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ABSTRACT

Accreting black holes are sources of major interest in astronomy, particular those launching jets because of their ability to
accelerate particles, and dramatically affect their surrounding environment up to very large distances. The spatial, energy, and
time-scales at which a central active black hole radiates and impacts its environment depend on its mass. The implied scale-
invariance of accretion/ejection physics between black hole systems of different central masses has been confirmed by several
studies. Therefore, designing a self-consistent theoretical model that can describe such systems, regardless of their mass, is of
crucial importance to tackle a variety of astrophysical sources. We present here a new and significantly improved version of a
scale invariant, steady-state, multizone jet model, which we rename BHJet, resulting from the efforts of our group to advance the
modelling of black hole systems. We summarize the model assumptions and basic equations, how they have evolved over time,
and the additional features that we have recently introduced. These include additional input electron populations, the extension
to cyclotron emission in near-relativistic regime, an improved multiple inverse-Compton scattering method, external photon seed
fields typical of active galactic nucleus, and a magnetically dominated jet dynamical model as opposed to the pressure-driven
jet configuration present in older versions. In this paper, we publicly release the code on GitHub and, in order to facilitate the
user’s approach to its many possibilities, showcase a few applications as a tutorial.

Key words: stars: black holes — galaxies: jets —quasars: supermassive black holes.

without the contamination of a stellar magnetic field and a solid

1 INTRODUCTION
surface.

Accretion is one of the most efficient mechanism in the Universe
for converting rest mass into energy, and as a result accreting
compact objects can have substantial impact on their surroundings
(Silk & Rees 1998; Fabian 2012). Accreting objects also often
launch collimated outflows of plasma called jets; this phenomenon
is observed in accreting black holes, both stellar and supermassive
(e.g. Fanaroff & Riley 1974; Mirabel & Rodriguez 1994; Bloom
et al. 2011), neutron stars (e.g. Migliari et al. 2012; van den Eijnden
et al. 2018), white dwarfs (e.g. Kellogg, Pedelty & Lyon 2001;
Kording et al. 2008; Sokoloski, Rupen & Mioduszewski 2008), and
young stellar objects (e.g. Sahai & Trauger 1998). Out of these
systems, black holes are particularly exciting targets because they
are the only objects that span over nine orders of magnitude in
mass/size. Black holes also offer convenient laboratories to study
accretion and ejection physics in the strong gravitational regime

* E-mail: matteol @mit.edu

© 2022 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

Coordinated radio/X-ray campaigns have discovered two key
properties of accretion/ejection coupling in accreting black holes.
First, during black hole X-ray binary (BHXB) hard spectral states,
when steady jets are present, the outflowing material is tightly
coupled to the accretion flow. This coupling takes the form of a
tight correlation (Hannikainen et al. 1998; Corbel et al. 2000, 2003)
between radio luminosity, tracking the power of the jet at large dis-
tances (z ~ 10°78 R,) from the black hole, and the X-ray luminosity,
which originates close to the central engine (z < 103 Ry) and can
be thought of as a proxy for the power in the accretion flow. Second,
as mentioned above, the accretion/ejection coupling appears to be
scale invariant. The existence of scale invariance was first inferred
by extending the radio/X-ray correlation to a wide variety of jetted
active galactic nucleus (AGN) types (Merloni, Heinz & di Matteo
2003; Falcke, Kording & Markoff 2004; Kording, Jester & Fender
2006; Plotkin et al. 2012). By including mass, these empirical studies
demonstrated that all low-luminosity accreting black holes with jets
seem to populate a plane in the three-dimensional space of mass,
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radio luminosity, and X-ray luminosity, known as the Fundamental
Plane (FP) of black hole accretion. Such scale invariance means we
can study black hole accretion using two different approaches: (1)
monitoring the variation of fundamental quantities, such as the ac-
cretion rate over time (with constant black hole mass, viewing angle,
and spin) during the outburst activity of BHXBs, or alternatively (2)
focus on AGNs, which allows for large-sample studies, with a wide
range of viewing angles, black hole masses, and spin, but with near
constant accretion rate over the length of one or more observations.

In recent years, global general relativistic magnetohydrodynamics
(GRMHD) simulations have elucidated the long-standing question
of which mechanism is responsible for jet launching. Previously the
debate was mostly focused on whether the magnetic field lines driv-
ing the outflow are anchored on the disc, using its angular momentum
to eject matter via the magnetocentrifugal force (Blandford & Payne
1982, BP from now onward) or on the black hole ergosphere via
frame-dragging, using the rotational energy of the compact object
itself to launch the jet (Blandford & Znajek 1977, BZ from now
onward). However, it now appears likely that both mechanisms
play a role simultaneously (McKinney 2006; Moscibrodzka &
Falcke 2013; Chatterjee et al. 2019). A direct consequence of this
composite scenario is the formation of a structured jet, in which
a highly magnetized, pair-loaded, BZ-type inner spine results in
a highly relativistic, Poynting-flux dominated jet, surrounded by a
slower, mass-loaded, BP-type sheath formed at the interface with the
accretion disc. This scenario is supported by observational evidence
(Mertens et al. 2016; Giovannini et al. 2018). Most likely then, a
better question to be asked is not what is the physical mechanism
leading to jet launching, but rather which part of the jet dominates
the observed emission. A crucial property of non-radiative, ideal
GRMHD is that it is inherently scale-free (meaning that to change
from code to physical units for a given quantity one simply has
to assume a certain black hole mass). A scale-free semi-analytical
approach can also explain why the observed properties of accreting
black holes appear to be scale invariant (Heinz & Sunyaev 2003).
Consequently, scale-invariant semi-analytical models that can match
observational data at a fraction of the computational cost of GRMHD
can be used guide simulations by probing the parameter space very
quickly. More complex theoretical models can then be invoked to
deepen our understanding of the physics at play.

In general, semi-analytical models for jets in BHXBs and AGNs
are typically used to address different scientific questions, and as
a result they tend to be set up differently and use different overall
assumptions. Models for AGN jets typically take the ‘single-zone’
approach (Tavecchio, Maraschi & Ghisellini 1998; Béttcher et al.
2013, with a few noticeable exceptions like e.g. Potter & Cotter
2013a, b; Potter 2018; Zacharias et al. 2022, whose approach is
similar to that described in Section 5.3), in which all the jet emission
is assumed to originate from a single, spherical blob of plasma at
some location in the jet, usually referred to as the blazar zone.
These models focus on addressing the origin of the high-energy
emission observed in AGN jets (blazars especially), and are tailored
to probe how and where particles are accelerated within jets and/or
whether cosmic rays and neutrinos could be produced (e.g. Tavecchio
et al. 1998; Ghisellini & Tavecchio 2010; Bottcher et al. 2013;
Reimer, Bottcher & Buson 2019). Single zone models can account
well for the optically thin, high-energy fraction of the emission,
but when lower frequency emission is included in the data set, the
spectral energy distribution (SED) shows a spectral break where the
synchrotron emission becomes optically thick due to synchrotron
self-absorption effects; below this break, the spectral slope is nearly
flat or inverted (F(v) o< v™=%, with & < 0). Non-thermal synchrotron
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emission from a single region instead predicts F(v) o< v>2, because a
flat/inverted spectrum cannot be reproduced with one single emitting
zone (Blandford & Konigl 1979). More recent works use a two-
zone approach and treat particle acceleration in deeper detail (e.g.
Baring, Bottcher & Summerlin 2017; Bottcher & Baring 2019),
but conceptually they are similar to standard one-zone models in
that they focus on inferring the detailed particle properties within
a relatively localized part of the outflow. While highly successful
at reproducing the high-energy spectrum of AGNSs, these models
cannot easily be connected back to, and thus cannot help constrain,
the larger scale plasma dynamics of the accretion/ejection coupling.
Models for BHXBs, on the other hand, tend to focus on coupling
the broad properties of entire the outflow. These models often try
to couple the properties of the jet to its launch conditions, in the
form of spectral (e.g. Markoff, Falcke & Fender 2001a; Markoff,
Nowak & Wilms 2005) or timing information (e.g. Kylafis et al.
2008; Malzac 2013; Drappeau et al. 2017; Péault et al. 2019), and/or
try to account for the detailed evolution of the plasma as it moves
downstream in the jet (e.g. Pe’er & Casella 2009; Zdziarski et al.
2014). They are often based on a multizone approach inspired by
the ‘standard’ compact jet model proposed by Blandford & Konigl
(1979) and Hjellming & Johnston (1988). Furthermore, they rarely
include the contribution of accelerated protons, with a few exceptions
(e.g. Pepe, Vila & Romero 2015; Kantzas et al. 2020). A stratified,
multizone approach is favoured over the standard AGN-type single
zone model for several reasons. First, unlike AGNs, among BHXRBs
only a few have confirmed y-ray detections. Cygnus X-1 has a Fermi
detection associated with the jet (Zanin et al. 2016). Cygnus X-3 has
been observed by both AGILE (Tavani et al. 2009) and Fermi (Fermi
LAT Collaboration 2009). In a recent Fermi survey of high-mass
BHXRBS, other sources have shown emission in such band as well
(Harvey, Rulten & Chadwick 2022). An excess towards V404 Cygni
observed by AGILE has been reported by Piano et al. (2017), but no
significant detection is present in the Fermi data (Harvey, Rulten &
Chadwick 2021). Second, while the compact radio emission clearly
originates in the jet at distance z &~ 107 R, away from the black
hole (e.g. Fender et al. 1999; van der Horst et al. 2013; Russell et al.
2014b), in the optical and infrared disentangling the optically thin
jet spectrum (which we expect to originate around z ~ 107 R,,
e.g. Gandhi et al. 2008, 2011; Russell et al. 2014a) from direct or
reprocessed emission of the accretion flow (e.g. Tetarenko et al. 2020)
or even the companion star (e.g. Alfonso-Garzon et al. 2018) can be
very challenging. These two issues, namely the lack of constraints
on the optically thin, high-energy emission and the intertwined
contribution of the jet and the disc, and potentially companion star,
in the optical and infrared bands, leave a standard single zone model
essentially unconstrained when applied to a typical BHXB spectral
energy distribution.

In this work, we present the first public release of the BHJET
code,' which is a semi-analytical, steady-state, multizone jet model
designed to reproduce the SED of accreting black hole jets for all
central masses (in this sense, the model can be thought as being
scale-invariant). Broadly speaking, the model calculates the time-
averaged emission produced by a bipolar jet. If desired, users can
also include the contribution of an accretion disc, described by a
simple multicoloured blackbody component similar to DISKBB. A
population of thermal electrons injected into the jet base can scatter
both external and local cyclo-synchrotron photons; this jet base is
typically ignored in the works discussed previously, but in our model

Uhttps://github.com/matteolucchini1/BHJet/
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Bhjet: a public jet + thermal corona spectral model

it takes the role of the X-ray emitting corona ubiquitously detected
in accreting black holes. In the outer regions of the jet, the electrons
are continuously accelerated into a non-thermal distribution, leading
to the typical synchrotron (and inverse Compton) emission observed
in jets. These outer jet segments are opaque to synchrotron radiation
and produce the typical synchrotron self-absorbed flat/inverted radio
spectrum. In this way, BHJET can link the spectral and dynamical
properties of the jet acceleration and collimation zone near the black
hole, to those of the outer outflow.

The origins of the model can be traced back to the work of
Falcke & Biermann (1995), who extended the work of Blandford
& Konigl (1979) to present the first semi-analytical dynamical jet
model in which the disc and jet form a coupled system, enforced
by setting the total jet power to be linearly proportional to Mc?, the
accretion power from the disc. This model was successfully applied
to explain the broad radio and dynamical properties of radio-loud
and radio-quiet quasars (Falcke, Malkan & Biermann 1995) and low-
luminosity AGN and the first ‘microquasar’ GRS 1915+105 (Falcke
& Biermann 1999). Markoff et al. (2001a) extended the dynamical
treatment to a full multizone, multiwavelength model incorporat-
ing particle distributions, synchrotron and single-scattering inverse
Compton radiation, called AGNJET, first applied to the Galactic
Centre supermassive black hole Sgr Ax (Falcke & Markoff 2000;
Markoff et al. 2001b) in order to model the quiescent and flaring
SEDs. Markoff et al. (2001a) then showed that the same model
could be scaled down to reproduce the full hard-state SED of the
BHXB XTEJ1118—480. This paper was the first to demonstrate
that the X-ray emitting corona, which is a ubiquitous sign of black
hole accretion, may in fact be located in the innermost regions of
the jet. Subsequently Markoff et al. (2003, 2005) showed that this
spectral component can also reproduce the X-ray spectra of BHXBs,
strengthening the suggestion that the base of the jet may be associated
with the corona. Crucially, this finding also introduced a significant
degeneracy to the model, as the two radiative mechanisms (thermal
Comptonization and non-thermal, optically thin synchrotron) can
sometimes reproduce the data equally well while requiring very
different physical conditions in the outflow (Markoff et al. 2008,
2015; Nowak et al. 2011; Connors et al. 2017, although see Zdziarski
et al. 2003; Yuan et al. 2007). One potential way to break this
degeneracy, and isolate the radiative mechanism responsible for the
high-energy emission, is to identify the reflection features in the
X-ray spectrum of a given source: non-thermal synchrotron from
accelerated particles downstream (z 2 10% R,) in the jet should result
in weak, non-relativistic reflection spectra, while inverse Compton
near the jet base (z &~ 10 R,) predicts that reflection should be more
prominent and relativistic (Markoff & Nowak 2004). These different
radiative scenarios will also lead to different predicted lags between
the various bands; however, in this paper we will only cover SED
modelling (see e.g. Gandhi et al. 2011; Kara et al. 2019; Wang et al.
2021) for spectral-timing studies.

The model has undergone several major changes recently. First,
the dynamical treatment of the jet has been overhauled to be more
self-consistent and versatile. The main drawback of the approach of
Falcke & Biermann (1995) is that the outflow can only accelerate
up to mildly relativistic Lorentz factors (y &~ 2 — 3). While low
Lorentz factors are consistent with observations of both BHXBs and
low-luminosity AGNs (LLAGNS; e.g. Fender, Belloni & Gallo 2004;
King et al. 2016), this assumption is inconsistent with observations of
powerful AGNs, particularly blazars (e.g. Cohen et al. 1971; Whitney
et al. 1971; Aharonian et al. 2006; Pushkarev et al. 2009). Further-
more, in response to criticism from Zdziarski (2016), Crumley et al.
(2017) pointed out that the original model does not account for
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the energy required to accelerate the leptons in the jet and power
the observed emission, meaning that the original AGNJET model
violates energy conservation by a factor of ~2. These issues were
addressed in Lucchini et al. (2019a), who introduced an improved
dynamical model ‘flavour’, called BLJET, which treats the overall
jet energy budget and magnetic content of the outflow more self-
consistently via a Bernoulli approach, allowing for arbitrarily large
bulk Lorentz factors. Second, Connors et al. (2019) highlighted an
issue raised by assuming that the radiating leptons are all relativistic
throughout the jet, but particularly in the base. This scenario prevents
a smooth power law from inverse Compton scattering because the
orders are visibly separated from each other, requiring a finely tuned
combination of synchrotron, inverse Compton, and reflection, in
order to successfully model the spectra of BHXBs. However, these
fine-tuned models (e.g. Markoff et al. 2005) are in tension with
measurements of low-frequency X-ray lags in BHXBs (e.g. Kotov,
Churazov & Gilfanov 2001; Arévalo & Uttley 2006). This issue has
been overcome in Lucchini et al. (2021), who updated the treatment
of the lepton distribution in the model to allow for non-relativistic
temperatures and found, not surprisingly, that in this regime the
base of the jet produces spectra that are effectively identical to
standard corona ‘lamp-post’ models (e.g. Matt, Perola & Piro 1991;
Beloborodov 1999; Dauser et al. 2013; Mastroserio, Ingram &
van der Klis 2018). We recently improved the inverse Compton
calculation, which now allows the code to transition from single
to multiple scattering regimes and therefore is able to handle a larger
range of optical depths and electron temperatures. A preliminary
version of this function was already used in Connors et al. (2019)
and discussed in Lucchini et al. (2021), but here we present for the
first time an updated version that has a more refined treatment of
the radiative transfer. We benchmarked it against the widely known
COMPPS code to define the range of applicability and verify the
output spectral shapes across such range. All of these changes have
made the latest version of the model (and source code) much more
versatile, and significantly different, compared to the original work
it is based on.

The main goal of this paper is to present the details of the newest
features while providing a unified documentation of the newest
version of the model to support its associated public release. We
refer to this model as BHJET, which joins the AGNJET and BLJET
model flavours. Finally, we describe the general characteristics of
the model when it is applied to several types of accreting black hole
systems. For completeness, we also discuss legacy features presented
in older work, and compare these features to more recent updates.

In Section 2, we present a brief overview of BHJET and its code
structure; in Sections 3 and 4, we discuss a new library of C++
classes the code is based on, and in Section 5 we detail both the
model flavours available. In Section 6, we qualitatively compare the
physics of the jet in our code with the results of global GRMHD
simulations. In Section 7, we apply the model to the SEDs of
bright hard state BHXBs, LLAGNs, and powerful flat spectrum radio
quasars (FSRQs). At last, in Section 8, we draw our conclusions.

2 CODE OVERVIEW

The BHJET family of models presented in this paper is built
on a small library of C4++ classes called KARIBA, which are
presented here for the first time and can be found in the BHJET
GitHub repository. KARIBA is designed to account for several
standard spectral components observed in accreting black holes,
as well as the underlying particle distributions responsible for the
multiwavelength emission. KARIBA was designed with the goal of
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being simple and versatile enough to treat many different systems and
spectral components, while also being as computationally efficient
as possible. The BHJET family of models describes several flavours
of black hole jets, detailed below, and calls objects from KARIBA
to compute the final SED. Beyond standard C/C++ dependences,
the only additional library required is the GNU Scientific Library,”
which we use for numerical interpolation, integration, and derivation.

Along with the KARIBA library of classes and the main function,
we provide two ways to run the model. We include a C++ wrapper,
which reads a file with the necessary input parameters, runs the code
calculating the emission on an appropriate frequency grid, and runs
a PYTHON plotting script to show the output. We also include a
SLIRP file and a S-LANG wrapper (similar to the C++ wrapper,
but without plotting functions), so that users can import the model
into the spectral fitting package ISIS (Houck & Denicola 2000). We
also note that the format of the array returned by the model is also
compatible with XSPEC (Arnaud 1996), and thus in principle should
be easily used in this package as well. We note, however, that users
should never use BHJET to fit exclusively X-ray spectra, since the
model is designed for multiwavelength (radio-to-y-ray) emission. As
a result, fitting a single part of the spectrum is very likely to result in
best-fitting parameters that are almost entirely unconstrained and/or
non-physical.

3 KARIBA LIBRARY: PARTICLE
DISTRIBUTIONS

All particle distributions in KARIBA are calculated in momentum
space and in the co-moving frame of the emitting region, in units
of dimensionless momentum @ = p/m.c, in order to capture both
the relativistic and transrelativistic regimes. For each value of o, the
corresponding Lorentz factor is y(0) = y/0* + 1; therefore in the
relativistic limit, o & y . Each type of particle distribution is supported
by a separate C++ class, inherited from a base PARTICLES class.

Some definitions and methods are common for all particle dis-
tribution classes. First, for a particle number density 7, in units of
particles per unit volume, the normalization Ny (in units of cm~2) of
the particle distribution (regardless of its shape) is always defined as

ey

_ n
"~ [ N(o)do’

where N(p) is the (dimensionless) functional form of the particle
distribution, independent of normalization (e.g. in the case of a
power-law distribution N(0) = 0~*). Second, after calculating the
particle distribution in units of dimensionless momentum, the code
automatically computes and stores the particle distribution in Lorentz
factor units (which can then be used as an input in the classes treating
radiative processes) by taking N(o)do = N(y)dy, so that

No

d
N(y) = N(a)ﬁ. @)

All (non-thermal) distribution classes include a method to calculate
the effects of adiabatic and radiative cooling, once the particles
have reached a steady state. The radiative loss term is defined as
in Ghisellini, Haardt & Svensson (1998):

40’1CUmd

oY 3)

Qrad = -
3mec?

where o is the Thomson cross-section and Uy, is the appropriate
energy density; Uyg = U, for the case of synchrotron cooling. This

Zhttps://www.gnu.org/software/gsl/
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form for radiative losses assumes that radiative cooling always occurs
far from the Klein—Nishina regime, in which the cross-section is
reduced (e.g. Rybicki & Lightman 1979; de Kool, Begelman &
Sikora 1989). This is generally true for synchrotron losses, but may
not be correct for inverse Compton scattering. However, jetted objects
in which inverse Compton scattering losses dominated significantly
over synchrotron losses tend to be limited to the most powerful
blazars (discussed more in depth in Section 7.3). The leptons
responsible for the emission in these sources tend to have fairly low
Lorentz factors (as discussed later, but see also e.g. Fossati etal. 1998;
Ghisellini et al. 2017), in which case the scattering still occurs in the
Thomson regime. Therefore, the error introduced by neglecting the
Klein—Nishina regime in inverse Compton losses is generally very
small. Furthermore, our choice to use equation (3) means that our
code currently ignores the effect of synchrotron self-absorption on
the loss term (e.g. Ghisellini et al. 1998; Katarzyniski et al. 2006;
Zdziarski et al. 2014). Similarly, the adiabatic loss term is defined as
b =~ P28, )

r

where B, is the expansion speed of the emitting region and r its
radius. As in Bottcher et al. (2013), Beyp can be thought of as a
parameter which absorbs the uncertainty in the electron diffusion
coefficient, the importance of adiabatic losses within the emitting
region, and the nature of the expansion (equation 4 is correct for 3D
expansion, but requires an additional factor of 2/3 in the case of 2D
expansion which users can incorporate into By, should they choose
to).

The effects of cooling on the steady-state particle distribution in
momentum space, assuming constant injection and neglecting the
spatial advection of particles, can be computed (for a given injection
term) by solving the equation:

_ Jow)de’

N == —
Qad+Qrad

&)
note that for large particle momentum, ¢ ~ y and equation (5)
reduces to the standard relativistic form. The definition in equation (4)
slightly overestimates the adiabatic loss term for o < 1; as a result,
equation (5) slightly underestimates the number of particles at the
low-energy end of the distribution, as shown by the dashed lines
in Fig. 1. However, the contribution of these particles to the total
observed radiation is generally negligible, and as a result this small
inaccuracy has no impact on the SEDs computed by our code.

The current implementation of the particle distribution classes
has two main limitations. First, the treatment detailed below suffers
severe numerical issues for very low average particle momenta
(A2-3 keV and below), causing the normalizations in the code to
diverge. The second limitation is that we do not explicitly include
pair creation/annihilation, and its effects on the particle distribution.
This will be supported in future releases; until then, it is up to the
user to ensure a given set of input parameters is physically self-
consistent (e.g. a sufficiently low optical depth to allow y-rays to
escape the source un-absorbed). The jet model presented in this
work automatically prints a warning on the terminal when runaway
pair production may occur for the chosen set of input parameters.

3.1 Supported distributions

The library supports five different types of particle distributions (with
class names THERMAL, POWERLAW, BKNPOWER, MIXED,and
KAPPA), allowing it to be applied to a variety of regimes in which
purely thermal, purely non-thermal, or both types of particles are
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Figure 1. Different hybrid distributions for the same input parameters: emitting region of radius 20 R, for a 10 Mg black hole, corresponding to 3 x 107cm,
temperature 511 keV, maximum Lorentz factor 10°, B-field 10°G, expansion speed of plasmoid Bexp = 0.1, non-thermal slope s = 2 corresponding to k = 3.
The left-hand panel shows particle distributions in momentum space, renormalized to illustrate the difference in shapes; the right-hand panel shows Lorentz
factor units taking the same normalization, to highlight the difference in number density of particles in the non-thermal tails of each distribution. Solid lines
neglect cooling, dashed lines show the solution of equation (5) for each injected distribution.

present in the emitting region. The THERMAL and MIXED classes
described here are evolutions of the code first introduced in Markoff
et al. (2001a) and further developed in Connors et al. (2017) and
Lucchini et al. (2021), and are reported here for completeness. The
THERMAL distribution does not support the solution highlighted
in equation (5) to compute the combined effects of radiative and
adiabatic cooling. The reason for this choice is that for the thermal
distribution only, we already assume that the particles have reached
their steady state. For any other particle distribution, on the other
hand, users can either specify the steady state distribution through
equations (7), (8), (9), or (10), or use the same equations to
assume an injection term, and then include the effects of cooling
through equation (5). In this latter case, the final distribution N(p)
is renormalized appropriately in order to conserve the total particle
number density.

Purely thermal particles are described by the Maxwell-Jiittner
distribution in momentum space:

N(o) = Nog%e™ ", ©6)

where ® = kT./m.c? is the temperature of the leptons in units of
mec?, (@) = v/02 + 1 is the Lorentz factor corresponding to the
dimensionless momentum o, and & is the Boltzmann constant. In this
case, equation (1) reduces to Ny = n/m.c3@K,(1/@), where K»(1/0)
is the modified Bessel function of the second kind.

Purely non-thermal particles can be described either by a simple
power law with an exponential cutoff:

N(0) = Noo e 9™ 0 > Ouin, (7)

where s is the power-law slope, 0 min and omax are the minimum and
maximum momenta, or by a smoothly broken power law with an
exponential cutoff:

(Q/Qbrk)_sl
1+ (Q/Qbrk)i(”"ﬁgz)

where opk 18 the break momentum, and s, and s, are the slopes of
the particle distribution before and after the break. A hybrid thermal
+ non-thermal particle distribution can be roughly approximated
by taking s; = —2 (for large o, ¥y =~ o and the Maxwell-Jiittner

N(o) = No “elemax o > opin, ®)

distribution scales as y> before the thermal cutoff) and setting
Owk at the average momentum of the corresponding Maxwellian
distribution.

Finally, two types of mixed distributions are included. The first
is a simple mixed distribution, in which the total number density is
divided between a Maxwell-Jiittner pool and a non-thermal tail:

v

(I = fa)Nowo’e™ ® 0 < Qmin

N@ =14 (1 — fun)Nomo’e™ & + )

o
s -2
fnthO,nthQ € emx 0 > Omin,

where the distribution is normalized so that Ny = Ny .t + No. ot
follows the definition in equation (1). The minimum momentum of
the non-thermal tail o, is taken to be the average momentum of
the thermal pool. In this way, the power-law component contains a
fraction f,, of the total particle number density n, and the rest are
in the thermal pool, similarly to the behaviour observed in particle-
in-cell simulations (e.g. Sironi & Spitkovsky 2011, 2014; Sironi,
Spitkovsky & Arons 2013; Sironi, Petropoulou & Giannios 2015;
Crumley et al. 2019). The second hybrid distribution supported is the
relativistic « distribution, which is commonly used to smoothly join
a thermal and non-thermal distribution (e.g. Livadiotis & McComas
2013), particularly when post-processing GRMHD simulations (e.g.
Davelaar et al. 2018):

-1 —k—1
N(o) = Noy(@/y(@P — 1 (1 + %) , (10)

where O is the dimensionless temperature of the thermal particles,
and the « index is related to the typical power-law slope s by k = s
+ 1.

We note that while all of these prescriptions can mimic a hybrid
thermal/non-thermal population, each has its own set of limitations
which users need to be mindful of. These limitations are highlighted
in Fig. 1. First, the mixed distribution (equation 9) only remains
smooth between the thermal and non-thermal parts if the former
dominates the particle number density, shown by the blue line. This
regime roughly captures a plasma in which particle acceleration
is not very efficient. If instead fi, > 0.3 (which can be thought
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of as indicating more efficient particle acceleration), shown by
the orange line, a discontinuity between the two branches appears
near the peak of the Maxwellian. In this case, the broken power
law or « distributions are more appropriate. However, these two
descriptions differ noticeably from each other. The broken power-
law prescription, shown by the red line, does not capture the shape
of the Maxwellian peak very well, but beyond it the normalization
matches that of the orange mixed distribution. The «-distribution,
shown by the green line, has a broader shape near the peak, similar
to the Maxwellian. However, the greater width of the distribution also
results in more particles being channelled in the non-thermal tail. This
behaviour becomes more important for increasing ®, and its result
is to predict the largest luminosity (due to the increased average
Lorentz factor of the particles) out of all of these prescriptions, for
a given set of input parameters. Finally, we note that the effects of
cooling, computed such that the cooling break py, is near the peak of
the distributions (shown by the dashed lines), do not mitigate these
conclusions significantly.

4 KARIBA LIBRARY: RADIATION

Similarly to the particle distributions, the radiation methods for
different spectral component are inherited from a base RADIATION
class. The derived classes currently implemented are BBODY,
COMPTON, CYCLOSYN, and SHSDISK. The CYCLOSYN and
COMPTON classes support both spherical and cylindrical emitting
regions. Regardless of the radiative mechanism (thermal or non-
thermal), the main output of every class is two arrays of photon
energies (in units of erg) and two of specific luminosities (in units of
erg s~! Hz), tracking both observer and lab frame quantities. All of
these classes have been presented in Lucchini et al. (2021) and are
described here for completeness; however, the COMPTON class has
received several significant improvements, detailed below.

4.1 Thermal components

Currently, two thermal components are included in KARIBA: a
generic blackbody spectrum (BBODY) and a Shakura—Sunyaev disc
(SHSDISK), which may either be truncated or extend all the way to
the innermost circular stable orbit.

BBODY requires a temperature Ty, and luminosity Ly, to be
specified. The specific luminosity then is calculated as

Lbb 2]’11)2

Lppy(v) = ,
o Tk c? emv/kTw — 1

an

where h, o, are the Planck and Stefann-Boltzmann constants,
respectively.

SHSDISK requires as input the inner truncation radius ry,, the
outer radius 7,y (both measured in units of the gravitational radius
of the black hole r,), either a luminosity Ly or a temperature T, at
the innermost radius, and the viewing angle 6. Tj,, and r;, connected
through:

Ly 1/4
Th=|——"— , 12
" |:27Tasb(rinrg)2:| ( )
which assumes that only one side of the disc is seen by the observer.
The specific luminosity is
Tout’'g hl)3

Ld(U) = COS(@) drr Wdr,

Tinlg

13)

and the temperature profile follows the standard 7(r) (r/r;nrg)‘y4
scaling, assuming non-zero torque at the disc boundary. Finally, we
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take the disc scale height to be
H/R =max(0.1, Ly/Lgaa), (14)

where Lggg = 1.26 - 1038(M/M®) ergs~! is the Eddington luminos-
ity of the black hole (with mass M measured in Solar units). This
factor was originally introduced to have a more realistic geometry of
the disc and a more accurate estimation of the seed photon energy
density; in general, its impact on the SED is minimal. We note here
that this is an extremely simplistic model for the disc emission,
not including disc irradiation (e.g. Gierliniski, Done & Page 2008)
or colour corrections (e.g. Kubota et al. 1998). As such, inferring
physical conclusions on the nature of the disc in an accreting system
should not be the goal of fitting this model component.

4.2 Cyclo-synchrotron

The treatment of cyclo-synchrotron emission is similar to that of
Blumenthal & Gould (1970), with a minor modification to account
for cyclotron emission in the near-relativistic regime.

For particle Lorentz factor y > 2 (synchrotron), we use the
standard emissivity:

3 o o)
Jyy = EBIIY [T . (15)
meC Vs Jv/ vl
where V' is the emitted frequency in the co-moving frame of the
emitting region, y the Lorentz factor of the emitting electrons, B is
the magnetic field in the emitting region, i is the electron pitch angle, e
is the electron charge, and v, = 3eBy /47 m.c is the scale synchrotron
frequency. The code currently assumes an isotropic distribution of
pitch angles, and averages over them.
For particle Lorentz factor y < 2 instead we use the cyclotron
emissivity of Ghisellini et al. (1998):
402 opclUy, 2

JC(U’V)ZT v l+3QZeXp[

2= V//v‘/)} (16)

1+ 302

where V' is the emitted frequency in the co-moving frame of the
emitting region, o is the dimensionless particle momentum, o is the
Thomson cross-section, U, = B*/87 is the magnetic energy density
in the emitting region, and v; = eB/2mwm.c is the Larmor frequency.
Regardless of the form of j/(1’, y), the total emissivity is the integral
over the particle distribution, averaged over all pitch angles:

Ymax
JjO0) = N je (' y)dy, a7
Ynin
Similarly, following Blumenthal & Gould (1970) we take the
absorption coefficient for a given emissivity to be

N d
() = / P L) . (18)

Ymin

Finally, the co-moving specific luminosity is

167 V2 j'(v") (1 —e_’/("/))

L= = aw

19)

where V is a renormalizing factor to account for different emitting
region geometries; V = R? for a sphere of radius R and V = HR for
a cylinder of radius R and height H, and
.. (V)R
(V) = —

81(0)
is the cyclo-synchrotron optical depth, which approximates skin
depth and viewing angle effects; we take f(6) = 2sin(0)/m for

(20)
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cylindrical emitting regions, and f = 3/27 for spherical ones, in
order to correctly account for the observed emitting volume both in
the optically thin and thick regimes.
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sum over all scattering orders:
deh.lol _ f(Tev r)deh,i .
=% [ [ won e Dy (24

4.3 Inverse Compton

Performing full radiative transfer calculations describing the inverse
Compton (IC) spectrum for a wide regime of optical depths (z = 107>
— 3) and electron temperatures (7, = 20-2500 keV) is a cumbersome
problem that has been extensively studied in the literature (e.g.
Sunyaev & Titarchuk 1985; Hua & Titarchuk 1995; Poutanen &
Svensson 1996; Zdziarski, Johnson & Magdziarz 1996; Zdziarski
et al. 2014). Within this code, we do not aim at performing such
calculations in detail, but rather to approximate the shape of the
inverse Compton spectrum while containing the run time to allow
for an efficient multiwavelength fitting procedure. In this section, we
describe how we obtain such approximated spectrum.

Similarly to the case of cyclo-synchrotron, we use the inverse
Compton kernel of Blumenthal & Gould (1970) and adopt their
notations here, which accounts for the full Klein—Nishina cross-
section for Lorentz factor y >> 1. We stress the fact that this is not
strictly correct for the entirety of the (t, T.) ranges we want to cover,
but we will use this to produce an initial spectrum and then apply a
correction factor, when needed, depending on which combination of
optical depths and electron temperature we are sampling. For each
lepton interacting with a photon field with number density Ny o(€o)
(in units of number of photons, per unit volume and initial photon
energy), the scattered photon spectrum in the co-moving frame of
the emitting region is

dNpp _ 2 rezmec3 Npn,o(€p)deg

drde; o Y €o

Fie(q, Te), 21)

where €, = hv and €; = hv'" are the initial and final photon energies,
and re is the classical radius of the electron, y is the electron’s Lorentz
factor. The factor Fic(g, I'e) is defined as

(Teq)*(1 — q)
2(1 + Teq)

and accounts for whether the scattering occurs in the Thomson or
Klein—Nishina regimes, through the quantity I'. = 4egylmec? (T
< land 'y > 1 respectively). ¢ = E1/(I'.(1 — Ej)) accounts for
the photon energy gain from € to €, and E| = €,/ym.c? is the final
photon energy in units of the initial electron energy. The spectrum
for an individual scattering order is found by integrating over the
particle and seed photon distributions:

= [ [ wen g ayae 23)
drde, drde
which has units of total number of scatterings, per unit of outgoing
photon energy, volume, and time. This quantity is then multiplied
by he;, and by the volume of the emitting region V, in order to
obtain a specific luminosity (ergs~' Hz™!). In the version of the
code presented here, if the Thomson optical depth t = n.oR > 1
then only emission from the volume of the outer shell of the emitting
region is assumed to escape, down to the skin depth for which t = 1;
previous versions were limited to the optically thin regime (v < 1).
To calculate each successive scattering order, the output of the
last scattering computed through equation (23) is then passed as the
input spectrum back in the same equation, if necessary renormalizing
the volume such that only photons in the region up to 7 = 1 are
considered. The total output spectrum is computed each time as the

Fie(g,Te) =2gIng + (1 +2g)(1 — q) + (22)

where the factor f{Te, 7) is a renormalization factor that we introduce
in order to roughly mimic the effects of a full radiative transfer
calculation including escape probability, as well as pair produc-
tion/annihilation. We estimated this correction factor by generating
a table of spectra using the CompPS? model, ranging between 7 =
0.05-3 and 7. = 20-2500 keV and taking the viewing angle to be
45°, for both spherical and cylindrical geometries (in this case, we
fixed the aspect ratio H/R to 2). The range of optical depths and
temperatures was chosen because these are the hard-coded limits
for COMPPS in XSPEC for both spherical and cylindrical geometries;
therefore, we expect the model output to be reliable. We note that
both inclination and aspect ratio have a minor impact on the output
of COMPPS, particularly for the cylindrical geometry. (e.g. fig. 2 in
Poutanen & Svensson 1996). We did not account for either, and take
6 = 45° for the source inclination and 4/r = 1 for the aspect ratio for
our benchmarks. The introduction of the correction factor based on
the COMPPS model allows us to extend the range of optical depths
and electron temperatures that we can handle with our code while
keeping the computational time fairly low.

The value of the correction factor (T, 7) is estimated by matching
the spectral index obtained by our code with that of CompPS for
a given set of v and 7.. We find that without this correction,
equation (24) tends to predict spectra that are slightly harder than
COMPPS, and therefore f(T., ) ~ 0.1-0.9 for most values of 7, and
7. We then interpolate the table of correction factors to estimate
the value of fiT., t) for a given temperature and optical depth.
For 7 < 0.05, i.e. the original range of optical depths explored by
older versions of AGNJET, we always consider only one scattering
order and therefore just the pure Blumenthal & Gould (1970) IC
kernel, thus avoiding the need to include the correction factor.
A comparison between Comptonization spectra calculated with
KARIBA and COMPPS, assuming a spherical corona and thermal
seed photons, is shown in Fig. 2. The codes are in excellent agreement
for a wide range of temperatures and optical depths.

The total number of scattering orders can be set by the user; for
typical applications (e.g. black hole coronae), using ~15-20 fully
captures the energy gain of the photons; using fewer underestimates
the location of the exponential cutoff, and using more has no adverse
effect on the output spectrum, as the code simply runs into a regime
where no more energy is transferred from the electrons to the photons.
In this case, the Compton scattering kernel essentially returns O every
time, and the code continues integrating over it, so a fair amount of
computational time is wasted without affecting the final spectrum.

4.4 Photon fields

There are three methods to calculate the seed photons for inverse
Compton scattering. These are not mutually exclusive, and multiple
photon fields can be added to the seed photon distribution before
computing the spectrum.

The first method is for synchrotron photons produced in the same
region, with co-moving luminosity L'(v) at a frequency v. In this

3We chose CompPS because it allows for a wider interval in both optical
depth and temperature than other Comptonization codes available in XSPEC,
and because it includes geometries that are nearly identical to the cases we
consider in our model.
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Figure 2. Examples of output Comptonization spectra from KARIBA (continous lines), compared with CompPS (dashed lines), for a range of typical optical
depths. The spectra have been renormalized to the typical luminosity of a hard state XRB. Left-hand panel: low temperature coronae (7. = 90 keV); right-hand
panel: high temperature coronae (7. = 900 keV). The two codes are in excellent agreement; the correction factors f(7,, 7) in this case (for increasing optical
depth) are f = 0.35, 0.35, 0.38 for T, = 90keV and f = 0.57, 0.61, 0.73 for T, = 900 keV.

case, we estimate the target photon distribution (in units of number
of photons, per unit volume, and per unit of photon energy) of
equation (21) as

L(v)
Nph,O(EO) = Wa (25)
where R is the radius of the emitting region.
The second method is for a blackbody with energy density U/,, and

temperature 7;,, calculated in the co-moving frame of the emitting
region. For this case, the target photon field is calculated as

2Ur/adv§
hetog Toplexp (€0 /kTy) — 117

Npno(€o) = (26)

where vy = €o/h is the initial photon frequency. This method can
be used to approximate a variety of photon fields, such as the dust
torus or broad line region in blazars, or the companion star in X-
ray binaries, provided the user computes the appropriate co-moving
temperatures and energy densities.

Finally, the most complex method currently included is that of
photons from an optically thick, geometrically thin disc described
in Section 4.1. Because we neglect fully treating radiative transfer,
in this case the photon distribution is computed on the symmetry
axis of the system, at a height z. In this sense, taking z > 0 can be
thought of as a lamp-post corona, while z = 0 roughly mimics a slab
or hot flow-type corona. Regardless of the value of z, the photon
distribution is computed by integrating the temperature profile along
the disc radius:

Cmax 4 v3(8)
Nnate = [ e @7)

‘min

the extremes of the integral are o, = arctan(rinrg/z), Gmax =
arctan(routy/(z — H Rou/2)) if 2 < Hroyure/2) and apax = /2 +
arctan(roury /(z — Hroure/2)) otherwise, in order to account for the
change in viewing angle of all the disc regions. v(§) and T(«, §) are
the photon frequencies and disc temperatures for each viewing angle,
accounting for Doppler beaming if the emitting region is moving with
respect to the disc.
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4.5 Doppler boosting

Both the cyclo-synchrotron and inverse Compton classes track
both co-moving and observer frame luminosities with the standard
Doppler transformations:

Les(v) =8L, (V); v=238V. (28)

The factor o depends on the assumed emission geometry. If the
emitting region is spherical, the code takes « = 3, appropriate for a
plasmoid moving with respect to the observer. If the emitting region
is taken to be cylindrical, the code instead assumes that it is part of
a compact jet, in which case « = 2 (Lind & Blandford 1985).
Additionally, both classes can account simultaneously for the
emission of both the main emitting region, observed at a viewing
angle 6, and its counterpart, observed at a viewing angle = — 6,
by computing the appropriate boosting factors and summing both
components as appropriate. This allows a user to easily account for
the presence of a counter-jet. By default, the Kariba constructors
assume a static source with 6 = 1 and no counter-jet present.

5 BHJET MODEL FLAVOURS

BHJET is a family of steady state, time-independent, scale-invariant,
multiwavelength jet models designed to fit the SED of jetted accreting
black holes across a wide interval (but generally sub-Eddington) in
jet power and black hole mass. They all share a similar treatment for
the jet launching region and particle distribution, and differ mainly
in the assumptions made regarding the jet dynamics. A simple sketch
of the model is shown in Fig. 3.

5.1 Basic assumptions

Following Falcke & Biermann (1995), all model flavours assume
that {a fraction g; of the accretion rate Mo powers two polar jets, so
that the mass flow rate through both is Mj = quaCC. quacc can be
related to the co-moving lepton energy density in the jet-launching
region, which we call the jet nozzle, through:

— quacc
2715 ¥0Bo€? feq(Bps 1> (¥))

, (29)

e,0
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Figure 3. Model schematic of BHJET. The arrows in the left-hand panel highlights the radiative components included in the model; darker and lighter opacity
corresponds to regions which tend to be more or less bright, respectively. The disc produces standard blackbody emission; the blue jet regions produce thermal
synchrotron and thermal Comptonization, and the green jet regions produce non-thermal synchrotron and inverse Compton emission. The right-hand panel
shows a sketch of the model flavours beyond the nozzle region (purple): green and blue indicate the AGNJET and BLJET model flavours, respectively.

where the factor 2 accounts for the launching of two jets. Ry
is the radius of the jet nozzle, which is a cylinder with aspect
ratio h, = zo/ro.* The initial speed of the jet is assumed to be
Bo =TT —1)/(T +1)~ 0.43, which is the sound speed for
a relativistic gas with adiabatic index I' = 4/3 (Crumley et al.
2017). The corresponding initial Lorentz factor is yo = 1.1. This
parameter has a very minor effect on the SED, mostly affecting
the boosting/de-boosting of the disc photons when they are inverse-
Compton scattered, and therefore it is never left free during spectral
fits. From now on, we will use both the terms corona and jet
nozzle interchangeably regardless of whether the nozzle is compact,
similarly to a lamp-post, or extended (our model can replicate either
geometry), except in Section 7.1. We note that if the magnetization
(defined later in this section) in the nozzle is of the order of unity,
then this region can be thought of as the interface between inflowing
and outflowing material, and essentially captures the emission from
both while still allowing us to couple its properties with the compact
jet. The equipartition factor f.q(Bp, 1, () depends on the model
flavour, and in its more general form it is defined as

Ueo + Upo + Uppo
ne
= (y)mec? (1 P ) , (30)
By n(y)me

where U, is the energy density of the injected leptons with number
density n. o and (y) their average Lorentz factor, Uy o = Bg /8m is
the energy density of the magnetic field at the jet base, and U, o
= n, ompc? is the energy density of the injected protons, which we
always assume to be cold. The equipartition parameter 8, is defined
as By = U, o/Uy, o (in analogy with the standard plasma-S parameter
in plasma physics), n = n./n, quantifies the jet matter content. We
define an injected power as N; = g; M,..c* for convenience, because

feq(ﬂp’ 7, ()’)) =

4h, is set to 2 by default. Users can modify it by accessing the source code,
however this results in the inverse Compton spectra being slightly inaccurate
due to the correction discussed in Section 4.3. Therefore, A, is not a fitted
parameter, unlike in previous versions of the model.

(i) it effectively absorbs the uncertainty on the unknowns g; and Moce
in a single model parameter and (ii) it can be readily expressed in
units of the Eddington luminosity, which provides users an immediate
estimate for the power required by the model. However, N; should not
be thought of as a direct measure of the total (kinetic 4+ magnetic +
internal) power of the full outflow, but rather as a model normalization
of the order of the total jet power. This is for two reasons: first, the
total initial jet power differs from N; by a small multiplicative factor
of yo &~ 1 (e.g. Crumley et al. 2017). Second, similarly to a standard
Blandford & Konigl (1979) model, we do not account for the power
required to re-accelerate the radiating leptons in the jet; depending
on the model flavour and parameter used, this power may or may
not be negligible with respect to Nj. We discuss the latter issue
further in Sections 5.2 and 5.3. We also note that unless users choose
parameters that are inconsistent with the assumptions of each model
flavour, Nj is within a factor of (at most) a few of the total power.
Equation (29) can be solved to find the number density of the leptons
at the jet base, as a function of the model input parameters:

_ N,
= 272 v0Bocteg(Bor 1, (V)

Beyond the nozzle, the jet begins expanding and accelerating.
Regardless of the details of the collimation and acceleration process,
all flavours of the model assume that the number of particle is
conserved, so that

_ voBo o ’
@) = tepo (y(z)ﬁ(z)> (r(z)> ’ 32

where ne p, ¢ is the initial number density of either leptons or protons,
B(z) and y(z) the jet speed along the z-axis, r(z) the jet radius at a
distance z. The velocity and collimation profiles are set by the chosen
model flavour.

The corresponding Thomson optical depth of the jet is

7(2) = ne(2)r(2)oy, (33)

where o is the Thomson cross-section and 7(z) is set by the model
flavour. One can get a sense of how the optical depth would vary as
a function of jet power and radius, by assuming for simplicity that

€1V

e o
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Figure 4. Jet optical depth t as a function of radius, for varying jet powers,
assuming n = 10, (y) = 3, and B, = 0.01, and negligible jet acceleration.
More sparsely dashed lines correspond to decreasing jet powers of Lgqq (blue
line), 10! Lgqq (orange line), 1072 Lggq (green line), 1073 Liqq (red line),
10™* Lgqq (purple line), respectively. The grey shaded area corresponds to
the typical range of coronal optical depths.

no acceleration occurs. In this case, by combining equations (29)
and (32) we see that 7(z) o« #~!(z), meaning that the optical depth
drops very quickly as the jet expands. The scaling of 7 versus radius,
for a wide range of jet powers and typical parameters, is shown in
Fig. 4. In this simple scenario, t(z) does not depend on black hole
mass, because from equation (31) one can see that n, Nj/r(% o
M/ MZ, o< My!. As aresult, (z) o ne(2)r(z) o< My, My, o< MY,
We note (again, assuming negligible jet acceleration for simplicity)
that the radius plotted here can be understood either as the initial jet
radius rp, or as the radius of the jet at a distance z from the black
hole.

This plot highlights several features of the model (assuming fixed
Bp and n). First, in order to achieve the optical depth of a canonical
black hole corona (r &~ 0.1 — 1) with a mild pair content (10 pairs
per proton, in Fig. 4), the jet power should be in the range 1072 —
107! Lggq, typical of a fairly luminous XRB hard state or FR II-type
AGN:Ss. Second, it is interesting to note how jet power, optical depth,
and jet radius vary as a function of each other. For a fixed jet power,
T drops as the radius of the emitting region increases. For a fixed
radius, T increases as the jet power increases. Finally, for a fixed 7,
as the radius of the emitting region increases, so does the total power
required. This conclusion is independent of the model flavour (and
indeed, it applies to any jet model beyond BHJET), as it is purely a
consequence of the generalized jet power defined in equation (29).

Because the optical depth is expected to drop rather quickly as
the jet expands, equation (33) implies that thermal Comptonization
over multiple scatterings becomes less important along the jet
axis. Therefore, the location where the bulk of the coronal inverse
Compton X-ray emission occurs must be very close (~tens of R, at
most) to the black hole, where the jet is first launched. Note that this
is not the case for single-scattering, non-thermal Comptonization as,
for example, in blazars. We discuss this aspect of the model further
in Section 7.3.

These considerations result in one common prediction for the
BHJET family of models: while at moderate and high jet powers,
Comptonization in the corona can produce significant X-ray emis-
sion, in low power sources synchrotron emission from non-thermal
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electrons accelerated downstream (&~ 10?3 R,) should dominate any
potential high-energy emission.

5.2 Agnjet: pressure-driven jets

The AGNJET model flavour describes a mildly relativistic, pressure-
driven jet; the dynamical properties were first presented in Falcke &
Biermann (1995, 1999), Falcke et al. (1995), and further refined in
Crumley et al. (2017). In this regime, magnetic fields do not affect the
dynamics of the outflow, the jet is efficiently accelerated (meaning
its Lorentz factor becomes comparable to the terminal Lorentz factor
over relatively short distances), and the power carried by the jet is of
the order of the initial rest-mass energy.

The model supports both adiabatic® and quasi-isothermal jets. The
first case means that as the jet expands and propagates downstream
of the launching point, the particles in it cool adiabatically and are
not re-accelerated or re-heated. In this regime, the jet internal energy
can be written as

U(z) =n (J/O’BO>F (m>2r ' an
! M \yob) \r@)

note that this equation is identical to the definition of the jet internal
energy of (Crumley et al. 2017) by setting the ¢ parameter from
that work to be unity, which is always assumed in AGNJET. I' =
4/3 is the adiabatic index of the jet (we always assume that it can
be treated as a relativistic fluid), B; (z) is the jet velocity along the
z-axis, and y;(z) the corresponding Lorentz factor. In this case, T, o
nt o (%(2)B;(2))' " z*7*", implying that the particles cool rapidly
as they stream down the jet. In the second case, the work done by the
particles as the jet expands is offset by an unspecified acceleration
mechanism, such as internal shocks, re-accelerating the particles as
they stream along the z-axis. In this case, we have

Ui(z) = npo (yoﬂo>r (ro)z; (35)
PP\ yi(@)B;(2) r(z)

here, T, (yj(z)ﬁj(z))1 — T as long as the jet only reaches mildly
relativistic Lorentz factors, the particles do not cool significantly.
Indeed, Crumley et al. (2017) showed that this regime is almost
identical to the fully isothermal case, in which no adiabatic cooling
is present and 7, o const; therefore, we use the two interchangeably.
Regardless of the importance of adiabatic losses, the model
assumes that starting from the top of the nozzle (at a height z)
the jet expands laterally at the sound speed. The radius of the jet is

70Bo
Yi(2)B;i(2)
The jet velocity profile is found by substituting equation (32), either

equation (34) or equation (35), and equation (36) in the 1D Euler
equation (Pomraning 1973; Crumley et al. 2017):

r(z) =ro+(z — 20) (36)

d rUi(z)
HOBEONE) {yj(zmj(z) (mpc2 + ﬁ;)]
dz

which imposes conservation of momentum along the z-axis. We
note that this treatment for the jet dynamics does not account for
the energy required to re-accelerate particles in the isothermal case.

3The adiabatic profile is currently fully self-consistent only if the radiating
particles are purely thermal. Furthermore, high (7. > 1000keV) initial
electron temperatures are required to avoid numerical issues.
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Figure 5. Jet speed and collimation profiles (top and bottom row) for the isothermal and adiabatic cases (left-hand and right-hand columns) of the agnjet
model flavour, as a function of distance from the black hole z, with varying nozzle aspect ratios / and assuming the initial jet radius is ro = 12 Rq. The vertical
dashed lines correspond to the location where the nozzle ends and bulk acceleration begins. Regardless of the value of 4, all models quickly turn into a conical

outflow with Lorentz factor y ~ 2-3.

Therefore, the injected jet power defined in equation (29) is not
the total power carried by the outflow, which is larger by a factor
~2-3 if only leptons are accelerated, and much larger if protons
contribute to the emission (Crumley et al. 2017; Kantzas et al. 2020).
As a result of neglecting the power required to re-accelerate the
particles, the AGNJET model flavour does not conserve energy,
for the same reason that the standard Blandford & Konigl (1979)
model does not. The only model parameter that has an impact on
the solutions of equations (37) and (36) is the aspect ratio s, = z¢/ro
of the nozzle. Different solutions for the isothermal and adiabatic
(left-hand and right-hand columns, respectively) cases are shown in
Fig. 5. The regions where the velocity and collimation profiles are
most affected are between &~ 10! and 10? R,; however, these regions
tend to have a negligible effect on the SED. Note that varying % also
results in less self-consistent Comptonization spectra, as discussed
in Section 4.3, although this effect is negligible for values of h

near unity.

The original agnjet model (Falcke & Markoft 2000; Markoff
et al. 2001a,b) went on to assume that the jet carried one proton per
electron, thus n ¢ = n, ¢ = ng throughout the jet. With this choice,
the factor foq(Bp. 1, (¥)) in equation (31), which sets both the initial

lepton and proton number density, is

2 L m
feq(ﬂpv n= 1, (V)) = (V)mec I+—+—. (38)
.3p Me
Versions of the model from 2004 and onward, including the
refinements presented in Crumley et al. (2017), instead set Up o
= U, 0 + Uy, o, therefore assuming implicitly that the jet carries a
few pairs per proton. In this case, foq(Bp, 1, (1)) is

1
feaBos 1, (7)) = 2(y)mec? (1 + E) , (39)
P
the initial proton number density is
Ly {y)m.
n 0= 1 + 7) —n .0 (40)
’ ( By my
and the ratio of lepton to proton number density 7 is
1
p= e T (1)

npo (yyme 1+ é

In the code discussed in this paper, the user has the ability to choose
either option. Regardless of the matter content, the initial magnetic
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Figure 6. A comparison of the cyclo-synchrotron spectra computed in AGNJET, in the adiabatic (left-hand panel) and isothermal (right-hand panel) cases. The
colour scale corresponds to different zones along the jet, only some of which are plotted here for clarity. The dashed line is the sum of the emission from each
region of the jet. For both SEDs, the viewing angle is taken to be 45°, the initial electron temperature is 7, = 2500keV, and only thermal particles are present
throughout the jet. For the adiabatic profile, the optically thick spectral index (defined as F(v) = v*) between 10 and 100 GHz is extremely inverted (o = 1.2),
while it is essentially flat (0 = 0.1) for the isothermal case. The optically thin part is mostly unchanged.

field is
8 €. € 2
B, = , | BT neolyimec “2)
Bo
and the magnetic field along the jet axis is
r/2
’
B(z) = By~ <”"7ﬁ"> . @3)
r(@) \ %(2)B(2)

The choice between the adiabatic and isothermal profiles has a
very large impact on the SED, as shown in Fig. 6. Due to the
extreme cooling in the adiabatic case, the optically thick spectrum
of the jet is very inverted (F(v) o< v*, and o ~ 1), leading to very
faint radio emission for a given infrared (IR)/optical/UV luminosity.
Therefore, this velocity profile is not appropriate for modelling a
typical compact jet, being more similar to the ‘dark jet’ scenario
(Drappeau et al. 2017). Instead, the isothermal jet profile leads to a
standard flat (F(v) o< v*, and & ~ 0.1) optically thick spectrum. This
difference is mainly caused by the drop in temperature along the
jet for the adiabatic jet profile: because the synchrotron luminosity
is proportional to the average squared Lorentz factor (y2), if the
temperature of the emitting particles along the jet drops over distance,
the luminosity also decreases and the spectrum becomes inverted.
Therefore, some mechanism (such as internal shocks) needs to
maintain the average energy in the electrons constant along the jet.
These assumptions reproduce the well-known result of Blandford
& Konigl (1979). Because the energy required to re-energize the
particles is unaccounted for in the injected power Nj, this quantity
should be thought of as a renormalization factor for the model, rather
than a physical estimate of the jet power. The latter is expected to
be higher than N; by a factor of a few, up to roughly an order of
magnitude (Markofft et al. 2005; Crumley et al. 2017), depending on
the model parameters chosen.

5.3 Bljet: magnetic-driven jets

The BLJET model flavour allows for a somewhat more self-
consistent treatment of the magnetic fields carried in the jet, and
of their role in setting the outflow dynamics. Compared to AGNJET,
this updated treatment allows for the jet to reach an arbitrarily high
Lorentz factor. Additionally the total energy budget in the outflow
is naturally closer to the injected power Nj, as the former is always
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assumed to be dominated either by the magnetic field or the bulk
kinetic energy carried by the protons (Lucchini et al. 2019a).

BLJET assumes that the jet nozzle is highly magnetized, and
that jet acceleration is powered by the conversion of magnetic field
into bulk kinetic energy, in broad agreement with the predictions of
ideal MHD as well as global GRMHD simulations (e.g. Beskin &
Nokhrina 2006; Komissarov et al. 2007; Tchekhovskoy, McKinney
& Narayan 2009). The jet acceleration profile is assumed to be
parabolic, in agreement with VLBI observations of several AGNs
(e.g. Hada et al. 2013; Mertens et al. 2016; Boccardi et al. 2016;
Nakamura et al. 2018), up to a maximum Lorentz factor y .., which
is reached at a distance z,. from the black hole:

7172 — 2(1)/2
Y@ = v+ Vace =Y0) 15113 (44)
Zace — %

The jet opening angle 6(z) is taken to be inversely proportional to
this Lorentz factor (in agreement with observations of AGN jets, e.g.
Pushkarev et al. 2009; Mertens et al. 2016; Pushkarev et al. 2017),
and the jet radius is computed for each value of 6(z):

0(z) =

(45)

P
y(2)

r(z) = ro + (2 — 20) tan(0(2)); (46)

atypical value of p inferred from VLBI surveys is 0.15. By varying p,
¥ ace» and Z,c, it is possible to model VLBI imaging data together with
multiwavelength SEDs (e.g. Lucchini, Kraufl & Markoff 2019b), and
the jet can reach arbitrarily large Lorentz factors.

The strength of the magnetic field as the jet is accelerating is set
by imposing energy conservation in the jet bulk acceleration process.
This is done by solving the Bernoulli equation (e.g. K”onigl 1980):
y(z)@ = const., 47)

n(z)
where w(z) = Up(2) + Ue(2) + Pe(2) + Up(z) + Pp(2) is the total
enthalpy carried by the jet, assuming that the protons remain cold
and have negligible pressure. We define as the magnetization of the
jet the ratio of magnetic to particle enthalpy:

Up(2) + Po(2)
Up(2) + Ue(2) + Pe(2)

In BLJET it is always assumed that the contribution of the leptons to
the total energy budget is always negligible, so that the second and

o(z) = (48)
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Figure 7. Left-hand panel: Jet speed and magnetization for different realizations of the BHJET model flavour, as a function of distance from the black hole z.
The blue, green, and orange lines correspond to zaec = 103, 10%, 10° Ry, Vace =4, 8,18, 04iss = 1, 0.5, 0.1, respectively. Continuous lines correspond to the
jet Lorentz factor, and dashed lines to the jet magnetization. In all cases, the initial magnetization o is of the order of the final Lorentz factor y acc, with o(z)
dropping smoothly as y(z) increases up to zacc. Right-hand panel: Jet collimation profile as a function of distance from the black hole, for the same parameters

shown in the left-hand panel.

third terms in the denominator of equation (48) are much smaller
than the first. In this case, our definition of o reduces to the standard
definition, o = B2/471nmpc2. When this happens, equation (47)
evaluated at zg and z,. simplifies to

00 = (1 + 0yee) L2 — 1. (49)
Y0

With the exception of thermal Comptonization at the jet base, the
bulk of the emission from the model commonly originates in the
vicinity of the most beamed region, near z,... Therefore, in order to
allow the model some freedom in predicting the emission from this
region, we take the magnetization at Z,., 04, as a free parameter.
Equation (49) then can be used to determine what the initial magnetic
content of the jet needs to be, in order to reach a Lorentz factor y s,
at a distance z,.. from the black hole, with a leftover magnetization
0 4 Knowing the initial magnetization o, the magnetization along
the jet is

0(@) = 2 (1+0p) — 1 (50)
y(2)

and the definition of o (z) can be inverted to find the corresponding

magnetic field:

B(2) = [4m0(2) (ny(2)mpc® + T (ye)ne(2)mec?)] 2 (51)
where we note that for this derivation to be valid, it is necessary that
npmpc2 > T'ne(y)m.c?. Beyond 7., the jet assumes the standard
Blandford & Konigl (1979) profile, with constant Lorentz factor y .,
constant opening angle 6,.. = p/y ., @ magnetic profile consistent
with a toroidal magnetic field B(z) o< z~!, and continuous particle
re-acceleration throughout the jet. As long as users make sure that
npmpc2 > Tne(y)mec? holds, energy is conserved throughout the
Jjet, because both the kinetic or magnetic energy carried by the jet
are far larger than the internal energy of the particles. As a result,
the radiating leptons can be re-accelerated without affecting the bulk
properties of the outflow. This behaviour is the key difference between
AGNJET and BLJET. Three possible acceleration and collimation
profiles are shown in Fig. 7. In the bulk acceleration region, the jet
becomes roughly parabolic once z > zo, with smaller acceleration
distance z,. resulting in slightly more collimated outflows in the

inner region. Similarly, larger terminal Lorentz factors y,. result
in more collimated jets once they reach the outer, conical regions.
Figs 5 and 7 also show that BLJET predicts smaller opening
angles throughout the jet, compared to AGNJET, regardless of input
parameters. For example, in the former, the jet radius reaches r(z) ~
100R, at a distance z ~ 3000 R,. In the latter, this already occurs at
7 ~ 500R,.

Similarly to AGNJET, BLJET supports both jets that carry exactly
one electron per proton, or jets with a mild pair load, set by the
plasma-B, parameter (although we stress that this is purely for
convenience, and does not imply any strict causality between the
two quantities). In either case, the factor foq(Bp, 1, (¥)) which sets
the initial lepton number density is

1

feaBps 11 (¥)) = myc® + (y)mec? (1 + ﬁ—) (52)
P

and the ratio of lepton to proton number density 7 is

= Neo _ my ,BpUO (53)

npo  (y)me (2 — TaaBpoo)

The user can set this ratio to unity before running the code, in
which case the appropriate 8, is computed from equation (53)
and substituted in equation (52) to compute the initial number
density. Regardless of the matter content assumed in the jet, it is
recommended that 8, be kept frozen during spectral fits in order to
avoid model degeneracies.

5.4 Model flavour jet composition comparison

Fig. 8 shows a comparison of the matter content in AGNJET and
BLJET as a function of fBj, (y) (left-hand panel) and o (right-
hand panel), which through the empirical treatment detailed in the
previous section combine to set the relative contribution of the
protons, leptons, and magnetic field carried by the jet. The goal
of this section is to highlight that with both model flavours, users
should exercise care in setting both of these parameters.

The first important consideration, highlighted in the left-hand
panel, is that the pair content in BLJET with low initial ¢ ~ 2
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Figure 8. Allowed parameter space for 8, and jet matter content n for BEJET model flavours. Shaded regions correspond to forbidden areas of the parameter
space. Left: comparison of BLJET (continuous lines) versus AGNJET (dashed lines), in the low initial magnetization regime (oo = 2 for BLJET and 1.8 for
AGNJET), for different initial electron average Lorentz factors. Right: pair content with varying initial magnetization o in BLJET, with identical (y) = 1.5.
The grey shaded region indicates pair-dominated jets, which are currently forbidden by the BHTET model. The green shaded regions correspond to magnetically
dominated, charged jets. This un-physical regime can be avoided by taking low pair average Lorentz factors, for both model flavours (left-hand panel), or by
taking large values of op with BLJET (right-hand panel). The orange, red, purple, and brown shaded regions indicate that the jet base is not magnetically
dominated, and therefore it is always forbidden to BLJET, but it is accessible to AGNJET.

is almost the same as that in AGNJET, as long as f, is chosen
appropriately, although the two can deviate slightly for high (y) and
Bp =<1

Values of B, near unity (implying that the outflow is near
equipartition throughout) are allowed in AGNJET, but not in BLJET.
This is caused by two effects. First, if the pair content is sufficiently
high, these particles could carry a significant portion of the jet
kinetic energy, invalidating the derivations in Section 5.3. These
regions of parameter space, indicated by the grey shaded area, are
currently forbidden to BLJET (but could be explored with a further
improvement of the jet dynamics). Second, if §, is large enough,
equation (53) returns a negative value, resulting in un-physical,
charged jets. These regions are the orange, brown, purple, and red
areas; the exact location depends on the value of 0. This high B, case
invalidates the basic assumption of bljet of a magnetically dominated
jetbase, and therefore cannot be explored with any possible extension
of this model flavour. It can, however, be probed by using AGNJET.

Finally, for sufficiently low values of By, both model flavours
require < 1; this also implies un-physical, charged jets. Regions
near this limit of extremely low B, can be explored by BLJET,
provided that o is large enough (as shown in the right-hand panel),
but not by AGNJET.

Fig. 8 highlights how the two model flavours are complementary:
BLJET allows the study of proton-heavy, magnetically dominated
jets, while AGNJET can treat pair-loaded, mildly magnetized,
pressure-dominated outflows.

Finally, we note that within BHJET large pair contents should
be handled with care. Because COMPPS accounts for pair balance
when computing the total spectrum (Poutanen & Svensson 1996), the
corrections to the Comptonization kernel discussed in Section 4.3
do account for any potential pair production when computing the
spectra. However, in the present version of the code we do not
track this potential additional population of leptons that may be
produced in the jet. Doing so would require an extensive rework of the
model, as we always assume that the number of particle is conserved
(equation 32). Instead, we assume that any positron/electron pair
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carried by the jet is injected in the nozzle region, and the rest of the
outflow is sufficiently optically thin that no further pair process takes
place. Additionally, the pair content of the jet is highly degenerate
with the injected power. This can be shown by writing the jet power
as a function of pair content for the bljet flavour, as discussed in
Lucchini et al. (2021):

Ni(n) = 2y0PocrriUeo
% <1 + UOmp+Fad00n<V>me my )
2n{y)me. n{y)me

This equation shows that N; is a monotonically decreasing function
of 1, so it is easy to tune 1 so that a given jet power N; can match
observations. Note that this is less of an issue for AGNJET, as 3,
also directly sets the strength of the magnetic field in the nozzle
(equation 43), but some amount of degeneracy between the two
still remains (e.g. Connors et al. 2017). Therefore, if possible, users
should try to avoid fitting N; and B, at the same time when using
BLJET, and the values of N; inferred from fits should always be
interpreted very carefully, as they only provide lower limits to the jet
power for a given value of 8.

(54)

5.5 Additional features

All model flavours allow for the inclusion of a Shakura—Sunyaev
disc, a blackbody, or both, as described in Section 4.4, in addition to
the continuum emission from the whole jet.

Regardless of model flavour, the particle distribution is always
assumed to be thermal at the base of the jet, up to a distance Zdiss®
away from the black hole, which is a free parameter. Here, the jet
experiences an unspecified dissipation region (such as a shock or
turbulent/shear regions) where we inject non-thermal particles in the

When using bljet, zgiss is typically taken to be equal to zuc (so that the
location of non-thermal particle injection is highly beamed), but this need not
be the case.
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form of a mixed distribution (using the KARIBA classes MIXED,
BKNPOWER, or POWERLAW), channelling a fraction f,y in a non-
thermal tail with slope s, so that the number density of non-thermal
particles is generally 7y, 0(Zace) = fatn/(Zace). In order to avoid the
issues highlighted in Section 3.1, we use the BKNPOWER class if fyn
> 0.5, setting the break momentum to be the average of a relativistic
Maxwellian of the same temperature and the low energy slope to
be 2, as in a thermal distribution. Finally, if fi,, = 1, we inject a
pure power-law distribution using the class POWERLAW, taking the
minimum momentum to also be identical to the average Maxwellian
distribution of the same temperature. Therefore, for large values of
Jam, the fraction of non-thermal particles is fixed rather than a free
parameter. Beyond zg;s, a free parameter f;; is used to smoothly
decrease both the temperature of the thermal particles, and the
fraction of non-thermal particles, so that

1 iss fo
Pn(2) = Mo (%) (55)
10
1 iss o
T.(2) = To(zaies) (%) (56)
10

where T,(zgiss) and nyy, o are the lepton temperature and the number
density in non-thermal particle at zy,, respectively. The effect of
Sy is to suppress the synchrotron emissivity along the jet axis,
allowing the model to match an arbitrarily inverted spectrum by
deviating slightly from the assumption of an isothermal jet. We note
that the inversion of the radio spectrum is driven mainly by the
T.(z) decrease, if the temperature of the electrons is very high and
relativistic, or the decrease of n,;(2), if the temperature is low. We
stress that the functional form to produce the spectral shape is purely
phenomenological; equations (55) and (56) are purely convenient
parametrizations to represent physics (like dissipation along the jet
axis) that are not fully captured by the model.

Three additional free parameters, fuea, fp, and fi, control the
minimum, break, and maximum energy in the non-thermal tail. At
Zdiss> the temperature of the particle distribution can be increased by
a factor fie,, which is sometimes required by the data (e.g. Lucchini
et al. 2019a, Kantzas et al. 2022). This parameter allows users to
de-couple the minimum Lorentz factor y ., of the non-thermal
distribution from the temperature of the electrons in the nozzle;
if the latter is mildly relativistic (7, < 511keV) and with fiey = 1,
then ymin & 1. As a rule of thumb, users should avoid values of
Jhear high enough to result in Ue(zace) X Up(Zace), but otherwise this
parameter can take any value required by the data. Similarly to the
jet pair content, we advise users to keep this parameter frozen to 1
(i.e. no additional heating) unless required, due to potential model
degeneracies.

Starting from zg;ss, the model computes the steady state particle
distribution along the jet following equation (5). The parameter f3
corresponds to the factor By, in equation (4), and can be used to
set the relative importance of radiative versus adiabatic losses, thus
setting the cooling break Lorentz factor ypy of the non-thermal
distribution in equation (5). This description is analogous to that of
Bottcher et al. (2013).

Finally, the maximum lepton Lorentz factor y ,x can be set in two
ways. In previous versions of the model y,.x Was set by balancing
the cooling and acceleration time-scales of the radiating electrons.
The acceleration time-scale is defined as

4ymec
3fceB(2)’

where f,. is a free parameter, e is the electron charge, and B(z) is the
strength of the magnetic field along the jet given by equation (43) or

face(Y) = (57

5867

(51). The maximum Lorentz factor (and its corresponding momen-
tum) is then computed by solving

froe Vinax) = tog' Vinax) F trad Vimax)s (58)

where the cooling time-scales are defined through equations (4) and
(3), taking #a4 rad = 0/0ad.rad- The radiation energy densities included
in the radiative loss term are described below. This balance gives a
maximum Lorentz factor:

( ) _ _3meczlgeff
Pt S R Una ) (2)
_ 28 . \2
+ 1\/( 3mec ﬂeft ) 3fsceB(Z)' (59)
2 401Uraa(2)r(2) 40Uraa(2)

Alternatively, in the newest version users can choose to either
provide the value of y, directly, such that it is maintained
throughout the jet. We will discuss the necessity of this flexibility in
Section 7.3. Similar to earlier versions of AGNJET, BHJET allows
for several photon fields to be included in the cooling rates, and to be
used as seed photons for inverse-Compton scattering. Synchrotron
cooling is always included, in which case U,,q = B(z)*/87. For disc
photons, we estimate the disc energy density by assuming that all the
disc luminosity originates at the innermost radius Ry,, so that

Sgisc (Z)Ldisc

Ura = 5
&= D2, Ry

(60)
where Lgis. is the emitted disc luminosity (assuming for simplicity
that Ly is produced near Ry, and non-zero torque at the boundary),
S4ise 18 the (de)boosting factor for the disc photons as seen in the
co-moving frame of the jet, and D(z, Ry,) is the Euclidean distance
between the jet segment and the innermost radius of the disc. In the
case of blazars, which are most relevant to this section, the energy
density of either the magnetic fields, or the external photon fields
described below, is much higher than that of the disc.

Finally, two types of external fields can be included. The first case
is that of a blackbody of energy density (in the co-moving frame) U4
and temperature Typ; this can represent, for example, the starlight
of the host galaxy of an AGN or stellar companion in an XRB.
When computing the luminosity from inverse Compton scattering
of external photon fields, we use the Doppler factor § rather than
the Lorentz factor I' to convert between rest frame and co-moving
quantities, following Dermer (1995). Alternatively, the latest version
of the model presented in this work allows for the inclusion of both
a broad line region and torus, following a prescription similar to
Ghisellini & Tavecchio (2009). The broad line region and torus are
assumed to be located respectively at a distance:

zpir = 10"7Ly/}sem (61)
zor = 2.5- 10" LY} em, (62)

where Ly 45 is the disc luminosity in units of 10% ergs™!. The
two photon fields reprocess a fraction fgr r and fpr of disc photons,
respectively. When this happens, the observed disc luminosity in the
model is reduced by a factor fgir + fpr (the emitted luminosity
used to compute Comptonization spectra and cooling rates remains
unchanged). Both photon fields are treated as simple black bodies;
the broad line region having a (co-moving) temperature equal to the
(boosted) Lyman « frequency, Ty x = 13.6 - 8(z) eV; the DT having
T =370 - 8(z) K. When z < zgir or z < zpr each photon field is
boosted in the jet frame, so for the energy density of each we take
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178(z)* faLrLa
12 4nzdg

178(z)* forLa
12 47112DT

where 8(z) is the Doppler factor in each jet segment and L, is the
disc luminosity. Note that because in both cases zp r/pr L(lﬁ/i, the
energy densities of both are constant in the observer frame as long
as z < zpLr/pr- At large distances (we take z > 3zpigr/pr) from the
location of the BLR/DT, the photon field is strongly de-boosted. In
this case, the radiation energy density is (Ghisellini & Tavecchio
2009)

U]/SLR(Z) =

Z = ZBLR, (63)

Upr(z) = z < zpr, (64)

2
Upir(2) = ichzl%i; %[2(1 - B@u1LR)’
(1= B@papr)’ — (1= B@)'), 2> zpr  (65)
2
Upn(2) = ﬁzf}): %[2(1 — B@u1or)’
—(1 = B@uapr)’ — (1= B@)’], 2> zor, (66)
where
1
M1,BLR/DT = > 67)
4 (ZBLR/DT)
4
oLt )’
M2,BLR/DT = {/1 — (i) (68)

are geometrical coefficients which account for the solid angle under
which the BLR/DT are viewed, 8(z) is the speed of the jet at a distance
z from the black hole, and zg g/pr are defined in equations (61) and
(62). For distances between zp r/pr and 3zgLr/pT, the exact value of
the co-moving energy density depends on the details of the geometry
of the BLR or DT. For simplicity, we interpolate linearly between
the energy density at the start of the BLR and at z = 3z g/pr Where
we first switch to equations (65) and (66):
— ZBLR

Z
U];LR,DT(Z) = U];LR,DT(ZBLR.DT) + 22nin

x (Ufr pr(3zeir.or) — Upr pr(3zBLRDT))  (69)

Finally, we require the source distance luminosity Dy, (and, for
extragalactic sources, the redshift z,.4) to be known, so that the total
observed bolometric flux F for a given luminosity L is given by the
standard formula F = L/4x D,zum(l + Zrea)? and the frequencies can
be shifted by a factor 1 + z;eq.

All model parameters are reported in Table 1. Note that the code
parameters require re-compilation and cannot be changed at run time;
they have a negligible effect on the SED and are included only for
completeness.

6 COMPARISON WITH IDEAL GRMHD
SIMULATIONS OF JETS

The strength of a multizone approach similar to BHJET can easily
be illustrated by comparing the properties of our jets with the results
of GRMHD simulations. In GRMHD, the jet can roughly be divided
in two separate regions: a low density, highly magnetized central
region, typically referred to as the jet spine, surrounded by a mass-
loaded, less magnetized sheath of plasma (e.g. McKinney 2006;
Penna, Narayan & Sadowski 2013; Nakamura etal. 2018). In general,
the outflow near the sheath reaches only mildly relativistic speeds,
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while the plasma inside the spine can accelerate to high Lorentz
factors (Chatterjee et al. 2019). Observations of jetted AGNs are in
broad agreement with this picture (e.g. Nagai et al. 2014; Mertens
et al. 2016; Hada et al. 2016; Giovannini et al. 2018).

The BHJet family of models can capture either a mildly rel-
ativistic, mass-loaded, Blandford—Payne driven sheath or a highly
relativistic, highly magnetized, Blandford—Znajek driven spine, es-
sentially assuming that only one at a time dominates the observed
emission. In the former case, both model flavours are appropriate,
provided that a user sets a low terminal velocity when using BLJET
(Yace = 2-3). This typically happens when BHJET is used to model
low-luminosity AGN or X-ray binaries (e.g. Markoff et al. 2001a,
2005; Maitra et al. 2009; Connors et al. 2017; Lucchini et al. 2021). In
the latter case, only BLJET is appropriate, and requires the user to set
ahigh (y ,cc > 4-5) terminal Lorentz factor for the jet. This regime has
been invoked for modelling blazars and other jet-dominated AGNs
(Lucchini et al. 2019a,b).

We are particularly interested in comparing quantities that have
a large impact on the final SED, focusing on the region beyond the
jetnozzle. Fig. 9 shows how the magnetic field strength and particle
number density scales in BHJET, for different model flavours and
initial parameters, compared to the work of Moscibrodzka & Falcke
(2013) and MoScibrodzka et al. (2014, 2016b). These authors used
2D and 3D GRMHD simulations to predict the radio flux and shape
of the radio spectrum originating in the compact jet (focusing on
SgrAx), as well as to explore the effects of black hole spin on
scale-invariant models for the radio emission of jets; therefore, these
simulations are an ideal benchmark for our model.

The top panel of Fig. 9 shows a comparison between the sheath
region in simulations, and both model flavours, using model param-
eters typically required by blazars (for the spine) and X-ray binaries
or LLAGNs (for the sheath). These are discussed in more detail
in Section 7. In this regime, both the magnetic field and number
density in BHJET scale with distance very similarly to simulations,
and therefore we expect that the predicted SEDs of both should be
roughly similar. The same is not true when comparing BLJET with
a jet spine, as highlighted in the bottom panels. In this regime, both
quantities drop very quickly with distance in simulations, and this
behaviour is not replicated in our model. We note, however, that
the dynamics of the spine region in GRMHD is strongly affected
by the artificial particles introduced via a numerical floor density,
and the processes that might provide more realistic mass-loading
(such as pair production in the BH ergosphere, e.g. Neronov &
Aharonian 2007; Rieger & Aharonian 2008; Levinson & Rieger
2011; Moscibrodzka et al. 2011; Broderick & Tchekhovskoy 2015)
are not captured by these simulations. At the same time, when
changing between studying a sheath and a spine in BHJET, we
assume naively that the dynamics of both can be described by the
same simple formalism detailed in Section 5.3. Finally, we note
that while comparing the scaling of the magnetic field and number
density is relatively straightforward, the same is not true for the
electron temperature. This is because the simulations we compare our
model to only included the contribution of the electrons after post-
processing the simulations with phenomenological prescriptions
similar to our isothermal models (e.g. Moscibrodzka, Falcke &
Shiokawa 2016a). A more appropriate comparison for the energy in
the electrons would be with simulations that include two-temperature
fluids; however, these are still being developed.

The discrepancy between the spine region in simulations, and
the models inferred from modelling powerful AGN, can be further
highlighted by comparing the jet velocity profile along its axis.
In particular, in Fig. 10 we compare different model flavours and
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Table 1. BHJet model parameter summary.

Source parameters:

Mpn Mass of the black hole, in units of Mg

Dum Luminosity distance to the source, in units of kpc
[ Source viewing angle

Zred Source redshift

Disc parameters:

Laisc Disc luminosity, in units of Lgqq
Tin Innermost disc radius, in units of Ry
Tout Outer disc radius, in units of Ry

Main jet parameters:

Leftover magnetization at the end of bulk jet acceleration if velsw > 1, unused otherwise
Plasma beta parameter U./U), in the nozzle, can be used to indirectly set the pair content. If using bljet, then

Nj Injected jet power, in units of Lggq
70 Jet base radius, in units of Ry
Zdiss Location of initial non-thermal particle acceleration, in units of Ry
Zacc End of bulk jet acceleration if velsw > 1, unused otherwise
Zmax Largest distance considered to be in the compact jet
O acc
B
! setting preta = O sets the jet to carry one electron per proton.
velsw

Particle distribution parameters:

If velsw = 0 or 1 then agnjet is used, with the adiabatic or isothermal profile, respectively. Otherwise, bljet is
used and yuec = velsw

Adiabatic time-scale parameter; sets the break Lorentz factor yy, in the non-thermal tail
Acceleration time-scale parameter, if fi. < 1; sets the maximum Lorentz factor y max of the non-thermal tail. If fyo >

Te Lepton temperature at the jet base, in units of keV
s Slope of the non-thermal lepton distribution
Jfatn Fraction of lepton number density channelled into the non-thermal tail
Jheat Shock heating parameter; increases 7. by a factor fhear at 2 = Zdiss
Ip
fse
10, then y max = fsc throughout the jet
fol Phenomenological parameter used to fit inverted radio spectra

Inverse Compton parameters:
compsw

compar
compary

compars

Code parameters:

If compsw = 0 only disc and synchrotron photons are scattered; if compsw = 1 a blackbody is added, if compsw =
2 the BLR and DT are included

Sets the temperature of the blackbody Ty, in units of Kelvin, if compsw = 1. Sets the fraction of disc photons
reprocessed in the BLR if compsw = 2. Unused otherwise

Sets the luminosity of the blackbody Lyp, in units of erg s~ !, if compsw = 1. Sets the fraction of disc photons
reprocessed in the DT if compsw = 2. Unused otherwise

Sets the energy density of the blackbody, in uni ts of ergcm ™3, if compsw = 1. Unused otherwise

Jet nozzle aspect ratio; no longer a free parameter due to the updates in the Comptonization code

Comptonization cutoff check; neglects computing the IC spectrum of a zone if it is estimated to be negligible

h=2

nz = 100 Number of zones in which the jet is divided, only impacts computational time
ICcheck

Zmin = 2 Nozzle height above the black hole, in units of Ry

Bo=04 Initial jet speed, in units of ¢

Zeur = 1000

Distance at which the code switches from considering zones with equal height and radius, to a logarithmically
binned grid over the jet axis

setups to the results of Chatterjee et al. (2019), who performed
the highest resolution study of large-scale jet acceleration GRMHD
simulations to date. At first look, it appears that the MHD result is
in fair agreement with our models for the sheath, with the jet spine
accelerating much more efficiently. However, the streamline chosen
by Chatterjee et al. (2019) to calculate the jet speed is located in
the spine region. Despite this, the terminal speed of the jet is fairly
moderate (y & 4-5), and is only reached at fairly large distances
(z ~ 10* Ry) from the black hole. This is in sharp disagreement
with models of the emitting region of blazars, including BLJET: for
example, when in the case of the canonical BL Lac PKS 2155—304,
Lucchini et al. (2019a) found that the jet Lorentz factor needs to reach
~15 at a distance of ~ 600 — 1700 R, from the black hole. This
value (and in general, observations of blazars, e.g. Marscher et al.
2008; Pushkarev et al. 2009, 2017; Abdo et al. 2011; Costamante

et al. 2018a) implies far more efficient jet acceleration than what is
observed in GRMHD simulations.

In conclusion, we find that our model behaves fairly similarly
to a jet sheath (which likely dominates the radio emission in off-
axis sources, e.g. 3C 84: Giovannini et al. 2018, M87: Mertens
et al. 2016, Cen A: Janssen et al. 2021) in numerical simulations.
However, modelling sources in which the spine might be dominating
the emission (such as blazars), requires jets that are more relativistic,
and accelerated more efficiently to their terminal Lorentz factor, than
what simulations currently seem to produce.

7 EXAMPLE APPLICATIONS

In this section, we apply the model to a variety of sources. Rather than
provide a detailed physical picture of each, this section has the goal
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Figure 9. Magnetic field (left-hand column) and number density (right-hand column) scaling against distance from the black hole in both our model and
GRMHD simulations. Top row: Comparison between both model flavours in BHJET with GRMHD models of Moscibrodzka & Falcke (2013) (blue line),
Moscibrodzka et al. (2014) (orange line), and Moscibrodzka, Falcke & Noble (2016b) (green and red line, for low and high BH spins, respectively). Here, for
BLJET we took yacc = 3 and zaee = 5500 Rg. Both model flavours are in good agreement with the results of simulations beyond the end of the nozzle (shown
by the dashed line). Bottom row: Identical comparison, but focusing on the spine region from MoScibrodzka et al. (2016b), and using only bljet with y,cc =
20 and zaec = 1000 Ry. Here, the model requires much higher number density and magnetic field throughout the outflow than what is observed in simulations.

of exploring the parameter space of the model and highlighting some
of its features. All the fits presented in this section were performed
using the spectral tool /SIS (Houck & Denicola 2000), version 1.6.2-
47. All spectral fits include the contribution of absorbing neutral
material along the line of sight, using the TBABS model (Wilms,
Allen & McCray 2000). We adopt the abudances of Wilms et al.
(2000) and set the photoionization cross-sections according to Verner
et al. (1996).

7.1 GX 339-4

GX-339 is a low-mass BHXB, which exhibits a remarkably regular
duty cycle: it goes into outburst every roughly 2-3 yr, and as such
it has been the target of multiple multiwavelength campaigns over
the years (e.g. Homan et al. 2005; Gandhi et al. 2008; Cadolle Bel
et al. 2011; Corbel et al. 2013). Because of this regular behaviour,
it is considered the ‘benchmark source’ of this class of accreting
compact objects. However, despite years of study, the physical
properties of the source are not well constrained, and estimates
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of the black hole mass, distance, and inclination all have large
uncertainties. They range between ~ 3 — 10 M (Hynes et al. 2003;
Muiioz-Darias, Casares & Martinez-Pais 2008; Heida et al. 2017),
~6-15 kiloparsecs (Hynes et al. 2004; Zdziarski et al. 2004), and
15-50° (Miller et al. 2006; Reis et al. 2008; Done & Diaz Trigo
2010; Plant et al. 2014, 2015; Garcia et al. 2015; Parker et al.
2016), respectively. The latest estimates generally favour larger
distances, and a wide range of black hole masses (Heida et al. 2017;
Zdziarski, Ziotkowski & Mikotajewska 2019). In this section, we
take My, = 9.8 My, d = 8kpc, and 6 = 40° and fix the column
density ny to 4.3 x 10?! cm~2, as in Connors et al. (2019).

As is typical of BHBs, GX-339 shows bright radio emission
in its hard and hard-intermediate states, attributed to the presence
of a compact jet. Furthermore, both its variability and spectral
characteristics suggest that the jet emission extends up to the IR
and optical bands (e.g. Corbel & Fender 2002; Markoff et al. 2005;
Gandhi et al. 2008; Vincentelli et al. 2019; Tetarenko et al. 2020).
In this section, we focus on a single high-quality SED taken during
the 2010 outburst. The data discussed here are the same that Kantzas
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Figure 10. Comparison of jet speeds between the GRMHD simulations of
Chatterjee et al. (2019) (blue line, computed by choosing a streamline in the
spine), and BHJET for different model parameters and flavours. As in Fig. 9,
we took ¥ ace = 3 and Zaee = 5500 Ry, and y uee = 20 and zyec = 1000 Ry, for
the sheath-like and spine-like models with BLJET. The discrepancy between
the simulation result and the BLJET spine model, as inferred by modelling
blazar SEDs, is evident.

et al. (2022) modelled with a newer version of BHJET that is still
undergoing development, which includes hadronic processes. Radio
data were obtained by the Australian Telescope Compact Array
(ATCA) on MJD 55263 (Corbel et al. 2013). IR and optical data
were obtained from the Wide-field Infrared Survey Explorer (WISE)
on MJD 52666 and Small & Moderate Aperture Research Telescope
System (SMARTS) on MJD 55263, respectively (Gandhi et al. 2011).
The X-ray data include a soft X-ray spectrum from Swift/XRT taken
on MJD 55262, as well as a hard X-ray spectrum from RXTE/PCA
observation from MJD 55263 (Corbel et al. 2013). We chose this
SED because it is representative of a typical bright hard state of a
low-mass BHB.

The goal of this section is to show that for relatively bright
sources, the X-ray power-law component can be reproduced by
inverse Comptonization of both disc and cyclo-synchrotron radiation
fields at the base of the jet, and to compare such a model with one in
which the coronal emission originates from a separate region (like
the hot accretion flow), as the latest IXPE observations of Cyg X-1
suggest (Krawczynski et al. 2022). We take s = 2, fi. = 107°, and
fp = 0.1 in our jet-dominated spectral fits; this causes the break and
maximum Lorentz factor of the electrons to be fairly low (¥ preak &
10' =2 and ymax & 103, respectively), which in turn suppresses the
contribution of non-thermal synchrotron to the soft X-ray emission.
This is the same regime that Connors et al. (2019) explored with an
older version of the model (the data considered here are SED #12
in their work, and are handled identically except for the inclusion
of the Swift/XRT spectrum), and is consistent with both the fairly
strong reflection features detected in the X-ray spectrum (Markoff
& Nowak 2004), and the behaviour of the X-ray continuum lags
(Connors et al. 2019). For the jet + hot flow fit, instead, we found we
had to leave s free to correctly reproduce the infrared/optical data.
We present fits performed with both model flavours, although we
stress that if the jet terminal Lorentz factor is small and the jet is
mildly magnetically dominated (oy ~ a few, B, ~ 107" — 1072), as
is likely the case for X-ray binary jets, the two are fairly similar and
the choice of model flavour has a minor impact on the parameters
inferred from modelling. Regardless of model flavour, we include
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a phenomenological description for the reflection component using
the REFLECT model (Magdziarz & Zdziarski 1995), a Gaussian line
peaking at 6.4keV. We find that the model can fit the data very
well in two different jet-dominated regimes, which we call model
A and model B. The data are reproduced equally well if the X-rays
are not dominated by the jet Comptonization component, which we
call model C. Models A and B are shown in Fig. 11, and Model C
is shown in Fig. 12. The best-fitting parameters for all models are
reported in Table 2.

In model A, shown in the left-hand panel of Fig. 11, the electron
temperature is very high (7. = 500keV) and the jet base is very
wide (ro = 181 Ry), resulting in very low optical depth T ~ 0.1. In
this case, the thermal Comptonization spectrum has some amount of
curvature which may mimic a cutoff. Depending on the quality of
available high-energy data, it may be possible to distinguish this
curvature from a true exponential cutoff displayed from models
B and C, as is the case for the 2006 outburst of this source
(Motta, Belloni & Homan 2009); unfortunately, that is not the case
for this particular SED as RXTE/HEXTE had failed by this time.
Additionally, we caution users that this regime may suffer from
excessive compactness, leading to possible runway pair production
(Malzac, Belmont & Fabian 2009); however, that is not the case for
the fits presented here (/2 10 for @ ~ 1, which is similar to many AGN
coronae e.g. Fabian et al. 2015). Connors et al. (2019) found that in
this case (model B1 in their paper), the model could not reproduce
the data very well, which is not the case for our updated code. This
discrepancy is mainly caused by the improvements included in the
present version of the code, which were not present in their model. In
particular, in the newest model the non-thermal particle distribution
responsible for the radio through infrared emission has more freedom
to match the data than in older works, thanks to introduction of the
Jhear and fp; parameters. This additional freedom in turn allows more
freedom to adjust the temperature and optical depth of the jet base,
resulting in a better fit of the data. In particular, in Connors et al.
(2019) the best fit of the same data with an older version of the model
resulted in x2, = 3.2, which improved to x2; = 2.5 by adding an
additional thermal Comptonization component that dominates the X-
ray continuum. Instead, with the updated model we find x2; ~ 0.96
without invoking any further contributions to the SED (although we
note that our SED has more data points, due to the inclusion of the
Swift/XRT spectrum). Additionally, in this high temperature, low
optical depth regime, we find that the bulk of the optical emission
can be attributed to cyclo-synchrotron emission in the jet base.

In model B, shown in the right-hand panel of Fig. 11, the data can
be well reproduced with a much more compact jet base (ry = 5.5 Ry)
with lower temperature (7, = 109 keV), resulting in much higher
optical depth (r =~ 1.4). The quality of the fit is slightly better
compared to model A (x2; ~ 0.85), although we note that in both
cases we are overfitting the data slightly. This regime is similar to that
explored in Lucchini et al. (2021), and closely resembles a standard
black hole corona; in particular, our model can be thought of as a
physical realization of an outflowing lamp-post corona (Beloborodov
1999; Dauser et al. 2013). This finding is further strengthened by the
changes in the Comptonization code detailed in Section 4.3, which
generally require higher optical depth (and therefore compact jet
bases that more closely resemble a point source) to produce a given
photon index, compared to older versions of BHJet. Indeed, the size
of the jet base inferred from our spectral modelling is a factor ~2—
3 smaller than that found in Lucchini et al. (2021). Additionally,
in this case the cyclo-synchrotron emission from the jet base is
too faint to reproduce the optical data, which instead we reproduce
phenomenologically with a blackbody. This optical excess could be
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Figure 11. Jet-dominated fits of a bright hard state of BHXB GX 339-4, data from Kantzas et al. (2022). Left-hand panel: best fit with model A, using the
AGNJET model flavour. Right-hand panel: fit best fit with model B, using the BLJET model flavour. The x2/d.o.f is 168.8/197 and 191.1/195, respectively. The
blue line is non-thermal synchrotron emission from z > zgiss; the orange line is Comptonization of both disc and cyclo-synchrotron photons near the jet base,
the green line is the disc emission, the red line in model B is a phenomenological blackbody to match the optical excess, the purple line is cyclo-synchrotron
emission from near the jet base, and the brown line is the reflection spectrum.

Table 2. Best-fitting parameters for GX339 -4. For model B, we froze B, to
9 fix the pair content ~10 during the fit, and took y,cc = 3, 04giss = 0.1, and
10774 Zace = Zdiss, following Lucchini et al. (2021). In both models, we took fyh =
—~ 1010 0.1 and roy = 10° Ry . Parameters marked with an asterisk were frozen.
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Figure 12. Jet + corona fit of GX 339-4. For Model C, the x?/d.o.f is Teor (Tg) 145
187.8/89 = 0.99. The colour convention is identical to Fig. 11, except for Te. cor (keV) 108
the purple line which here corresponds to the Comptonized coronal emission TCZ"T 1.4
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(the cyclo-synchrotron contribution is negligible for this model).

caused, for instance, by disc irradiation, although we note that the
optical luminosity is uncomfortably large for irradiation-dominated
models (Tetarenko et al. 2020).

Model C is shown in Fig. 12. In this case, we added an additional
coronal component characterized by an optical depth 7, filled with
thermal electrons of temperature 7. .o, and utilizing the effective
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radius R, as a normalization constant (which should not be confused
with a physical coronal size due to the simplicity of the model),
identically to Kantzas et al. (2020). We only consider disc seed
photons and assume a spherical geometry to simplify this additional
component. The Comptonized spectrum is computed identically to
that of the jet using KARIBA. We find that we can recover a good
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fit with coronal conditions similar to those of model B, as long as
we force the temperature of the electrons in the jet base to be low
T. < 20keV, which suppresses their emission greatly. In this regime,
the jet contribution to the Comptonized spectrum is in the form of a
weak soft excess at ~ a few ke V. In terms of jet parameters, the main
difference with respect to models A and B is the non-thermal particle
slope s, which favours very hard values s & 1.5, and the location of
the dissipation region zgs, Which increases by over one order of
magnitude to ~ 10° R,. Such a large distance of the acceleration
region is in tension with X-ray to infrared time-lag measurements in
GX 339-4 (Gandhi et al. 2011), unlike models A and B. However,
the model C constraints are driven by the suppression of the jet
base cyclo-synchrotron emission in the optical range, which in turn
demands a larger non-thermal synchrotron flux to match the data.
In principle it should be possible to reconcile model C with the
infrared timing properties, by invoking a minor cyclo-synchrotron
contribution from the hot flow; however, including a fully developed
hot flow component in our jet model is beyond the scope of this
initial public release.

Finally, we note that in all models we find that the disc has
a significant truncation radius in this epoch (R, > 80 R,). This
is a common trend in fits with BHJET of X-ray binaries, and
occurs when cyclo-synchrotron emission contributes a significant
amount of soft photons for inverse Compton scattering. This causes
the Comptonization spectrum to extend down to UV frequencies,
covering part of the soft excess typically attributed to the disc. We
note, however, that the disc model we currently implemented is
extremely simplistic, so these numbers should be interpreted with
care.

7.2 M 81*: a case study of LLAGN

M 81 (or NGC3031) is a spiral galaxy and one of the nearest to
us (3.5 Mpc, Freedman et al. 1994), together with Centarus A,
to host an AGN at its centre. Its central mass has been estimated
through spectroscopy with the Hubble Space Telescope (HST) to be
7 x 107 Mg (Devereux et al. 2003). The nuclear region of M 81,
hereafter M 81, harbours a faint AGN (see e.g. Ho et al. 1999) with
a luminosity of the order of 10%” erg s~' in radio and ~10% erg
s~!in the optical and X-rays. Because of its weak emission together
with low-ionization nuclear emission-line region (LINER; Heckman
1980) and Seyfert 1 properties, M 81* is classified as an LLAGN
(e.g. Ho 2008, and references therein). Moreover, the radio-to-X-ray
luminosity of M 81* varies from values characteristic of radio-quiet
Seyfert galaxies (Ry ~ 1.8 x 107°) to level typical of radio-loud
LLAGN (Ry ~ 3.5 x 107*). This suggests that the source is an
intermediate object or it can transit between the two classes (Ros &
Pérez-Torres 2012).

The multiwavelength SED of the galaxy nucleus, which we refer
to as M 81*, shows a characteristic flat/inverted spectrum in the radio
band (S, ~ v*, with @ ~ 0.0-0.3). A one-sided jet, likely responsible
for the observed non-thermal emission, has been resolved in M 81*
(Bietenholz, Bartel & Rupen 2000, 2004) which has been found to
be precessing (Marti-Vidal et al. 2011). A stationary radio core has
been identified of the size of 138 au, or ~100 Schwarzschild radii
(Ros & Pérez-Torres 2012). There is no indication of the ‘big blue
bump’, typically associated with an optically thick/geometrically
thin standard disc, in the optical band. The low column density (ny
~5 x 10* cm?) and nearly face on galactic disc reveal a steep IR/UV
non-stellar spectrum (o ~ —2) and X-ray radiation from the nuclear
region (Markoff et al. 2008, and reference therein). In the X-ray band,
a power law extends from 0.1 to 100 keV with an index I" ~ 1.8-1.9
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(Pellegrini et al. 2000). A collection of absorption and emission lines
are consistent with some form of a radiatively inefficient accretion
flow (Young et al. 2007).

Over the course of several multiwavelength campaigns (e.g.
Markoft et al. 2008; Miller et al. 2010), variability over time-scales
of months as well as intraday variability has been captured across
the whole spectrum, likely connected with the ejection of optically
thin synchrotron transient ejecta moving away from the source.

In this section, we use the multiwavelength data presented in
Markoff et al. (2008) where the M 81* was observed with the Giant
Meterwave Radio Telescope (GMRT), the Very Large Array/Very
Large Baseline Array (VLA/VLBA), the Plateau de Bure Interfer-
ometer at IRAM, the Submillimeter Array (SMA), Lick Observatory,
and Chandra. A detailed description of the data can be found in
Markoft et al. (2008), as well as fits to the SED using an older
version of AGNJET. We re-fit the data with the BLJET/AGNJET
flavours of the model presented in this paper and compare to those
results. We take My, = 7 x 107 Mg for the mass of the black
hole, d = 3.48Mpc for the source distance, and 0 = 50° for the
source inclination. In the case of M81*, there are no prominent
reflection features, therefore we do not add that component to the
model. We focus on two predictions of the model. First, in low-
power sources we favour non-thermal synchrotron emission, rather
than inverse Compton scattering, to dominate the X-ray emission.
Second, we show that for off-axis sources, the shape of the radio
spectrum can be used to indirectly constrain the jet acceleration
profile.

Four different fits of the SED (named model A through D),
highlighting different regions of parameter space, are shown in
Fig. 13. The best-fitting parameters for each are reported in Table 3.
Model A uses the BLJET flavour, and represents a jet that accelerates
to highly relativistic speeds (Ya.. = 10, reached at z,.. = 10* rg),
similarly to the blazar jets discussed in the following section. Model
B also uses BLJET, but in this case the terminal Lorentz factor
reached is only mildly relativistic (¥ max = 3, at Zaee = 1201,). Models
A and B assume that the jet carries one proton per electron, and
therefore B, is fixed. Models C and D use the AGNJET flavour,
and in these fits we let B, free to vary. In model C, we also keep
fsc free; together with a free B, this should in principle allow the
model to explore both synchrotron and inverse-Compton dominated
regimes. However, we find that only non-thermal synchrotron models
produce a satisfying fit to the data. This is highlighted in model D,
in which we suppress the non-thermal X-ray emission by taking
a low value of fi.. Out of these four models, only models B
and C reproduce the data satisfactorily. The jet physics inferred
from either fit are equivalent, despite the use of different model
flavours.

The best fit for each model set up is shown in Fig. 13. It is clear
that model A is ruled out because of the shape of the radio spectrum;
this is driven exclusively by the jet dynamics assumed in each model.
If the jet is misaligned and accelerating to highly relativistic speeds,
then both the Doppler factor and magnetic field strength decrease
sharply along the jet axis; this results in a strongly inverted radio
spectrum, in disagreement with the data. Note that if the viewing
angle is smaller (6 ~ 15°, as is the case for M87), this conclusion
does not hold. In this case, a highly relativistic magnetically driven
jet can successfully produce a flat radio spectrum (Lucchini et al.
2019b), thanks to the larger Doppler factors involved. For the large
viewing angle considered here, on the other hand, the model is in
good agreement with the data only if a small terminal Lorentz factor
is considered, as in model B. This finding suggests that for off-
axis sources, the bulk of the radio emission originates in the outer
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Figure 13. Models A (top left), B (top right), C (bottom left), and D (bottom right) for the SED of M 81*; for each, the Xz/d.o.f. are 1418.8/377, 888.9/377,
816.9/377, 1846.0/377, respectively. Only models B and C are in agreement with the full SED. Model A is inconsistent with the radio data as a result of the
strong jet acceleration invoked, resulting in an inverted radio spectrum, and also underestimates the optical flux. Model D is inconsistent with both the optical

fluxes and the shape of the X-ray spectrum.

jet sheath, rather than the inner jet spine, in agreement with both
semi-analytical models of more powerful radio galaxies (Ghisellini,
Tavecchio & Chiaberge 2005) and post-processing of GRMHD
simulations (e.g. Moscibrodzka & Falcke 2013; Moscibrodzka et al.
2014).

We find that regardless of other parameters, the Thomson optical
depth at the base of the jet is always very low for the limited jet powers
(N; ~ 107 to 10~°) appropriate for LLAGNS, despite the very small
size of the jet nozzle (rp ~ 2 — 3 R,) found in all models. We find
T2 x107°,107%, 4 x 1074, 3 x 1073, for models A through D,
respectively. Such low optical depths suppress the thermal inverse-
Compton emission, requiring non-thermal synchrotron to dominate
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the X-rays in order to fit the data. Regardless of model flavour, particle
acceleration occurs very close to the black hole (zgis & 100 Ry,
although this parameter is poorly constrained by the data). The non-
thermal particle spectrum is very hard (s ~ 1.7), except for model
D, in which we drove the fit towards a Synchrotron Self-Compton
(SSC) dominated scenario. We achieve this by effectively removing
the non-thermal power law from the X-ray band by starting the fit
with an arbitrarily small f;. (this has the secondary effect of making
the exponent of the power law a non-constrained parameter). This
attempt to fine-tune the model in order to boost the optical depth
and IC flux (mainly by increasing the jet pair content) results in a
poor fit. This is because in this regime the model underestimates the
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Table 3. Best-fitting parameters for M81*. Models A and B assume one
proton per electron in the jet, and therefore S}, is calculated from equation (53).
Parameters marked with an asterisk were frozen. All models have the same
hydrogen column density (Ng = 2.38 x 10?° cm™3) estimated by modelling
the X-ray spectra alone with an absorbed power-law model.

Model A B C D

Nj (Leda) 56x 1075 1.9x 107 44x107°  92x 1073
70 (Rg) 2.2 34 2.2 6.6
Zdiss (Rg) 50 53 50 200
Zace (Rg) 1 x 10° 120 I "

T, (keV) 2500 2851 2733 2500

s L5 1.7 1.7 3

fe 2.5 x 1072 0.1 25x1072  1.0x 107%
Bp 1l 1 0.1 5
Laise 21x107°  19x 1075  19x107°  15x107°
Tin (Rg) 135 125 84 5

X2y 3.7 2.3 22 49

sub-mm/IR/optical cyclo-synchrotron thermal emission, while pre-
dicting an X-ray spectrum that is significantly more curved than the
observed one.

Finally, all models share two characteristics regardless of model
flavour. First, the temperature of the electrons at the jet base is
consistently very high (7, &~ 3000keV), in order to match the sub-
mm bump present in the data. Second, a small excess is required in
order to match the optical flux. This can be modelled with a very
faint standard accretion disc (Lgise & 107¢ — 107 Lgqq); however,
due to the lack of optical data, the innermost radius is entirely
unconstrained, with our models returning values ranging from a few
to 118 R,. However, at these low luminosities we would expect to
find large truncation radii; as a result, models with r;, ~ 1 are ruled
out. We further note that in the case of model D, a small inner
radius is necessary in order to supply the jet base with sufficient
photons for inverse Compton scattering. While this is a somewhat
artificial way of estimating the disc parameters, it further strengthens
the case against SSC as the dominant X-ray radiative mechanism in
this object. Markoff et al. (2008) found an SSC-dominated fit for
MS81*, by injecting a power law of particles directly at the jet base
(which is roughly consistent with the small values of zy, found) and
letting the nozzle aspect ratio 4 free. They find 7 &~ 10 (which can no
longer be probed with our updated radiative code, due to the changes
discussed in Section 4.3) and ry = 4, implying a nozzle height of
40 Ry. A large nozzle aspect ratio boosts the SSC flux by forcing
the optical depth (and therefore the efficiency of Comptonization) to
remain constant, rather than decrease due to the jet’s expansion.
As a result, this fit is also consistent with a scenario in which
SSC requires extreme parameters in order to produce a sufficient
X-ray flux.

7.3 Canonical high power blazars

In this section, we discuss how our model can produce an SED
compatible with that of a canonical high power FSRQ, defined as
in Ghisellini & Tavecchio (2009): sources with large black hole
masses (My, ~ 10° M), high accretion rates (M ~ 0.1 — 1 Mgga),
and which launch powerful jets that are observed at a small viewing
angles (6 < 10°). The optically thick, geometrically thin discs extends
to the ISCO as in the standard Shakura—Sunyaev model, and supports
a bright broad line region and/or dusty torus. The combination of
large beaming factors and photon-rich environment surrounding

5875

the jet results in SEDs with a very large Compton dominance. In
these sources, the crucial difference between single- and multizone
jet models is that in the latter case, the cooling rates decrease
dramatically along the jet. In this section, we show that these large
changes in cooling rates, combined with our standard assumptions
(equation 59) on the acceleration rate, have a major impact on the
resulting SED.

Most leptonic SED models for these objects find that the X-
rays are dominated by synchrotron self-Compton emission, but it
is unclear whether the UV photons of broad line region (inverse
Compton/broad line region, or IC/BLR), or the infrared photons of
the torus (inverse Compton/dusty torus, or IC/DT), make up the
dominant source of seed photons for inverse Compton scattering in
the y-ray band (e.g. Dermer et al. 2009; Ghisellini & Tavecchio 2010;
Bottcher et al. 2013). The more standard assumption, particularly
when using a typical single-zone model, is to consider only the
broad line region (e.g. Liu & Bai 2006; Ghisellini et al. 2010),
whose energy density in the co-moving frame of the jet is about
two orders of magnitude higher than that of the torus (equations 61,
62, 63, and 64). This results in a small emitting region located fairly
close to the black hole; the short variability time-scales observed at
y-ray energies are in agreement with this scenario (e.g. Tavecchio
et al. 2010). A key prediction of the IC/BLR model is that the VHE
flux should be strongly suppressed by y — y absorption between
the high-energy photons produced in the jet, and the UV photons
originating the broad line clouds (Donea & Protheroe 2003; Liu &
Bai 2006). However, several FSRQs have been detected by ground-
based Cherenkov telescopes at TeV energies (MAGIC Collaboration
2008; Aleksic et al. 2011, 2014), and none of these sources show
evidence of a spectral cutoff in their y-ray spectra. The same also
holds for FSRQ detected with the Fermi/LAT telescope, which do
not show traces of y — y absorption in their spectra (e.g. Pacciani
et al. 2014; Costamante et al. 2018b). These findings imply that the
emitting region has to be located at pc scales, beyond the broad line
region, in which case the dominant source of seed photons is likely
to be the torus. However, it remains unclear whether this behaviour
should apply to the entirety of the FSRQ population, or only a limited
number of sources.

The goal of this section is to highlight how the inclusion of these
additional photon fields has a large impact on shaping the lepton
distribution in the jet, resulting in more complex behaviour of the
high-energy spectra predicted by BHJET. This behaviour is mainly
driven by the fact that, unlike single zone models (e.g. Ghisellini
& Tavecchio 2009; Bottcher et al. 2013), we aim to compute the
emission from the entirety of the outflow; as a result, the dominant
seed photon field changes as a function of distance along the jet
axis. As we will show, the result is that some amount of fine
tuning is required in describing the radiating particle distribution
in the jet.

We leave the first thorough study of an FSRQ source with the
model for a future paper, and instead simply attempt to produce an
SED similar to that of a ‘typical’ FSRQ. The full list of parameters for
the models in this section is reported in Table 4. The only parameters
which we vary are the electron temperature 7., the non-thermal
fraction fym, the acceleration time-scale parameter f;., and the heating
parameter fpe,. We note that when modelling BHBs and LLAGN,
recent works have used f, & 0.1, fiear = 1, and a large range for f;.
(e.g. Connors etal. 2017,2019; Lucchini et al. 2019a, b; Kantzas et al.
2020; Lucchini et al. 2021), similarly to our results in Sections 7.1
and 7.2.

Fig. 14 shows the effect of changing the non-thermal fraction
parameter fy, from the typical value of f,, = 0.1 to fo, = 0.5. In the
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Table 4. List of parameters used in Sec-
tion 7.3. The top three panels indicate
parameters that were kept constant for
this section. Additionally, we assume the
jet carries one proton per electron.

Parameter Value
Mih (M) 10°
% 4°

d (Gpe) 6.701
z 1
Lgisc (LEdd) 0.8
Fin (Rg) 1
Fout (Rg) 10°
JBLR 0.05
for 0.5
Nj (Lgaa) 0.4
70 (Rg) 10
Zdiss (Rg) 103
Zacc (Rg) 103
Zmax (Rg) 108
Vacc 20

O ace 0.01
K 2.0
/8 0.1
fpl 0

T. (keV) 511, 1500
Jath 0.1,0.5
fec 10764, 5 x 103
Jheat 1,20

Note. “For fic < 1, we set the parti-
cle acceleration time-scale and calcu-
late the corresponding maximum particle
Lorentz factor (equation 59); for fi. >
1, we take a fixed maximum particle
Lorentz factor along the jet, as discussed
in the text.

case of fym = 0.1, two large bumps appear in the hard X-ray/soft y -
ray band. These bumps are caused by the inverse Compton scattering
of blackbody photons from either the broad line region or torus,
by the large number of thermal leptons in the jet. This behaviour
is clearly un-physical, as blazars show smooth non-thermal bumps
with no additional features (see e.g. Ballo et al. 2002, and references
therein, for Beppo-SAX observations of 3C279 covering almost
the entire inverse-Compton bump of the source). The case with fyn
= 0.5 is much more compatible with these observations. In this
regime, as noted in Section 5.5, the model automatically switches
to using the Bknpower distribution, tuning the low-energy part
of the distribution to be quasi-Maxwellian. With this choice, the
additional features are much less prominent, and are caused by the
addition of the two external Comptonization components on top
of the jet SSC emission, rather than by the shape of the particle
distribution.

Regardless of the choice of fi,, both the SEDs in Fig. 14
show a synchrotron peak in the UV/soft X-ray range, which is in
disagreement with observations of powerful blazars, particularly the
blazar sequence (Fossati et al. 1998; Ghisellini et al. 2017). The cause
for this behaviour is highlighted in the top two panels of Fig. 15. By
taking a constant value for f;. = 107%, the maximum energy of the
radiating particles increases along the jet as Uqg(z) changes (see
equation 59); however, if external photons from the broad line region
and/or torus are present, this increase is not smooth. This behaviour
is caused because the main cooling channel along the jet changes
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abruptly. As long as z < zp| g, inverse Compton cooling off broad line
region photons dominates, strongly reducing the break and maximum
lepton energies. Then, for zgir < z < zpr, the broad line region
becomes de-boosted, and therefore the main photons driving IC
cooling come from the torus. In this regime, due to Doppler boosting
(equations 64 and 65) we have that Uy,g, pr > Unag, BLR; therefore, the
break and maximum electron energies suddenly jump to intermediate
values. Up to z & zpr, inverse Compton cooling is strong enough
that for an injected particle spectrum with s = 2, the steady-state
distribution is fully cooled and reaches p = 3 (equation 5). Finally,
for z > zpr, all the external photon fields become de-boosted
in the jet frame, further extending the maximum electron energy.
Furthermore, in this regime the break energy becomes comparable
to the maximum energy, which causes the slope of the steady-state
particle distribution to be p & 2, rather than p ~ 3, as in the innermost
regions of the jet. The result of these abrupt changes in the particle
distributions on the SED are clearly shown in the top right panel of
Fig. 15: the outermost regions of the jet between &~ 10° — 108 R,
contribute to a large fraction of the ultraviolet and soft X-ray
luminosity through synchrotron emission, and y-ray luminosity
through SSC.

The bottom panel of Fig. 15 shows how this behaviour can
be mitigated in BHJET. In these SEDs, rather than take a fixed
value of fi., the non-thermal distribution is extended up to some
constant Lorentz factor ¥ma (we take ymax = 10° here). While
the particle distribution still switches abruptly from the fast-cooling
to the slow-cooling regime for z > zpr, the emission from the
outer jet regions is suppressed enough that the shape of the SED
closely resembles a standard bright FSRQ. The contribution of each
model component to the total SED is shown in the right-hand panel
of Fig. 16.

Finally, in Fig. 16 we highlight the effect of the fie, heating
parameter. This same issue has already been discussed in Lucchini
et al. (2019a), for the case of a BL Lac object; we find that the same
issue occurs in brighter FSRQs as well. The left SED is computed
by taking a high initial electron temperature of 7, = 1500keV and
fhear = 1; in this case, the combination of high temperature and high
magnetic fields at the base of the jet result in very bright thermal
emission from the jet nozzle. Once again, these bright thermal
bumps are in disagreement with observations. Furthermore, such
high luminosity at the jet base result in extremely high compactness,
possibly leading to runaway pair production (Fabian et al. 2015). This
un-physical regime can be suppressed by taking a lower temperature
at the jet base (e.g. T. = 511keV here), together with a large value
of the heating parameter (fheqw = 20 here). Combined with the
large value of f, required, this indicates that the initial burst of
particle acceleration should be very efficient in FSRQs. However, the
necessity of suppressing the maximum energy of the particles along
the jet suggests that beyond the initial region, particle re-acceleration
should be fairly inefficient.

In summary, the newest version of BHJet can reproduce the SED
of a canonical high power FSRQ without altering the prescription
for the jet dynamics. In quasars, both broad line region and dusty
torus photons are viable target photon fields for inverse Compton
scattering; here, we have limited ourselves to a case in which
the dissipation region is fairly close to the black hole (zy =
Zaiss = 10° R,), in which case both contribute to the high-energy
bump. However, the standard assumptions detailed in Section 5.5
regarding the radiating particles (which are unique to BHJET),
combined with the nature of the external photon fields in this class
of sources, can cause un-physical features to appear in the SED.
These features can be avoided with minor changes to the radiating
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Figure 16. Left-hand panel: SED computed with high initial electron temperature and no shock heating, resulting in prominent thermal bumps originating near
the base of the jet. Right-hand panel: SED computed with lower initial electron temperature, and substantial electron heating once particle acceleration begins.
In this case, the thermal bumps are still present, but they do not dominate the SED.

particle distribution. This finding constitutes a large step forward for
the model, which can now be applied to any class of jetted AGN
or BHXBs.

8§ SUMMARY

In this work, we have presented the latest version of the BHJet
code, which is designed to fit the steady-state multiwavelength SED
of any accreting black hole. BHJET is built on a C++ library
of classes called KARIBA, which can treat common particle distri-
butions and radiative mechanisms invoked in modelling accreting
compact objects. We have also introduced several improvements
to the inverse Compton calculation in the code, including a more
physical treatment of radiative transfer (based on the COMPPS
Comptonization code) and the ability to include external photon
fields typical of bright AGN (which are necessary to extend the model
to FSRQs).

A comparison of the scalings of number density, magnetic field,
and jet speed over distance between our code (using fiducial pa-
rameters) and the results of global GRMHD simulations, shows that
our model captures effectively the physics inferred in theoretical
works to first order, if one only considers the outer sheath region.
However, we found that compared to simulations our model seems
to require much more efficient jet acceleration in the inner jet spine
(with the caveat that the results of simulations in this region should
be interpreted with care).

Modelling a bright hard state of the BHXB GX 339—4 shows that
in these bright states, the bulk of the X-ray emission likely originates
in the jet launching region, very close to the black hole, and is caused
by inverse Compton scattering of both disc and cyclo-synchrotron
photons. The data are equally well modelled with a compact, fairly
optically thick corona (rg ~ 6 R,, T ~ 1) in which the electrons have
fairly low temperature (7, =~ 100keV), or with a more extended,
optically thin, hotter jet launching region (rp ~ 140 Ry, T ~ 0.1, T, ~
430keV). The former scenario is essentially a physical realization
for a lamp-post corona (e.g. Matt et al. 1991, 1992; Martocchia &
Matt 1996; Beloborodov 1999).

Modelling the SED of the LLAGN M 81 shows that in the very
sub-Eddington regime the model behaves very differently. Invoking
a low jet power, as one would expect for this type of source,
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causes the optical depth of the jet launching region to decrease
significantly, resulting in synchrotron becoming the main channel for
X-ray emission in the jet. Attempting an inverse-Compton dominated
fit of the same data results in much worse statistical agreement with
the data. This conclusion is valid regardless of black hole mass,
as the optical depth at the base of the jet also does not depend
on mass (see equations 31 and 33). This switch between thermal
inverse Comptonization and non-thermal synchrotron is a general
prediction of BHJET. The exact jet power/accretion rate at which
this switch should occur depends strongly on model parameters, and
in principle can be tested by the upcoming X-ray polarimetric mission
IXPE (Weisskopf et al. 2016), as the different radiative mechanisms
predict very different polarization fractions (e.g. McNamara, Kuncic
& Wu 2009; Ingram et al. 2015). Additionally, our model suggests
that in off-axis sources, a flat radio spectrum can only be produced
if the jet does not accelerate to highly relativistic speeds, suggesting
that in these objects we observe the outer jet sheath, rather than the
inner spine.

Finally, we have shown that thanks to the improvements to the
inverse Compton code discussed in this paper, BHJET can now be
used to reproduce a Compton-dominant SED typical of a powerful
FSRQ. However, doing so requires some amount of fine tuning in
the details of the radiating particle distribution, unlike in every other
object which has been studied with the model so far (including the
low power BL Lac PKS 2155—304). This finding, together with the
results of our comparison with the results of GRMHD simulation,
suggests that these objects (in which the spine likely dominates the
observed emission) may challenge the standard theoretical paradigm
of magnetically driven jets.
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