threshold energy for 

interactions with BLR photons of energy 2 eV. The integrated proton 

luminosity abo v e that energy becomes maximum for σ = 3. Giv en 

that this is about two orders of magnitude higher than L p | > th for σ = 

1 and that the BLR photopion production efficiency for σ = 3 is about 

10 times lower than the one for σ = 1 (see left-hand panel in Fig. B1 ), 

the neutrino luminosity becomes also maximum for σ = 3 – see right- 

hand panel of Fig. B2 . Notice also that for σ ≤ 10, the neutrino spectra 

have two components, with the one peaking at highest energies 

resulting from interactions with BLR photons. For the high- σ cases, 

ho we ver, the neutrino spectrum is dominated by interactions with the 

jet synchrotron photons. These results are in agreement with those 

obtained with the full numerical code (see e.g. Fig. 4 ). 

APP ENDIX  C :  STEADY-STATE  LEPTO N  

DISTR IBU TIONS  

Fig. C1 shows the steady-state differential density distributions of 

leptons, compensated by γ ′ 2 
e , in the comoving frame for μ = 50 and 

dif ferent v alues of σ . Similar results are found for μ = 70, 90 and 

for this reason are not displayed. 

For each value of σ , we show separately the distribution of primary 

(i.e. accelerated leptons). For γ ′ 
e > γ ′ 

max , e , where no primaries are 

injected, we can clearly see the contribution of secondaries produced 

via photohadronic and γ γ pair production processes. Ho we ver, their 

emission is negligible to the total photon spectrum, since these 

energetic leptons carry only a small amount of the available energy. 

Generally, the contribution of secondaries to the total distribution 

becomes progressively more important for higher magnetizations. 

This results also agrees with the trend found for L ν+ ̄ν/L γ with σ

(see Fig. 6 ). Still, the secondary contribution to the energy range 

where primaries are injected is subdominant except for σ = 48.9; 

in this case, secondaries that cool down to low energies produce an 

e xcess o v er the primary distribution. 

In all steady-state spectra shown in the figure, we see evidence of 

particle cooling below the minimum injection Lorentz factor (marked 

with a vertical line). In this regime, also known as fast cooling , 

even electrons injected at γ ′ 
min , e can cool within one dynamical time- 

scale, thus producing the low-energy extension with the characteristic 

slope of −2. In this case, the (primary) particle distribution can be 

expressed as 

n ′ e 
(

γ ′ 
e 

)

∝ 

{ 
γ ′−2 

e , γ ′ 
c , e < γ ′ 

e ≤ γ ′ 
min , e 

γ ′−p−1 
e , γ ′ 

min , e < γ ′ 
e ≤ γ ′ 

max , e , 
(C1) 

where p is the power-law slope at injection and γ ′ 
c , e is the cool- 

ing Lorentz factor, which is defined as t ′ loss , e = t ′ dyn = R 
′ 
b /c. Here, 

t ′ loss , e ( γ
′ 
e ) is the energy loss time-scale of electrons due to synchrotron 

and inverse Compton scattering. The cooling is stronger for lower 

magnetizations where γ ′ 
c , e ≈ 1, while it becomes a bit weaker for σ

= 10 −30, where γ ′ 
e , c ≈ 0 . 1 γmin , e . 

Close inspection of the spectrum for σ = 1 shows a spectral 

break at γ ′ 
e ≈ 10 4 , with the spectrum becoming less steep than 

the prediction ( −p + 1, see dotted line). Keeping in mind that 

for low magnetizations electrons are predominantly cooling via 

inverse Compton scattering off the boosted BLR photons ( ǫ′ 
BLR = 

40( Ŵ/ 20) eV ), this spectral break marks the transition from Thomson 

to Klein-Nishina cooling at γ ′ 
e ≈ 3 m e c 

2 / 4 ǫ′ 
BLR . It is also reflected 

on the synchrotron spectrum (see left-hand panel in Fig. 3 ). This 

transition is also present in the spectra for σ = 3, but less evident. 

We note that this spectral break was missed by Rueda-Becerril et al. 

( 2021 ) where electron cooling only in the Thomson regime was 

considered. 
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Figure C1. Steady-state lepton energy distributions (in the comoving frame) for μ = 50 and dif ferent v alues of σ . The primary contribution to the total spectrum 

(thick coloured line) is shown with a dashed line. The vertical dashed line marks γ ′ 
min , e . The total lepton energy spectra for five values of σ are are plotted for 

easier comparison in the lower right-hand panel. 

This paper has been typeset from a T E X/L A T E X file prepared by the author. 
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