
A&A 660, A18 (2022)
https://doi.org/10.1051/0004-6361/202142000
c© ESO 2022

Astronomy
&Astrophysics

agnpy: An open-source python package modelling the radiative
processes of jetted active galactic nuclei

C. Nigro1 , J. Sitarek2 , P. Gliwny3, D. Sanchez4 , A. Tramacere5 , and M. Craig6

1 Institut de Física dAltes Energies (IFAE), The Barcelona Institute of Science and Technology, Campus UAB,
08193 Bellaterra (Barcelona), Spain
e-mail: cosimo.nigro@ifae.es

2 University of Lodz, Faculty of Physics and Applied Informatics, Department of Astrophysics, 90-236 Lodz, Poland
3 University of Lodz, Doctoral School of Exact and Natural Sciences, Banacha Street 12/16, 90-237 Lodz, Poland
4 Laboratoire d’Annecy de Physique des Particules, Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, LAPP, 74000 Annecy,

France
5 Department of Astronomy, University of Geneva, Ch. d’Ecogia 16, 1290 Versoix, Switzerland
6 Department of Physics and Astronomy, Minnesota State University Moorhead, 1104 7th Ave S, Moorhead, MN 56563, USA

Received 11 August 2021 / Accepted 29 December 2021

ABSTRACT

Context. Modelling the broadband emission of jetted active galactic nuclei (AGN) constitutes one of the main research topics of
extragalactic astrophysics in the multi-wavelength and multi-messenger domain.
Aims. We present agnpy, an open-source python package modelling the radiative processes of relativistic particles accelerated in the
jets of AGN. The package includes classes describing the galaxy components responsible for line and thermal emission and it calcu-
lates the absorption due to γγ pair production on several photon fields. agnpy aims to extend the effort of modelling and interpreting
the emission of extragalactic sources to a wide number of astrophysicists.
Methods. We present the package content and illustrate a few examples of applications of its functionalities. We validate the software
by comparing its results against the literature and against other open-source software.
Results. We illustrate the utility of agnpy in addressing the most common questions encountered while modelling the emission of
jetted active galaxies. When comparing its results against the literature and other modelling tools adopting the same physical assump-
tions, we achieve an agreement within 10−30%.
Conclusions. agnpy represents one of the first systematic and validated collection of established radiative processes for jetted ac-
tive galaxies in an open-source python package. We hope it will also stand among the first endeavours providing reproducible and
transparent astrophysical software not only for data reduction and analysis, but also for modelling and interpretation.

Key words. radiation mechanisms: general – radiation mechanisms: non-thermal – methods: numerical – galaxies: active –
galaxies: jets

1. Introduction

Active galactic nuclei (AGN) with jets, which are the bright-
est among the persistent extragalactic sources, present broad-
band emission covering the whole electromagnetic spectrum.
Modelling this emission with the radiative processes of rela-
tivistic charged particles allows one to derive their non-thermal
energy distributions, to infer their acceleration mechanism and
site, and to investigate the jet composition (see Cerruti 2020
for a review centred on the radiative processes and Böttcher
2019 for a broader overview of the topic). The operation in
the last two decades of space-borne and ground-based gamma-
ray instruments has extended the spectral energy distributions
(SEDs) of these sources with simultaneous data up to TeV
energies (Madejski & Sikora 2016). Physical interpretation of
their multi-wavelength (MWL) observations has traditionally
been provided, even in the publications by the experiments
and observatories gathering the data, by a few individuals with
proprietary and private modelling software. The latter, though
advancing the theoretical understanding of the field, is not acces-
sible to the community at large and produces results diffi-
cult to reproduce or verify (Portegies Zwart 2018). Moreover,

the operation of the next generation of gamma-ray observa-
tories such as the Cherenkov Telescope Array (CTA) and the
larger sample of simultaneous complete SEDs they will facilitate
(CTA Consortium 2019, Chs. 8 and 12), calls for the modelling
and interpretation effort to be opened to a wider number of astro-
physicists. For all these reasons, it is desirable to develop a new
generation of open-source AGN modelling software.

It has become increasingly common to build open-source
astrophysical libraries in the ecosystem formed by the NumPy
(Harris et al. 2020), SciPy (Virtanen et al. 2020), and astropy
(Astropy Collaboration 2013, 2018) libraries. The astropy
project gathers ∼40 packages built on these fundamental depen-
dencies in a community of ‘affiliated packages’ committed to
create reusable and interfaceable astronomical python software1.
Notable among these are Gammapy (Deil et al. 2017), for the
analysis of high-energy astrophysical data, adopted as science
analysis tool for CTA, and naima (Zabalza 2015), the first
python package modelling the non-thermal SED of astrophysical
objects. Designed for sources with unbeamed radiation, naima

1 https://www.astropy.org/affiliated/
#affiliated-package-list
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computes the radiative processes assuming comoving densities
of interacting particles. It is therefore appropriate for interpret-
ing the emission of galactic sources like supernova remnants,
but inadequate when considering jetted extragalactic sources. In
this case, relativistic transformations have to be applied on the
interacting particle (or photon) densities, that are usually mov-
ing at relativistic speed with respect to each other. Addition-
ally, the emission from the jet has to be boosted, accounting
for its beaming in a cone inclined at an angle θs with respect
to the observer line of sight. jetset (Tramacere 2020) offers an
open-source modelling framework for extragalactic and galac-
tic jetted sources: blazars (Massaro et al. 2006; Tramacere et al.
2009, 2011) and microquasars (Rodi et al. 2021). The jetset
core libraries compute the photon spectra due to leptonic (due
to electrons and positrons) radiative processes and pp interac-
tions and evolve the particle distributions accounting for their
acceleration and cooling. Written in C, they are wrapped with
a high-level python interface relying on NumPy and astropy,
connecting the framework to this environment. The high-level
interface includes routines for MWL SED data handling and fit-
ting using other python data-analysis packages as backend.

We created agnpy with the objective of providing an open-
source python package for jetted AGN modelling entirely built
in the NumPy, SciPy, and astropy ecosystem, interfaceable
with data-analysis tools such as Gammapy and completing the
science cases covered by naima and jetset. agnpy gathers
and implements the leptonic radiative processes most commonly
considered in jetted AGN, its main objective being modelling the
broadband SED, from radio to gamma rays, produced by these
sources. Expanding the package’s scope beyond the non-thermal
SED computation, we included additional classes describing the
AGN components emitting thermal and line radiation. agnpy is
able to compute the absorption due to γγ pair production on the
soft photon fields of the different AGN components and provides
the absorption due to the extragalactic background light (EBL).
Though not designed for time evolution, the package offers the
possibility of a self-consistent constraint of the model param-
eters. Rather than solving the differential equation regulating
the evolution of the electron energy distribution (EED), agnpy
assigns its maximum and break Lorentz factors using a simple
parametrisation of the acceleration, escape, and radiation pro-
cesses. Throughout all the physical processes described in the
package, the angle of the jet axis to the observer line of sight, θs,
is always considered among the model parameters, such that the
use of agnpy is not restricted to the blazar case (θs → 0) but can
also be extended to radio galaxies.

This article is structured as follows: in Sect. 2 we describe the
package implementation and content; in Sect. 3 we expose some
of its basic functionalities and in Sect. 4 we validate its results
against the literature and other modelling software. In Sect. 5
we discuss reproducibility and performance of our software.
We gather our conclusion and thoughts for future expansions
in Sect. 6. The appendixes collect the mathematical derivations
used in the code implementation, the benchmark model parame-
ters used for the validation and some technical considerations.

2. Package description

The basic formulae and notation used in the package fol-
low Dermer & Menon (2009). Assumptions and references
employed for the specific radiative processes implementation
are specified in what follows. The multidimensional integration
needed to compute the emission of the electron distributions or
of the photon fields (see Appendix A) is performed with NumPy.

astropy provides all of the physical constants, handles unit
transformations and distance calculations. The plotting utilities
for visualisation of results rely on matplotlib (Hunter 2007).
The code development is hosted on GitHub2 and its documen-
tation on readthedocs3. Each agnpy release tagged in GitHub
is archived on the Zenodo platform that offers a digital object
identifier (DOI) for each release of the code. Version 0.1.3
(Nigro et al. 2021) was used for this publication. Like Gammapy
and naima, agnpy is one of the packages affiliated with the
astropy project. The input quantities and the results of all the
computations of agnpy are provided as astropy Quantities
(or arrays of them, as in the case of a SED), allowing a seamless
integration of other package using the same library upstream or
downstream of the calculations performed with agnpy.

In what follows we detail the content of the individual mod-
ules constituting the package. Figure 1 offers an overview of
their relations and the computations they perform.

2.1. Emitters

agnpy contains modules describing thermal and non-thermal
emitters.
agnpy.emission_regions describes the emission regions

responsible for the non-thermal radiative processes. The emis-
sion region contains the EED: the distribution of Lorentz fac-
tors, γ′, of the e± accelerated in the source, n′e(γ′) [cm−3] (primed
quantities refer to the reference frame comoving with the blob,
see Appendix A for more details on the notation). At the moment
the only non-thermal emission region implemented is a spherical
plasmoid streaming along the jet (blob). The electron distribu-
tion is considered homogeneous and isotropic in the blob’s rest
frame.
agnpy.targets describes line and thermal emitters provid-

ing the photon fields target for inverse Compton scattering or γγ
absorption. The line and thermal emitters modelled in the pack-
age are: the cosmic microwave background (CMB); a monochro-
matic point-like source behind the jet (to be used mostly for
consistency checks, see Sect. 4); a Shakura & Sunyaev (1973)
accretion disc, modelled as a geometrically thin disc whose
emission is parameterised following Dermer & Schlickeiser
(2002) and Dermer et al. (2009); a broad line region (BLR) sim-
plified to an infinitesimally thin sphere reprocessing a fraction
of the disc radiation in a monochromatic (line) emission (see
Sect 3.5 in Finke 2016, and references therein)4; a dust torus
(DT), simplified to a ring reprocessing a fraction of the disc
radiation in a single-temperature black body (BB) emission (see
Sect. 3.6 of Finke 2016). The thermal emission of some of
the targets can also be computed: one can evaluate the multi-
temperature BB SED produced in optical-UV by the accretion
disc or the IR-peaking BB SED representing the DT emission.
These BB SEDs approximate the actual thermal emission and
are conventionally adopted in radio-to-gamma-ray MWL mod-
elling to check the flux level of the thermal components against
the dominant non-thermal ones (see e.g., Ghisellini & Tavecchio
2009). They are inadequate for precise modelling of the SED of
those sources in which the thermal components can be directly
observed (in particular non-jetted AGN). The energy density,
u [erg cm−3], of every target can also be computed as a function
of the distance from the central black hole (BH), r, both in the

2 https://github.com/cosimoNigro/agnpy
3 https://agnpy.readthedocs.io/en/latest/index.html
4 All the emission lines of the stratified BLR model of Finke (2016)
are made available.
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disk
torus

disk

torus Fig. 1. Scheme representing agnpy’s modules,
their relations and the computations they per-
form. agnpy.emission_regions, defining the
region responsible for the non-thermal radiation
(containing the EED), is the initialising argu-
ment of the classes modelling radiative processes
and computing their SEDs (agnpy.synchrotron
and agnpy.compton). Thermal and line emit-
ters, collected in agnpy.targets, are ini-
tialising arguments of the modules for the
external Compton and the γγ absorption cal-
culations (agnpy.absorption). The targets’
thermal SEDs and energy densities (u) can
also be computed. The emission region is
passed to the class for self-consistent modelling
(agnpy.constraints) and to the absorption
class to compute the γγ absorption on synchrotron
photons.

reference frame comoving with the blob and in the one comov-
ing with the centre of the galaxy (see Fig. 1).

2.2. Radiative processes

The package contains a module for each leptonic radiative pro-
cess (see Blumenthal & Gould 1970; Rybicki & Lightman 1986;
Dermer & Menon 2009, for canonical references). All the for-
mulae used in the radiative processes calculations are provided
in Appendices A.3–A.5. Here we describe the fundamental phys-
ical assumptions considered in their implementation.
agnpy.synchrotron computes synchrotron spectra (with

self-absorption), following Finke et al. (2008). It is assumed that
the electron distribution is immersed in a large-scale random
magnetic field (Crusius & Schlickeiser 1986).
agnpy.compton models the inverse Compton (IC) scatter-

ing either of the synchrotron photons produced by the same
accelerated electrons, ‘synchrotron self-Compton’ (SSC), or of
the soft photon fields produced by the AGN line and thermal
emitters or by the CMB, ‘external Compton’ (EC). In both
cases, the full Compton cross section, including the Klein-
Nishina regime, is considered. SSC spectra are computed as
in Finke et al. (2008), with the target synchrotron radiation
assumed uniform in the blob (Jones 1968). EC spectra are
computed according to Dermer et al. (2009) and Finke (2016).
The electron distribution is transformed to a frame comov-
ing with the target photon field (following the approach of
Georganopoulos et al. 2001) and then convolved with the energy
distribution of the latter and the Compton cross section. The
head-on approximation of the cross section is used: it is assumed
that the scattered photons have roughly the same direction of the
scattering electrons (as in Dermer & Schlickeiser 1993, 2002).
agnpy.absorption allows one to compute the absorption

due to γγ pair production (Gould & Schréder 1967) on the soft
photon fields of the line and thermal emitters, as well as on
the synchrotron photons produced in the emission region. Con-
cerning γγ pair production with the EBL, absorption values
computed according to the models of Franceschini et al. (2008),
Finke et al. (2010), and Domínguez et al. (2011) are available
in the package resources. They are interpolated to provide an
energy- and redshift-dependent opacity function.

2.3. Parameter constraints

The package does not include any routine for the solution of
the differential equation describing the EED time evolution (see
e.g., Cerruti 2020, Eq. (7)). Nonetheless it contains an additional
module, agnpy.constraints, constraining its spectral param-
eters such that the modelling can be considered self-consistent.
Three time scales (computed in the reference frame of the emis-
sion region and therefore indicated with primed quantities, see
notation in Appendix A) are considered in the code: accelera-
tion, cooling and dynamical or ballistic. The acceleration time
scale of electrons with energy E′ is defined by the acceleration
parameter ξ (see e.g., Bednarek & Sitarek 2007) as

t′acc = E′
/(

dE′

dt′

)
acc
, where

(
dE′

dt′

)
acc

= ξcE′/RL, (1)

where c is the speed of light and RL is the Larmor radius of the
electron. The cooling time scale due to energy losses via syn-
chrotron radiation or inverse Compton in the Thomson regime
can be computed as (Blumenthal & Gould 1970)

t′cool = E′
/(

dE′

dt′

)
cool
, where

(
dE′

dt′

)
cool

=
4
3
σT cu′γ′2, (2)

where σT is the Thomson cross section and u′ is the energy den-
sity of the magnetic field (for synchrotron cooling), or the radia-
tion field (for inverse Compton cooling in the Thomson regime),
computed in the reference frame of the emission region. We note
that, due to relativistic beaming, the radiation density of the pho-
ton field of emitters external to the blob has to be transformed to
its comoving reference frame (see Appendix A.2 for these trans-
formations). Finally, the ballistic or dynamic time scale is deter-
mined from the blob size via

t′bal = R′b/c. (3)

This time scale determines the escape time of the radiation from
the blob. As the electrons are confined in the blob by the mag-
netic field they are naturally not directly affected by such an
escape condition. Nevertheless Eq. (3) also determines the time
scale in which the blob crosses a distance corresponding to its
size. In other words, in the reference frame comoving with the
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import numpy as np
import astropy.units as u
from agnpy.emission_regions import Blob
from agnpy.synchrotron import Synchrotron
from agnpy.utils.plot import plot_sed
import matplotlib.pyplot as plt

# emission region and radiative process
blob = Blob()
synch = Synchrotron(blob)

# compute the SED over an array of frequencies
nu = np.logspace(8, 23) * u.Hz
sed = synch.sed_flux(nu)

# plot it
plot_sed(nu, sed, label="synchrotron")
plt.show()
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Fig. 2. SED due to synchrotron radiation computed with agnpy. Default parameters for the emission region are given in Table B.1 (SSC model
column); fluxes and frequencies are given in the observer reference frame. (a) Example script using agnpy to compute and display a synchrotron
SED. (b) Output of the example script.

blob, the ambient matter traverses a distance corresponding to
the radius of the emission region. Both the escape of the radi-
ation and the change of the blob’s surrounding conditions can
cause breaks in the spectrum. It should be noticed that the exem-
plary broken power law implicitly assumed will not accurately
describe the evolving electron distribution in all cases. In the
case of hard injection spectra, fast cooling can result in an addi-
tional pile-up in the EED (see e.g., Saugé & Henri 2004)

3. Applications

In the following section we illustrate some applications of the
package functionalities, performing typical estimations neces-
sary for modelling the emission of jetted AGN.

3.1. Computing the SED for a radiative process

As stated in the introduction, the main objective of the package
is the computation of the broadband SED, from radio to gamma
rays, due to the radiative process in jetted AGN. In the code snip-
pet in Fig. 2a we illustrate how, with few lines of python, one
can evaluate the SED due to synchrotron radiation of a power
law of electrons (Fig. 2b). SED computations for further radia-
tive processes are illustrated in Sects. 3.5, 4.1 and 4.2.

3.2. Emission and densities of target photon fields

When considering the inverse Compton scenario in presence of
different photon targets, one might want to determine which
one produces the highest energy density u [erg cm−3] (see
Appendix A.2 for a definition, Sect. 3 of Ghisellini & Tavecchio
2009 and Sect. 8 of Finke 2016 for a more complete discus-
sion). In the Thomson regime, for example, the higher energy
density will be the one dominating the electrons’ Compton
cooling, Eq. (2), as long as the radiation can be considered quasi-
isotropic. agnpy estimates the energy densities of line and ther-
mal emitters as a function of the distance from the central black
hole (BH) along the jet axis, u(r), in the reference frames comov-
ing with the galaxy or the blob. Figure 3 illustrates, as an exam-
ple, the energy densities of the photon fields generated by the
CMB, a Shakura-Sunyaev disc, a spherical shell BLR emitting

the Lyα line, and a ring DT, whose parameters are given in
Table B.2. The energy densities are computed in the reference
frame comoving with the emission region (EC model column in
Table B.1). The energy density provided by the magnetic field
of the blob, UB = B2/(8π), and by the synchrotron radiation are
plotted for comparison5. We observe that the energy densities
of the AGN thermal and line emitters drop as we move at a dis-
tance larger than their typical sizes (for target parameters refer to
Table B.2). For distances even larger than the dust torus radius
r > 1020 cm ≈ 32 pc the only relevant external photon field is
the CMB, though, in the particular case realised in Fig. 3, the
synchrotron radiation will be the one dominating the cooling.

3.3. Absorption

High-energy photons might be absorbed via γγ pair production
by the very same soft photon fields that constitute the target
for Compton scattering, or by the EBL on their path to Earth.
agnpy estimates the γγ opacity, τγγ, due to the soft photon
fields of synchrotron radiation, of the BLR and the DT, and
of a monochromatic point source behind the jet (though the
latter is used only for cross-checks, as illustrated in Sect. 4).
As an illustrative example, Fig. 4 displays the total γγ opacity,
computed with agnpy, due to photon fields internal and exter-
nal to the blob. For the internal photon fields, the opacity due
to synchrotron radiation of the second blob in Table B.1 (EC
model) is represented, multiplied by a factor 103 to be compa-
rable with the opacity due to the external photon fields. For the
latter, a DT and a BLR constituted of two concentrical shells,
one emitting the Lyα and the other the Hα line, are considered.
The luminosity and radius of the Hα shell are obtained from
those of the Lyα, following the scaling of the stratified BLR
model in Finke (2016). Parameters of line and thermal emit-
ters are given in Table B.2. The blob is placed within the BLR,
at a distance r = 1.1 × 1016 cm = 0.1 × RLyα. We note that
internal and external absorption correspond to different attenu-
ation factors of the final photon spectrum (see Appendix A.5). It
should be noticed that in the case of high opacity for high-energy

5 We have assumed that the radius of the blob and the magnetic field
do not change as the distance from the BH increases. Normally the blob
size would increase and the magnetic field intensity decrease.
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Fig. 3. Energy densities of several photon fields: accretion disc (red
solid line), BLR (blue solid line), DT (yellow solid line), CMB (black
solid line), as a function of the distance from the central BH, computed
with agnpy. The energy density of synchrotron radiation (green dot-
ted line) and of the magnetic field (green dashed line) are plotted for
comparison. The emitters parameters are specified in Table B.2. A BLR
emitting the Lyα line is considered. The energy densities are expressed
in the reference frame comoving with the second blob in Table B.1
(EC model).
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Fig. 4. Total γγ opacity (black solid line and grey shaded area) produced
by photon field external to the blob: BLR (red and blue dashed lines)
and DT (yellow dashed line). The BLR is assumed to be composed
of two concentric shells one emitting the Lyα (red) and the other the
Hα line (blue). Line and thermal emitters parameters are specified in
Table B.2. The green line and shaded area represent the opacity due
to the synchrotron photons produced by the second blob in Table B.1
(EC model). The latter is multiplied by 103 to be comparable with the
opacity due to the external photon fields. The blob is placed well within
the BLR, at r = 1.1×1016 cm = 0.1×RLyα. Frequencies are given in the
observer reference frame.

photons, the secondary e± pairs can produce further IC emission
in the ambient radiation field (see e.g., Bednarek & Kirk 1995;
Blandford & Levinson 1995). This cascading effect is not calcu-
lated by agnpy.

The package resources additionally include tables of the
absorption value, exp(−τγγ), computed according to the EBL
models of Franceschini et al. (2008), Finke et al. (2010), and
Domínguez et al. (2011). These are interpolated and made avail-
able to the user to be evaluated, for a given redshift, over an array
of frequencies.

3.4. Constraining the Lorentz factor

The module for constraining the spectral parameters provides a
number of functions that compute the Lorentz factors of the elec-
trons for which the different time scales listed in Eqs. (1)–(3)
match. Typically, a maximum Lorentz factor, γ′max, is obtained
from the comparison between a given cooling and accelera-
tion time scales. A break Lorentz factor, γ′b, corresponding to
a change in slope in the EED, is instead obtained equating the
cooling and the ballistic time scale. A practical use case would
be to compute the γ′max values for all the radiative processes con-
sidered in a particular scenario and then choose the lowest one
as the most constraining. For example, considering the blob for
the EC model in Table B.1, and the synchrotron, SSC, and EC
on DT radiative processes, we obtain: γ′max, synch = 1.6 × 108,
γ′max,SSC = 2.2 × 1010, and γ′max,EC = 2.4 × 108. We would then
choose γ′max, synch as a constraint on the maximum energy. The
process responsible for the limit on the maximum energy of the
electrons will likely produce a break in the electron spectrum
connected with the change of the conditions inside the blob if
the corresponding γ′b is within the [γ′min, γ

′
max] range, as it is in

this case: γ′b, synch = 7.4×103. Both spectral parameters are in fact
in rough agreement with those chosen for the broken power-law
EED in the EC model in the table.

3.5. Fitting the SED of blazars

agnpy is a package for numerical modelling; routines for data
handling and fitting are, therefore, outside of its scope. More-
over, such functionalities are available in many other packages
and re-implementing them will, in addition to creating duplica-
tion, break the modular approach we discussed in the introduc-
tion. To ease the interface between agnpy and other high-level
data-analysis package we expose, for each radiative process,
a function computing the SED that depends on the frequency
and on all the model parameters simultaneously (i.e. νFν(ν;Θ),
where Θ is a vector of the model parameters one wants to deter-
mine through some statistical procedure). Such functions can be
easily wrapped by any fitting routine, leaving substantial free-
dom to the user to create an optimal fit model from any arbi-
trary combination of emission regions and radiative processes.
Once the model is defined, users can choose which parameters
of the model have to be fixed and which one left free, depending
on the completeness of their data set and on information already
available on the source. We provide, in the online documentation
tutorials and in the code associated with this publication, two
examples using both Gammapy (Deil et al. 2017) version 0.18.2
(Deil et al. 2021) and sherpa (Freeman et al. 2001; Doe et al.
2007) version v4.14.0 to wrap agnpy’s functions to fit the
observed MWL SED of the blazars Mrk 421 (a BL Lac) and
PKS 1510-089 (a flat spectrum radio quasar, FSRQ). While the
low energy continuum of both source types is interpreted as
due to synchrotron radiation of electrons, the high-energy one
is commonly explained as due to SSC for BL Lacs and to EC
(with a possible additional contribution from SSC process) for
FSRQs. These two science cases offer us the possibility to test
the fitting procedure with most of the radiative processes imple-
mented in the package.

3.5.1. Mrk 421

We modelled the radio-to-gamma-ray broadband SED of
Mrk 421 observed in 2009 by the MWL campaign described in
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Table 1. Parameters of Mrk 421 and PKS 1510-089 models from the
examples wrapping agnpy with Gammapy and sherpa.

Mrk 421 PKS 1510-089

Parameter Gammapy sherpa Gammapy sherpa

(a) Best-fit parameters

log10( ke
cm−3 ) −7.89 −7.89 −2.06 −2.05

p1 2.06 2.06 2.00 2.00
p2 3.54 3.54 3.16 3.16
log10(γ′b) 4.99 4.99 3.01 3.01
log10(B/G) −1.33 −1.33 −0.42 −0.42
δD 19.74 19.76 – –
χ2/d.o.f. 271.2/80 271.2/80 230.5/36 230.5/36

(b) Fixed parameters
Parameter Mrk421 PKS 1510-089
δD – 25
γ′min 500 1
γ′max 106 3 × 104

Rb / cm 5.3 × 1016 2.4 × 1016

θs 2.90◦ 2.22◦

r/cm – 6 × 1017

Ldisc/(erg s−1) – 6.7 × 1045

η – 1/12
MBH/M� – 5.71 × 107

Rin/Rg – 6
Rout/Rg – 104

ξDT – 0.6
RDT / cm – 6.5 × 1018

TDT /K – 103

z 0.0308 0.361

Abdo et al. (2011) with the synchrotron and SSC radiation of a
single blob accelerating a broken power-law EED. The model
is described by nine parameters, six for the EED (ke, p1, p2,
γ′b, γ′min, and γ′max; see the parametrisation in Appendix A.1),
and three for the blob (R′b, B, and δD). We fixed the minimum
and maximum Lorentz factors of the EED, γ′min and γ′max, and
constrained the radius of the blob, R′b, with the observed vari-
ability time scale tvar = 1 d and the Doppler factor δD, via
R′b = ctvarδD/(1 + z). To limit the span of the parameters space,
we fitted the log10 of the parameters whose range is expected to
cover several orders of magnitudes, such as the electron normal-
isation, ke, the break Lorentz factors of the electron distribution,
γ′b, and the magnetic field, B. Both for Gammapy and sherpa we
minimised a χ2 statistic. For sherpa we selected the Levenberg-
Marquardt minimisation algorithm (Levenberg 1944; Marquardt
1963), while for Gammapy we used iminuit (Dembinski et al.
2020), a python wrapper for the minuit26 library. The SED
points below 1011 Hz were not considered in the fit as they rep-
resent radio flux measurements with a larger integration region
and are contaminated by the extended jet emission. We assumed
30% systematic uncertainties on very-high-energy gamma-ray
flux measurements (E ≥ 100 GeV, Aleksić et al. 2016), 10%
on the high-energy ones (0.1 GeV ≤ E < 100 GeV, Abdo et al.
2011), 10% in the X-ray band (Madsen et al. 2017), and a con-
servative 5% on the low-energy fluxes, from the UV to the radio
band (Bohlin et al. 2014). The values of the model parameters
obtained with the different software are reported in Table 1a. The

6 https://root.cern.ch/root/htmldoc/guides/minuit2/
Minuit2.html

best-fit model obtained with Gammapy, illustrated in Fig. 5 along
with its individual components, returned a statistics χ2 = 271.2
with 80 degrees of freedom. We observe a good agreement
between the fitted model and the data over the entire energy
range. We refrain from providing uncertainties on the best-fit
values due to the simplistic treatment of the flux points uncer-
tainties: the systematic uncertainties we considered represent an
educated guess from the literature and we also neglected any cor-
relation between flux points obtained by the same instrument.
We remark that the objective of this exercise is to illustrate the
seamless interface of analysis and modelling tools and not to
perform a statistical analysis nor draw any scientific conclusion
from the modelling.

3.5.2. PKS 1510-089

The MWL SED of PKS 1510-089, characteristic of a high opti-
cal and gamma-ray state observed in 2015 (Ahnen et al. 2017)
was modelled with the synchrotron, SSC and EC radiation of a
single blob accelerating a broken power-law EED. We included,
in the total flux model, the disc and the DT thermal emis-
sions since for FSRQs, while often outshined by synchrotron
emission, they are still non-negligible. We considered the DT
photon field as target for the EC and neglected any γγ absorp-
tion on photon fields external to the blob. Independent stud-
ies on the location of the emission region indeed finds it to
be outside the BLR, without any evidence of absorption of the
gamma-ray spectrum on its photon field (Costamante et al. 2018;
Meyer et al. 2019). For this reason we set the emission region
location at a distance r = 6 × 1017 cm, outside the BLR (fol-
lowing Ahnen et al. 2017). We accounted for self-absorption of
the synchrotron radiation. For the χ2 minimisation we used the
same settings described for Mrk 421. In this case the number of
model parameters is larger than those of the simple synchrotron
and SSC model, as they include the parameters of the disc and
DT thermal components. We fixed all the parameters related to
the thermal emitters: the disc luminosity Ldisc and accretion effi-
ciency η, the mass of its BH MBH, its inner and outer radii Rin(out).
We considered a torus with radius RDT reprocessing a fraction
ξDT of the disc efficiency and radiating at temperature TDT. The
values adopted, listed in Table 1b, were obtained from previous
modelling of the source (Aleksić et al. 2014; Ahnen et al. 2017)
following the scaling relations in Ghisellini & Tavecchio (2009).
As before, we fixed γ′min and γ′max of the EED, but due to the
lower number of flux measurements compared to the Mrk 421
case, we were not able to fit simultaneously the EED parame-
ters along with δD and B and therefore chose to fix the value
of δD = 25. The blob size was again constrained by the time
variability, fixed to tvar = 0.5 d. As for Mrk 421, spectral points
below 1011 Hz were not included in the fit and we assumed
for the flux points the same systematic uncertainties previously
specified. The value of the model parameters obtained with the
different software are reported in Table 1a. The best fit model
obtained with Gammapy, illustrated in Fig. 6 along with its ther-
mal and non-thermal individual components, returns a statistics
χ2 = 230.5 with 36 degrees of freedom. Again we refrain from
providing errors on the parameters.

4. Validation

In order to validate the calculations performed by agnpy we
compared them against bibliographic references and against
jetset (version 1.2.0rc10). Moreover, we implemented
internal consistency checks that examine the compatibility of
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Fig. 5. MWL SED of Mrk 421 (black points) from Abdo et al. (2011)
fitted wrapping agnpy with Gammapy. The red solid line represents the
best fit model, the coloured dashed lines its individual components: yel-
low for synchrotron, blue for SSC. Fluxes and frequencies are given in
the observer reference frame.
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Fig. 6. MWL SED of PKS 1510-089 (black points) from Ahnen et al.
(2017) fitted wrapping agnpy with Gammapy. The red solid line repre-
sents the best fit model, coloured dashed lines represent its non-thermal
components: yellow for synchrotron, blue for SSC, green for EC on
DT; grey lines represent its thermal components: dot-dashed for the
multi-temperature BB of the accretion disc, dotted for the BB of the
DT. Fluxes and frequencies are given in the observer reference frame.

different implementations of a similar scenario. One example is
provided by the processes dependent on the distance between
the emission region (the blob) and the central BH: EC and γγ
absorption on AGN photon fields. The photon field produced by
any emitter centred at the BH position can be approximated, for
distances much larger than its size, r � Remitter, with the photon
field produced by a point source (with the same luminosity) at
the BH position. For very large distances, we can therefore ver-
ify the consistency of the EC spectrum (or the γγ opacity) gen-
erated by a given line or thermal emitter with the EC spectrum
(or the opacity) generated by a point-source approximating it.
All the comparisons illustrated in this section are embedded in
the test system part of the package continuous integration (CI)
cycle. Before a change is merged in the master branch of the
code repository, these benchmark SEDs are automatically gen-

erated and it is numerically assessed that their deviations from
the references are within a certain accuracy margin.

4.1. Synchrotron and synchrotron self-Compton

To cross-check the synchrotron and SSC radiation calculation
we reproduced with agnpy one of the models in Fig. 7.4 of
Dermer & Menon (2009) (whose parameters are given under the
SSC model column of Table B.1). We used jetset, which for
these processes relies on the same assumptions as agnpy (homo-
geneous magnetic field and homogeneous synchrotron radia-
tion), to produce the SEDs for the same model parameters.
Figure 7 illustrates the comparison between the reference SEDs
and agnpy. In the bottom panels the deviation of agnpy from a
given reference is represented with the quantity νFν,agnpy

νFν,ref.
− 1. We

observe an absolute deviation for the synchrotron and SSC pro-
cesses well within 20% both from Dermer & Menon (2009) and
from jetset, for most of the frequency range considered.

4.2. External Compton

For the EC, we performed comparisons against the literature
reproducing the SEDs for the scattering of the accretion disc,
BLR, and DT photons in Figs. 8, 10, and 11, respectively, of
Finke (2016). We compared agnpy against jetset considering
EC on the aforementioned photon fields and additionally on the
CMB. For the Compton scattering calculation jetset relies on
the same Georganopoulos et al. (2001) approach used in agnpy,
but the two software packages rely on different parametrisations
and assumptions for the target photon fields, therefore larger dif-
ferences are to be expected in their comparison. As already men-
tioned, for the EC scenario it is possible to perform an additional
internal consistency check approximating, for large distances
from the BH, the photon field of the line or thermal emitter with
the one produced by a point-like source.

Figures 8–10 present, for each AGN photon field, two com-
parisons. In the first, considering a distance between the blob
and the BH smaller than the emitter size, r < Remitter, we com-
pare agnpy against the corresponding bibliographic reference
and against jetset. In the second, considering a significantly
larger distance, r � Remitter, instead of the literature, we compare
against the SED computed with agnpy approximating the emit-
ter with a point-like source. We notice that the point source we
consider is monochromatic (Appendix A.2.2) hence the approx-
imation is exact only in the case in which the emitter itself is
also considered monochromatic in the scattering calculation; this
is true for the BLR and DT, but not for the disc. The latter
has an emission dependent on the radial coordinate ε0(R) (see
Eq. (A.17)). In considering EC scattering on its radiation (Fig. 8,
right panel) we propose a comparison against two point sources:
the first emitting with the same energy emitted at the inner disc
radius ε0 = ε0(Rin) and the second emitting with the same energy
emitted at the outer disc radius ε0 = ε0(Rout). Figure 11 shows
instead the comparison against jetset for EC on the CMB.

For the EC on disc we obtain a deviation within 30%, both
from the literature and the point-source approximation, for most
of the frequency range considered. The accretion disc radiation
in jetset is modelled following Frank et al. (2002), consider-
ing a multi-temperature black body with a temperature profile
similar to the one of Dermer & Schlickeiser (2002). Deviation
from jetset are larger over the entire energy range, with the peaks
of the spectra deviating more than 50%. For the EC on BLR
again we observe a deviation within 30% from the literature
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Fig. 7. Comparison of the synchrotron (left panels) and SSC (right panels) radiation computed with agnpy (red solid line) and jetset (blue
dashed line) and taken from Fig. 7.4 of Dermer & Menon (2009) (black dashed line). The bottom panels display the deviation of agnpy from the
bibliographic reference or jetset. Fluxes and frequencies are given in the observer reference frame.
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Fig. 8. Left: comparison, for a distance smaller than the emitter size, of the EC scattering on the disc photon field computed with agnpy (red solid
line) and jetset (dashed blue line) against the results in Finke (2016) (black dashed line). Right: comparison, for a distance much larger than
the emitter size, of the SED obtained with agnpy considering the full disc energy density (solid red line) or approximating it with a monochro-
matic point-source (black line) with the same photon energy at the inner (dashed line) or outer (dotted line) disc radius. The SED computed by
jetset at the same distance is displayed with the dashed blue line. The bottom panels display the deviation of agnpy from the reference (or the
approximation). Fluxes and frequencies are given in the observer reference frame.

and even smaller from the point-source approximation. The BLR
radiation in jetset is modelled, following Donea & Protheroe
(2003), with a thick spherical shell re-emitting the BB radiation
of the disc. The different BLR models result in a factor 2 dif-
ference between agnpy and jetset, over most of the energy
range considered. For large distances the deviation is reduced to
within 50%. Similarly to the previous cases, for the EC on DT we
observe a very small deviation, mostly within 20%, from the lit-
erature and point-source approximation and a larger one, within

50%, from jetset. The latter accounts in the EC scattering
for the whole BB emission of the DT (approximated instead as
monochromatic in the agnpy calculation). For the EC on CMB,
no literature reference was available and the two software agree
within 30%.

For all the EC validations, the parameters of the blob are
given under the EC model column of Table B.1 and those of
the targets in Table B.2. The distances r are specified in the plot
titles.
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Fig. 9. Same as in Fig. 8, but considering EC scattering on the BLR photon field.
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Fig. 10. Same as in Figs. 8 and 9, but considering EC scattering on the DT photon field.

4.3. γγ absorption

Similar tests performed for the EC were repeated to validate
the γγ absorption produced by the BLR and DT photon fields,
though in this case no comparison with other software was pos-
sible. Again, for the distances smaller than the size of the line
or thermal emitter, r < Remitter, we compared against the corre-
sponding bibliographic reference, that is Fig. 14 of Finke (2016).
For large distances, r � Remitter, we performed an internal
comparison, approximating the target with a point source. We
notice that, in the case of a source aligned with the observer, the
absorption from a point-source behind the jet would be zero (see
Eq. (A.52)). Therefore to perform a meaningful comparison for
the absorption due to a point-source behind the jet approximating
the emitter, we assumed a viewing angle of θs = 20◦ in the case
of large distances. Again, with the exception of the extremes of
the frequency range considered, we achieve a deviation smaller

than 10% in all cases. We did not encounter any bibliographic
or software reference to validate the absorption on synchrotron
photons.

5. Reproducibility and performance

The issue of reproducibility in science is often addressed from
the point of view of data availability, reduction, and analysis
(e.g., Chen et al. 2018), but never from the point of view of
physical interpretation of results. Nonetheless, since the latter
is dependent on increasingly complex software, it is appropriate
to apply the same standards we require for modern data-analysis
software to modelling tools. For this reason, beside exposing the
source code and opening the development of our software, we
took the effort of thoroughly validating its results against bib-
liographic references, other software and internal consistency
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Fig. 11. Comparison of the EC scattering on the CMB at z = 1 com-
puted with agnpy (red solid line) and jetset (blue dashed line). Fluxes
and frequencies are given in the observer reference frame.

Table 2. Execution times of the different computations performed by
agnpy in the validation scripts associated with this repository (a).

Computation Integration grid texec/s

nν nγ nθ nφ nl

Synchrotron 100 200 – – – 0.007
SSC 100 200 – – – 0.404
EC on disc 40 400 100 50 – 8.738
EC on BLR 40 600 100 50 – 13.255
EC on DT 40 600 – 50 – 0.161
EC on point source 40 103 – – – 0.007
EC on CMB 40 300 100 50 – 4.984
abs. on BLR 199 – 100 50 50 6.044
abs. on DT 99 – – 50 50 0.023
abs. on point source 199 – – – 50 0.013

Notes. (a)nν represents the number of frequency points over which we
compute the SED (or absorption), nγ the number of points considered
for the EED energies (for SEDs computations), nθ and nφ the number of
points in zenith and azimuth, respectively, considered for spatial inte-
gration. Finally, in the case of absorption, the number of points in dis-
tance nl considered for the opacity calculation are indicated.

checks. Our package offers a modelling tool easily interfaceable
with other python-based packages for astrophysical data analysis
(Gammapy, sherpa), thus providing a modular approach to per-
form a complete and reproducible astrophysical analysis, from
data reduction to physical interpretation, in the same computa-
tional environment. In order to also make the results in this pub-
lication reproducible, we made available all the scripts used to
produce them in a GitHub repository7, that we also archived on
Zenodo (Nigro et al. 2022). We provide an anaconda environ-
ment freezing the version of the packages (and dependencies)
employed and a Docker container8 archiving the computational
environment used to produce all the results in this paper.

To provide the reader an estimate of agnpy’s performance
in its current state, each script associated with this publication
times the most relevant computations performed with the pack-
age functions. In Table 2 we report the execution times, texec,

7 https://github.com/cosimoNigro/agnpy_paper
8 https://hub.docker.com/r/cosimonigro/agnpy_paper

for the radiative processes computations in the validation scripts
(those producing Figs. 7–13). They are obtained the on a macOS
system (Monterey 12.0.1) with a 1.4 GHz processor and 8 GB
RAM. For the calculation of a given processes, texec will depend
on the number of dimensions of the integral and on the num-
ber of points chosen along each axis when the latter is discre-
tised. We indicate in the table the number of points chosen over
each dimension when computing the SED (or the absorption).
The number along each dimension is chosen to obtain smooth
spectra; we provide further discussion on the effects of the reso-
lution of the discretisation on the final spectra in Appendix C.
The fastest computations are given by one-dimensional inte-
grals, texec ≈ 10 ms, such as those estimating the spectra due to
synchrotron radiation (Eq. (A.30)) and EC on point-like source
(Eq. (A.43)). Two-dimensional integrals like those computing
the SSC (Eq. (A.33)) and EC on DT spectra (Eq. (A.46)) require
up to 100 ms. Finally, the largest three-dimensional integrals
such as the spectra of EC on disc (Eq. (A.45)), EC on BLR
(Eq. (A.44)), EC on CMB (Eq. (A.42)) can take up to few s.
We remark that the execution times are measured on a single run
and might significantly differ from those reported for different
machines. They should not differ significantly, mostly at the ms
level, from execution to execution, on the same machine. The
χ2 minimisation for the Mrk 421 case (6 model parameters, 86
flux points) requires ≈15 s, when using sherpa and ≈120 s when
using Gammapy. The χ2 minimisation for the PKS 1510-089 case
(5 model parameters, 41 flux points) requires ≈23 s when using
sherpa and ≈85 s when using Gammapy.

6. Conclusions

In this article we presented agnpy: a python package mod-
elling the radiative processes in jetted active galaxies. Built
on NumPy, SciPy, and astropy, agnpy provides another ele-
ment to the modular astrophysical software system envisioned
in Portegies Zwart (2018). Not only it can be easily wrapped by
other astrophysical libraries for data analysis living in the same
ecosystem, such as sherpa and Gammapy, but it also comple-
ments the science cases covered by other modelling tools such
as naima and jetset.

We present several examples of applications, the most use-
ful being the calculation of the spectrum produced by a given
radiative process and the computation of the energy densities and
the γγ absorption on the photon fields of several AGN compo-
nents. The features connected with line and thermal emitters and
with absorption are not included in any other jetted AGN mod-
elling software, nor is the possibility to describe any jetted radio
galaxy (including non blazars). Even though not capable, in its
current state, of properly describing the time-evolution of the
EED, agnpy provides a class constraining its energies based on
a simple parametrisation of the acceleration, escape, and radi-
ation processes. In the spirit of the interfaceability previously
discussed, we illustrate, in the code associated with this publica-
tion and in the online documentation, how to wrap agnpy with
sherpa and Gammapy in two examples, fitting the MWL SED of
the blazars Mrk 421 and PKS 1510-089.

We provide an extensively and continuously validated mod-
elling tool. Extensively because its results have been validated
against bibliographic references, other modelling software and
through internal consistency checks. Continuously because the
same checks illustrated in Sect. 4 constitute only a part of the
tests executed during the CI cycle. For all the radiative pro-
cesses considered, we obtain results that deviate between 10
and 30% from the bibliographic references and jetset, when
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Fig. 12. Left: comparison, for a distance smaller than the emitter size, of the γγ absorption on the BLR photon field computed by agnpy (red
solid line) against the results in Finke (2016) (black dashed line). Right: comparison, for a distance much larger than the emitter size, of the
opacity obtained with the full calculation using the BLR energy density (solid red line) against the calculation approximating the target with a
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Fig. 13. Same as in Fig. 12, but considering γγ absorption on the DT photon field.

considering the same physical assumptions. Larger differences,
still within a factor 0.5−2, are observed when comparing with
the calculations of jetset that assume a different parametrisa-
tions of the photon fields. To our knowledge, agnpy is the first
open-source modelling package for radio-to-gamma-ray non-
thermal emission openly providing software and bibliographic
comparisons. It would be interesting, provided the availability
of other authors, to expand them to results from other publi-
cations. Benchmark models for non-thermal radiative processes
could be created, as already successfully done, for example, for
radiative transfer of photons in dust structures (Ivezic et al. 1997;
Gordon et al. 2017). Concerning performance, the most simple
computations can be executed on current machines in few ms,

while the most complex can take up to few s. Current perfor-
mance results in a reasonable execution time, of the order of few
seconds, for fitting routines wrapping the code.

Concerning future expansion of the package, we outline
two possible paths. The first would be, given the recent
multi-messenger observations of blazars (IceCube collaboration
2018), and the growing interest in hadronic radiative processes,
their implementation in agnpy. The second might be the addition
of a procedure to correctly evolve the EED properly account-
ing for electrons acceleration, radiation and escape (Kardashev
1962; Chiaberge & Ghisellini 1999).

With the advent of the next generation of high-energy obser-
vatories and the amount of data they will facilitate, open-source
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modelling tools will become essential to extending the inter-
pretation effort to the largest possible number of astrophysi-
cists. Preparing for widespread access to these data, high-energy
astrophysicists have started to develop standardised data formats
and open-source analysis tools. In the next era of computational
astrophysics the same standardisation and reproducibility stan-
dards should be required from modelling software.
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Appendix A: Notations and formulae

This appendix describes the notation and formulae used in the
code implementation and in this paper. As some of these formu-
lae are not explicit in the references given for the specific radia-
tive process implementations (see Section 2.2), we reworked
them ourselves. We collect them here hoping they will be useful
for cross-checks and future work.

Following the notation in Dermer & Menon (2009) we
express the energy of the electrons in terms of their Lorentz
factor γ. For the photons we use a dimensionless energy, ε,
expressed in units of electron rest-mass energy: ε = hν/(mec2),
where h is the Planck constant, ν the frequency of the pho-
ton, and mec2 the electron rest-mass energy. Among function
arguments, a semicolon separates continuous from parametric
dependency, for example the one-dimensional Heaviside func-
tion between the points x = a and x = b is written as H(x; a, b).

The notation we adopt makes frequent use of implicit differ-
entials. We mark them by underlining the function symbol and
moving the differential variable among the function arguments,
for example the density of electrons with Lorentz factor between
γ and γ + dγ will be indicated with ne(γ)dγ ≡ dne

dγ dγ. Similarly,
the specific spectral energy density at a given distance r from a
photon field, that is the density of photons with energy between
ε and ε + dε and solid angle between Ω and Ω + dΩ, will be
indicated with u(ε,Ω; r)dεdΩ ≡ ∂u

∂ε ∂Ω
(r)dεdΩ.

The emission region is assumed to be a spherical plasmoid
(blob) with radius Rb, and tangled uniform magnetic field B. It
is considered homogeneously exposed to the line and thermal
emitters radiation (i.e. it is approximated as a point in the EC
calculations). The blob moves along the jet axis with (constant)
relativistic velocity B and bulk Lorentz factor Γ, and the jet is
oriented at an angle θs with respect to the observer line of sight.
The Doppler factor, regulating the relativistic transformations to
and from the blob’s reference frame, is

δD =
1

Γ(1 − B cos θs)
. (A.1)

In this appendix we express physical quantities in three ref-
erence frames. Unprimed quantities (ε, γ) are measured in a ref-
erence frame comoving with the galaxy and whose origin is the
galactic BH. Primed quantities (ε′, γ′) refer instead to a refer-
ence frame comoving with the blob. Transformations of energies
between these two reference frames read ε/ε′ = γ/γ′ = δD. The
cosine of an angle µ, transforms instead as µ′ = (µ−B)/(1−Bµ).
Hatted quantities refer to the inertial frame of the observer. An
observed photon energy, ε̂, converts to the galactic reference
frame via ε = ε̂ (1 + z) and to the blob reference frame via
ε′ = ε̂ (1 + z)/δD. We indicate the energy flux (or SED) with
the short notation fε = νFν [erg cm−2 s−1] where ε is the dimen-
sionless energy corresponding to ν. Observed energy fluxes (i.e.
measured at Earth) relate to the intrinsic ones produced in the
blob frame via f̂ε̂ = δ4

D f ′ε′ . All of the plots in the main text of
this paper present observed frequencies and fluxes; nonetheless
we do not use the hatted notation not to overburden the nota-
tion appearing in them. We employ the proper notation in this
appendix to mark the transformations between the different ref-
erence frames.

A.1. Non-thermal electron spectra

The electron energy density (EED) in the blob reference frame,
n′e [cm−3], is parametrised as a function of the Lorentz factor
only, γ′, thus assuming electrons with a uniform and isotropic

distribution in the emission region. The total volume density of
electrons is n′e, tot =

∫ ∞
1 dγ′ n′e(γ′). The differential number of

particles, N′e(γ′), can be obtained multiplying the particle den-
sity, n′e(γ′), by the volume of the emission region, V ′b. The total
energy in electrons, W ′e, is thus defined as

W ′e = mec2
∫ ∞

1
dγ′ γ′ N′e(γ′). (A.2)

The simplest parametrisation available in agnpy for the electron
energy density is a power law

n′e(γ′) = ke γ
′−p H(γ′; γ′min, γ

′
max), (A.3)

where ke is the normalisation constant, p the spectral index and
the Heaviside function ensures null values outside the range
γ′min ≤ γ

′ ≤ γ′max. Another parametrisation available is a power
law with a spectral index changing from p1 to p2 at the Lorentz
factor γ′b, commonly known as broken power law

n′e(γ′) = ke

[(
γ′

γ′b

)−p1

H(γ′; γ′min, γ
′
b)

+

(
γ′

γ′b

)−p2

H(γ′; γ′b, γ
′
max)

]
.

(A.4)

A power law with an exponential cutoff at the Lorentz factor γ′c
is also available

n′e(γ′) = ke γ
′−p exp

(
−
γ′

γ′c

)
H(γ′; γ′min, γ

′
max). (A.5)

Finally, a curved power law, with spectral index changing log-
arithmically with the Lorentz factor, commonly known as log-
parabola, can also be considered

n′e(γ′) = ke

(
γ′

γ′0

)−(p+q log10(γ′/γ′0))

H(γ′; γ′min, γ
′
max). (A.6)

A.2. Energy densities of line and thermal emitters

The (integral) energy density of a photon field at a given distance
r above the central BH, u(r) [erg cm−3], (see Section 3.2) can be
computed by integrating the specific spectral energy density over
energy and solid angle

u(r) =

∫
dε

∫
dΩ u(ε,Ω; r). (A.7)

Let us consider the reference frame with the BH in its centre
and the scattering geometry illustrated in Figure A.1. An illus-
trative disc-like emitter with variable radius R illuminates the
blob, which is streaming along the jet axis and is located at a
distance r above the BH. Photons from the emitter hit the blob
with zenith angle θ and azimuth angle φ. The jet axis at the blob
position forms a viewing angle θs with the line of sight of the
observer. In the following section we calculate the energy densi-
ties for all the emitters (targets) implemented in agnpy, both in
the galactic (u) and in the blob (u′) reference frames. The trans-
formation laws for spectral energy densities between these two
reference frames can be found in Dermer & Schlickeiser (2002,
Section 4) and Dermer & Menon (2009, Chapter 5).
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r
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θ
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observer

blob
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Fig. A.1. Geometry used for the energy density and external Compton
scattering calculations. A disc-like emitter with radial coordinate R is
represented as an example.

A.2.1. Isotropic monochromatic

An isotropic monochromatic radiation field with dimensionless
energy ε0 has specific spectral energy density

u(ε,Ω) =
u0 δ(ε − ε0)

4π
, (A.8)

such that the energy density in the galactic frame is trivially u =
u0, while in the blob frame

u′ = u0 Γ2
(
1 +
B2

3

)
, (A.9)

in both cases the integral energy density is independent from the
distance, as visible in Figure 3 for the CMB case.

A.2.2. Monochromatic point source behind the blob

Let us consider a monochromatic (ε = ε0) source of luminosity
L0 at the centre of our reference frame (the BH position). Its
specific spectral energy density is

u(ε,Ω; r) =
L0

4πcr2

δ(µ − 1)
2π

δ(ε − ε0), (A.10)

where the condition µ = cos θ = 1 ensures that the photons are
coming from behind the blob. The integral energy density in the
galactic frame is

u(r) =
L0

4πcr2 , (A.11)

and in the blob frame

u′(r) =
1

Γ2(1 + B)2

L0

4πcr2 =
u(r)

Γ2(1 + B)2 . (A.12)

Where Γ and B are the Lorentz factor and velocity (in units of
c) of the blob. We notice that Equations (A.11) and (A.12) can

be used as a cross-check for the correct calculation of the pho-
ton energy densities produced by emitters with a more complex
geometry. For a large distance from the BH, where any emitter
is observed under a very small angle θ � θs, its photon field
tends to the one produced by a point-like source. Hence Equa-
tions (A.11) and (A.12) represent limits to the energy densities of
any emitter, the limits being exact for monochromatic emitters.

A.2.3. Shakura-Sunyaev accretion disc

Let us consider an accretion disc with inner and outer radii Rin
and Rout, respectively. From the sketch in Figure A.1 we see that
the cosine of the photon incoming angle µ = cos θ and the coor-
dinate along the disc radius R are related via

µ =

(
1 +

R2

r2

)−1/2

, R = r
√
µ−2 − 1. (A.13)

The minimum and maximum incoming angles of photons from
the disc impinging on the emission region are therefore

µmin =

(
1 +

R2
out

r2

)−1/2

, µmax =

1 +
R2

in

r2

−1/2

. (A.14)

The specific spectral energy density of photons coming from a
Shakura & Sunyaev (1973) accretion disc can be parametrised,
following Dermer & Schlickeiser (2002) and Dermer et al.
(2009), as:

u(ε,Ω; r) =
3GMṁ

(4π)2cR3 ϕ(R) δ(ε − ε0(R)) (A.15)

where ϕ(R) represents the variation of energy flux along the
radius

ϕ(R) = 1 −

√
Rin

R
(A.16)

and ε0(R) is the monochromatic approximation for the mean pho-
ton energy emitted from the disc at radius R

ε0(R) = 2.7 × 10−4
(

lEdd

M8η

)1/4 (
R
Rg

)−3/4

. (A.17)

In the above equations, G is the gravitational constant, M =
M8 × 108 M� is the mass of the black hole in solar mass units,
ṁ [g s−1] the black hole mass accretion rate, η the fraction of
gravitational energy converted to radiant energy (Ldisc = ηṁc2),
lEdd the ratio of the disc luminosity to the Eddington luminos-
ity (LEdd = 1.26 × 1046 M8 erg s−1), and Rg = GM/c2 is the
gravitational radius of the BH. When using Equation (A.16) and
Equation (A.17), we make explicit the fact that the photons emit-
ted at a given disc radius R will have different incidence angles
depending on the blob position r, by replacing ϕ(R) → ϕ(µ; r)
and ε0(R)→ ε0(µ; r).

The integral energy density in the galactic frame is

u(r) =
3

8πc
GMṁ

r3

∫ µmax

µmin

dµ
ϕ(µ; r)

(µ−2 − 1)3/2 . (A.18)

In the blob frame the energy density is

u′(r) =
3

8πc
GMṁ

r3∫ µmax

µmin

dµ
ϕ(µ; r)

Γ6(1 − Bµ)2(1 + Bµ′)4(µ−2 − 1)−3/2 .
(A.19)

A18, page 14 of 20



C. Nigro et al.: agnpy: an open-source python package modelling the radiative processes of jetted AGN

r

θ∗

θ∗

rre

θre

φre

θs

observer

blob

BH

x

reprocessing
material

Fig. A.2. Geometry used for the energy density and external Compton
scattering calculations in case of a spherically symmetric emitter repro-
cessing the accretion disc radiation.

A.2.4. Spherical shell broad line region

Following Finke (2016), we model the BLR as an infinites-
imally thin, monochromatic shell. A complex model of a BLR
emitting several lines can be built as a superposition of these
simpler objects. Figure A.2 presents the geometry of a spher-
ically symmetric emitter reprocessing the accretion disc radia-
tion. The cosine of the incidence angle of photons produced on
the surface of the reprocessing material and crossing the jet at
a distance r from the BH is µ∗ = cos θ∗. The spherical coor-
dinates (rre, µre, φre) represent the reprocessing material (with
µre = cos θre). From geometry

µ2
∗ = 1 −

( rre

x

)2
(1 − µ2

re),

x2 = r2
re + r2 − 2rrreµre.

(A.20)

The specific spectral energy density of a spherical shell BLR
reads (Finke 2016)

u(ε,Ω; r) =
ξlineLdisc

(4π)2c
δ(ε − εline)

∫ 1

−1

dµre

x2 δ(µ − µ∗), (A.21)

where ξline is the fraction of the disc luminosity (Ldisc) repro-
cessed by the BLR, εline is the dimensionless energy of the emit-
ted spectral line, µ∗ and µre are obtained from Equation (A.20)
with rre = Rline, the radius at which we assume the monochro-
matic line is emitted. The integral energy density in the galactic
frame is

u(r) =
ξlineLdisc

8πc

∫ 1

−1

dµre

x2 . (A.22)

The monochromatic spherical shell BLR can be approximated,
at a large distance from the BH, as a point source behind the

blob, so Equation (A.22) should reduce to Equation (A.11) in
the limit r � Rline. As x2 → r2

u(r) =
ξlineLdisc

8πc

∫ 1

−1

dµre

r2 =
ξlineLdisc

4πcr2 , (A.23)

which is Equation (A.11), the energy density of a monochro-
matic point source behind the blob, with luminosity L0 =
ξlineLdisc. The integrated energy density in the blob frame reads

u′(r) =
ξlineLdisc

8πc
Γ2

∫ 1

−1
(1 − Bµ∗)2 dµre

x2 . (A.24)

We can check again that in the limit of large distance the latter
reduces to the equivalent expression for the point-source behind
the blob, Equation (A.12). For r � Rline, x2 → r2 and µ∗ → 1,
therefore

u′(r) = Γ2(1 − B)2 ξlineLdisc

8πc
2
r2 =

1
Γ2(1 + B)2

ξlineLdisc

4πcr2 . (A.25)

We have obtained Equation (A.12), again with L0 = ξlineLdisc.

A.2.5. Ring dust torus

Following Finke (2016), we model the DT as a geometrically
thin ring of radius RDT. The incidence angle and the distance of
the blob from the reprocessing material in Equation (A.20) can
be simplified to the ring case by imposing θre = π/2 and fixing
the radial coordinate to the ring radius: rre = RDT

µ∗ =
r
x
,

x2 = R2
DT + r2. (A.26)

The specific spectral energy density for a ring DT reads (Finke
2016)

u(ε,Ω; r) =
ξDTLdisc

8π2cx2 δ
(
µ −

r
x

)
δ(ε − 2.7Θ), (A.27)

where ξDT is the fraction of the disc luminosity (Ldisc) repro-
cessed by the DT and we are approximating the torus black-
body thermal emission as monochromatic at the peak energy
εDT = 2.7Θ. The dimensionless temperature Θ = kBTDT/(mec2),
with kB Boltzmann constant and TDT the peak temperature of
the thermal emission. The integral energy density in the galactic
frame is

u(r) =
ξDTLdisc

4πcx2 . (A.28)

This can be straightforwardly reduced to Equation (A.11) (with
L0 = ξDTLdisc) for r � RDT (in which case x2 → r2). In the
frame comoving with the blob the energy density reads

u′(r) = Γ2(1 − B r/x)2 ξDTLdisc

4πcx2 . (A.29)

This expression can also be easily reduced to the case of the
point-source behind the blob, Equation (A.12), considering that
in the limit of large distances x

r → 1 and Γ2(1−B)2 = 1/[Γ2(1 +

B)2].

A.3. Synchrotron radiation

The assumptions used in the synchrotron radiation calculation
are detailed in 2.2; here we report the formulae implemented in
agnpy.
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A.3.1. Spectral energy distribution

The synchrotron SED is computed, following Dermer & Menon
(2009) and Finke et al. (2008), as

f̂ synch
ε̂ =

δ4
D

4πd2
L

ε′
√

3e3B
h

∫ ∞

1
dγ′ N′e(γ′) R(x), (A.30)

where dL is the luminosity distance of the source, ε′ the energy
of the emitted synchrotron photons in the blob reference frame,
e the electron charge, and B the magnetic field. R(x) repre-
sents the pitch-angle-averaged synchrotron spectral power of a
single electron, expressed as a function of the variable x =
(4πε′m2

ec3)/(3eBhγ′2). In agnpy the approximation in Eq. (D7)
of Aharonian et al. (2010) is used for R(x).

A.3.2. Synchrotron self-absorption

The synchrotron self-absorption (SSA) effect (see
Dermer & Menon 2009, Section 7.8) is taken into account
by mutliplying the SED in A.30 by the absorption factor

3
τSSA

1
2

+
exp(−τSSA)

τSSA
−

1 − exp(−τSSA)
τ2

SSA

 (A.31)

where the energy-dependent SSA opacity is

τSSA(ε′) = −
R′b

8πmeε′2

(
λC

c

)3 ∫ ∞

1
dγ′ R(x)

[
γ′2

∂

∂γ′

(
n′e
γ′2

)]
(A.32)

and where λC = h/(mec) is the Compton wavelength.

A.4. Inverse Compton radiation

As for the synchrotron case, we refer to 2.2 for the assumption
used in the inverse Compton calculation and provide here the
formulae implemented in agnpy. Some detail is given here to
mathematically formalise the assumption going in the external
Compton calculations.

A.4.1. Synchrotron self-Compton

The synchrotron self-Compton SED is computed, following
Dermer & Menon (2009) and Finke et al. (2008), as

f̂ SSC
ε̂s

=
δ4

D

4πd2
L

3
4

cσTε
′2
s

∫ ∞

0
dε′

u′synch(ε′)

ε′2∫ ∞

0
dγ

N′e(γ′)
γ′2

FC(q′,Γ′e),

(A.33)

here σT is the Thomson cross section, ε′ is the energy of the syn-
chrotron photon, and ε′s the energy of the scattered photon, both
in the blob reference frame. The specific spectral energy den-
sity of synchrotron photons u′synch can be obtained from Equa-
tion (A.30) as

u′synch =
3
4

3d2
L f̂ synch

ε̂

cR′2b δ
4
Dε
′

; (A.34)

the factor 3/4 is due to averaging the radiation in a sphere. FC is
an integration kernel representing the Compton cross section for

electrons and photons with a uniform spatial distribution (Jones
1968; Blumenthal & Gould 1970)

FC(q′,Γ′e) =

[
2q′ ln q′ + (1 + 2q′)(1 − q′)

+
1
2

(Γ′eq′)2

(1 + Γ′eq′)
(1 − q′)

]
H

(
q′;

1
4γ′2

, 1
) (A.35)

with

Γ′e = 4ε′sγ
′ and q′ =

ε′s/γ
′

Γ′e(1 − ε′s/γ′)
, (A.36)

and the Heaviside functions on q′ expresses kinematic limits on
ε′ and γ′.

A.4.2. External Compton

In order to simplify the calculation of the Compton spectra for
photon targets external to the blob, we employ the ’head-on’
approximation (Reynolds 1982; Dermer & Schlickeiser 1993;
Dermer et al. 2009): we assume that γ′ � 1 and that, due to
relativistic transformations of the angles, photons are scattered
back approximately in the same direction as the incident elec-
trons. Under this condition

dσC

dεsdΩs
≈

dσC

dεs
δ(Ωs −Ωe), (A.37)

where εs is the scattered photon energy, Ωs its direction that the
delta ensures to be equal to the electron direction, Ωe. To com-
pute the Compton spectrum, the electron and photon densities
have to be transformed to the same reference frame and then
folded with the cross section. In agnpy, we follow the approach
proposed by Georganopoulos et al. (2001) and convert the elec-
tron distribution to the galactic frame. For an isotropic electron
distribution, Ne(γ,Ωe) = δ3

D N′e(γ/δD). Given these assump-
tions, the energy flux produced by the blob electrons Compton-
scattering an external radiation field reads (Dermer & Menon
2009)

f̂ EC
ε̂s

=
cπr2

e

4πd2
L

ε2
s δ

3
D

∫
dΩ

∫ εhigh

0
dε

u(ε,Ω; r)
ε2∫ ∞

γlow

dγ
N′e(γ/δD)

γ2 ΞC,

(A.38)

where re is the electron radius, εs the dimensionless energy of
the scattered photon in the galactic frame and u the specific spec-
tral energy density of the considered photon field. The Compton
cross-section in the head-on approximation reduces to the inte-
gration kernel

ΞC =y + y−1 +
2εs

γε̄y
+

(
εs

γε̄y

)2

,

with y =1 −
εs

γ
,

and ε̄ =εγ(1 − cosψ),

(A.39)

where cosψ is the angle between the direction of the incident
photon and the scattering electron (see Figure A.1)

cosψ = µµs +

√
1 − µ2

√
1 − µ2

s cos φ. (A.40)
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The extremes of integration on the target energy εhigh and
Lorentz factor of the electron γlow are imposed by kinematic lim-
its

εhigh =
2εs

1 − cosψ
,

γlow =
εs

2

1 +

√
1 +

2
εεs(1 − cosψ)

 . (A.41)

Considering the specific spectral energy densities u given in
Section A.2, we compute the Compton-scattered spectra corre-
sponding to each of the targets implemented in agnpy.

If the target for external Compton scattering is an isotropic
monochromatic radiation field, then plugging Equation (A.8) in
(A.38), we obtain

f̂ EC
ε̂s

=
3

27π2

cσTu0

d2
L

(
εs

ε0

)2

δ3
D

∫ 2π

0
dφ

∫ 1

−1
dµ∫ ∞

γlow

dγ
N′e(γ/δD)

γ2 ΞC.

(A.42)

For a point source behind the blob, u is given by Equation (A.10),
and the Compton-scattered SED reads

f̂ EC
ε̂s

(r) =
3

27π2

σTL0

d2
Lr2

(
εs

ε0

)2

δ3
D

∫ ∞

γlow

dγ
N′e(γ/δD)

γ2 ΞC, (A.43)

where r indicates the distance of the blob from the central BH
(Figure A.1) and we remark the dependence of the SED on this
quantity in the left side of the equation. We note that in this case
µ = 1 ⇒ cosψ = µs. Considering a Shakura-Sunyaev accretion
disc as a target, u is Equation (A.15), one derives

f̂ EC
ε̂s

(r) =
32

29π3

σTGMṁ
d2

Lr3
ε2

s δ
3
D

∫ 2π

0
dφ∫ µmax

µmin

dµ
ϕ(µ; r)

ε2
0 (µ; r)(µ−2 − 1)3/2∫ ∞

γlow

dγ
N′e(γ/δD)

γ2 ΞC,

(A.44)

where the extremes of integration on the cosine of the zenith are
given in Equation (A.14) and once more we have made explicit
that the photons emitted at a given disc radius R will have dif-
ferent incidence angles, depending on the blob position r, by
replacing ϕ(R) → ϕ(µ; r) and ε0(R) → ε0(µ; r). The Compton
kernel ΞC is dependent on µ through cosψ and through the tar-
get energy ε = ε0(µ; r). The external Compton spectrum for a
spherical shell BLR target photon field, u in Equation (A.21), is

f̂ EC
ε̂s

(r) =
3

29π3

σTξlineLdisc

d2
L

(
εs

εline

)2

δ3
D

∫ 2π

0
dφ

∫ 1

−1

dµre

x2∫ ∞

γlow

dγ
N′e(γ/δD)

γ2 ΞC,

(A.45)

where now the angle between the scattering electron and the
target photon is cosψ = µ∗µs +

√
1 − µ2

∗

√
1 − µ2

s cos φ with
µ∗ depending on the zenith angle of the reprocessing material
µre according to Equation (A.20). Last, considering the photon

field of a ring dust torus, u in Equation (A.27), we obtain the
Compton-scattered SED

f̂ EC
ε̂s

(r) =
3

28π3

σTξDTLdisc

d2
Lx2

(
εs

εDT

)2

δ3
D

∫ 2π

0
dφ∫ ∞

γlow

dγ
N′e(γ/δD)

γ2 ΞC,

(A.46)

where now cosψ = r
xµs +

√
1 −

(
r
x

)2 √
1 − µ2

s cos φ.

A.5. γγ absorption

The optical depth for γγ absorption for a photon with observed
frequency ν̂1 on a target photon field with specific spectral
energy density u(ε,Ω; r) is

τγγ(ν̂1) =

∫ ∞

0
dl

∫ 2π

0
dφ

∫ 1

−1
dµ (1 − cosψ)∫ ∞

0
dε

u(ε,Ω; l)
εmec2 σγγ(s),

(A.47)

where cosψ is the cosine of the angle between the emitted and
the absorbing photon (same as in Equation (A.40)), φ and µ the
polar angles over which we integrate, and l represents the dis-
tance from the emission region to the observer along which the
absorption takes place. σγγ(s) represents the γγ absorption cross
section

σγγ(s) =
1
2
πr2

e (1 − β2
cm)

[
(3 − β4

cm) ln
(

1 + βcm

1 − βcm

)
− 2βcm(2 − β2

cm)
] (A.48)

where re is the electron radius, βcm =
√

1 − s−1 and s = ε1ε (1 −
cosψ) / 2 are kinematic variables representing the momentum of
the produced e± pair in the centre-of-momentum frame. ε1 is
the dimensionless energy of the photon emitted in the galactic
frame (whose absorption we want to estimate), ε the dimension-
less energy of the target photon. Both in Dermer et al. (2009)
and Finke (2016) the integral in Equation (A.47) is simplified
assuming that the emitted photons travel in the direction par-
allel to the jet axis (µs → 1 ⇒ cosψ = µ), decoupling the
cross section and the (1−cosψ) term from the integral on φ. The
optical depths thus calculated are valid only for blazars (charac-
terised by a small viewing angle to the observer line of sight).
agnpy carries out the full integration, computing optical depths
valid for any jetted AGN. For speed reasons, agnpy falls back
to the simplified calculations in Dermer et al. (2009) and Finke
(2016) in the case in which µs = 1 is specified.

A.5.1. Absorption on targets

Figure A.3 illustrates the geometry used for the opacity calcula-
tion in case of sources misaligned with the observer, those whose
jet axis forms an angle θs to the line of sight. In Equation (A.47)
the distance over which we are integrating runs along the line of
sight and it is marked by the vector l in the figure. We can use
simple vector algebra to relate it to the distance from the repro-
cessing material, x, and the distance of the blob from the BH
centre, r. Assuming that the line of sight lies in the x − z plane,
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Fig. A.3. Geometry used for the absorption calculation in case of arbi-
trary viewing angle θs.

we can write

x = r + l − rre

r = (0, 0, r)
l = (l sin θs, 0, l cos θs)

rre = (rre sin θre cos φre, rre sin θre sin φre, rre cos θre),

(A.49)

where we have used the same spherical coordinates of
Figure A.2 (rre, θre, φre) to characterise the reprocessing material.
The distance between a point on the reprocessing surface and a
point on the line of sight l is

x =

l sin θs − rre sin θre cos φre
−rre sin θre sin φre

r + l cos θs − rre cos θre

 (A.50)

and its magnitude

x2 = l2 + r2
re + r2 − 2lrre sin θre sin θs cos φre

− 2rre cos θre(r + lµs) + 2rlµs.
(A.51)

Assuming µs = 1, at the blob position, l = 0, Equation (A.51)
reduces to the distance calculation employed for the EC in case
of reprocessing material, Equation (A.20).

Considering a point-like source behind the jet and inserting
its specific spectral energy density, Equation (A.10), in Equa-
tion (A.47), we obtain

τγγ =
L0

4πε0mec2

∫ ∞

0
dl

(1 − cosψ)σγγ(s)
x2 , (A.52)

where the cosine of the angle between the photons is µ = (r +
lµs)/x.

Considering a spherical shell BLR and replacing its specific
spectral energy density, Equation (A.21), in the general opacity
formula, Equation (A.47), we obtain

τγγ(ν̂1) =
1

4π2

ξlineLdisc

εlinemec3

∫ ∞

0
dl

∫ 2π

0
dφre∫ 1

−1

dµre

x2 (1 − cosψ)σγγ(s).

(A.53)

In this case, we use for the distance x Equation (A.51) with rre =
Rline. The angles indicating the photon direction are µ = xz/x and
φ = arctan

( xy
xx

)
. In the case µs = 1, one can see from Figure A.3

that l lies on the z axis and the integration along the line of sight
can be carried out along the z axis, from r to ∞ (Finke 2016,
Sec. 7). The integration over φ becomes trivial.

For the case of the DT, replacing its specific spectral energy
density, Equation (A.27), in the general opacity formula, Equa-
tion (A.47), we obtain

τγγ(ν̂1) =
1

8π2

ξDTLdisc

εDTmec3

∫ ∞

0
dl

∫ 2π

0
dφ

(1 − cosψ)
x2 σγγ(s).

(A.54)

The distance x is obtained from Equation (A.51) with rre = RDT
and sin θre = 0. The angles indicating the photon direction can
be obtained as remarked for the BLR. Considering the case
µs = 1, the same simplifications described in the BLR case can
be applied. Photoabsorption by fields external to the emission
region results in an attenuation of the photon flux by a factor
exp(−τγγ).

A.5.2. Absorption on synchrotron radiation

agnpy includes also a simplified calculations of optical depth
of high energy photons on the synchrotron radiation field using
an approach similar to the one in Finke et al. (2008), that is
without taking into account the inhomogeneity and anisotropy
of the radiation field. Contrary to Finke et al. (2008), however,
we assume that the total distance over which the absorption can
occur is equal to the diameter (rather than radius) of the blob,
and that the two photons collide at the angle of π/2. The optical
depth is then computed (in the blob frame) as:

τsynch(ε′1) = 2R′b

∫ ε′max

ε′min

dε
u′synch

ε′mec2σγγ(s), (A.55)

where s = ε′1ε
′/2 and u′synch is the differential energy density of

the synchrotron photons averaged over the blob volume, follow-
ing Equation (A.34). It should be noticed that both the gamma-
ray emission in the blob and the soft radiation on which it is
absorbed fill homogeneously the blob. Therefore the attenuation
factor, instead of exp(−τ), which is the case for the attenuation
of the blob emission in large-scale external radiation fields, is
computed as (see e.g. Finke et al. 2008)

1 − exp(−τsynch)
τsynch

. (A.56)
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Appendix B: Physical parameters for the examples
and validation

The physical parameters used in all the examples and validations
provided in the paper are listed in Tables B.1 and B.2. Table B.1
provides the parameters of the emission regions and their EEDs,
Table B.2 provides instead those of the line and thermal emitters.

Table B.1. Parameters of the blobs and the corresponding EEDs used in
the examples and validations a.

quantity SSC model EC model

W ′e / erg 1048 6 × 1042

p 2.8 –
p1 – 2.0
p2 – 3.5
γ′b – 104

γ′min 102 20
γ′max 107 5 × 107

R′b / cm 1016 1016

B /G 1 0.56
Γ 10 40
δD 10 40
z 0.07 1

a For the SSC and EC model the same emission regions considered
in Fig. 7.4 of Dermer & Menon (2009) and Table 1 of Finke (2016),
respectively, were adopted.

Table B.2. Parameters of the line and thermal emitters used in all the
examples and validations a.

quantity value

Ldisc / (erg s−1) 2 × 1046

η 1/12
MBH /M� 1.2 × 109

Rg/cm 1.8 × 1014

Rin/Rg 6
Rout/Rg 200
ξLyα (ξHα) 0.024 (0.007)
λLyα (λHα)/cm 1.22 (6.56) × 10−5

RLyα (RHα) / cm 1.1 (5.30) × 1017

ξDT 0.1
TDT/K 1000
RDT/cm 1.57 × 1019

a The same values in Table 1 of Finke (2016) were adopted. Parameters
of the Hα-emitting BLR are obtained from the Lyα ones with the scaling
relations in the Appendix of Finke (2016). The radius of the dust torus
is set to the sublimation radius in Eq. (96) of Finke (2016).
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Appendix C: Effect of the resolution of the
discretisation on the smoothness of the spectra

In this section we briefly illustrate the effect of the discretisa-
tion of the integral on the smoothness of the final spectrum. We
choose as a characteristic case the SED for EC on DT, as it con-
tains a double integral with an energetic and a spatial dimensions
represented by the EED energy and the azimuth angle, respec-
tively (see Equation (A.46)). Figure C.1 shows the results of
computing the SED with a fixed dimension of frequency val-
ues (nν = 100) and changing in one case (left panel) the number
of points along the EED energy dimension, nγ logarithmically
spaced values, and in the other (right panel) the number of points
along the azimuth dimension, nφ linearly spaced values. The bot-
tom panels represent the deviations of the individual SEDs from

the one with the denser integration grid (drawn in black). For this
specific case it is evident that one can obtain a smoother spec-
trum by increasing the resolution along the EED energy dimen-
sion, while increasing the resolution along the azimuth dimen-
sion has no significant effect. We remark that the variation of the
number of points along the spatial dimensions can have a differ-
ent and more relevant impact if different parameters or a com-
pletely different physical process are considered. The ultimate
resolution one can achieve depends on the machine used and
its local memory, as larger integration grids will generate larger
NumPy arrays in memory. Of course results might improve with
the integration technique; we find the simple trapezoidal rule
applied to logarithmically or linearly spaced integration grids
acceptable for the processes described in this paper.
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Fig. C.1. Effect of the resolution of the integration grid on the final spectrum. Left: variation of the number of points along the EED energy
dimension, nγ. Right: variation of the number of points along the azimuth angle dimension, nφ. In both bottom panels the deviation of the
individual SEDs from the one with the denser integration grid (drawn with a dashed black line in the upper panel) is plotted.
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