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CHAPTER 4

A new multiwavelength lepto-hadronic model of astrophysical
jet emission

S. Drappeau, S. Markoff, S. Corbel, J. Rodriguez, M.A. Nowak, J. Wilms, F. Rahoui

To be submitted to Monthly Notices of the Royal Astronomical Society

Abstract - We present a new spectral model which calculates continuum emission
from thermal and non-thermal lepto-hadronic processes occurring in jets of accret-
ing black holes. This model is based on successful work fitting the lower energy,
broadband spectra of X-ray binaries (XRBs) in the compact jet-dominated state. Pro-
tons and electrons are accelerated throughout the jets and cool via radiation and
inelastic collisions, we then calculate spectral energy distributions including both
hadronic and leptonic induced processes. We revisit the high-mass X-ray binary
source Cygnus X-1 by analysing quasi-simultaneous observations of radio to the soft
γ-rays. We also discuss the possibility to use the spectral model analyse multiwave-
length observations of low-luminosity and Fanaroff-Riley Type 1 active galactic nu-
clei.
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4 A new multiwavelength lepto-hadronic model of astrophysical jet emission

4.1 Introduction

The origin of ultra high energy cosmic rays (UHECR) is a continuing challenge for
astrophysical theories. Hillas (1984) presented, in the so-called Hillas diagram, ac-
tive galactic nuclei (AGN) as one of the potential particle acceleration sites. Before
him, Lovelace (1976) showed that a magnetized accretion disc surrounding a black
hole can act as an electric dynamo generating, in opposite directions, two collimated
beams of ultra-relativistic protons. Most recently, Waxman & Loeb (2009) investi-
gated the possibility of UHECRs produced by a new class of short duration AGN
flares, yet to be detected, resulting from the tidal disruption of stars or accretion disk
instabilities. All these studies suggest that jets from accreting supermassive black
holes may hold the key to understanding the origin of the most energetic particles in
the Universe. But AGN are not the only possible sites of particle acceleration with an
accreting black hole as the engine. Gamma-ray bursts (GRBs) are another one. How-
ever, recent advances suggest that jet physical properties scale with the central engine
(Jester, 2005; Körding et al., 2006; McHardy et al., 2006; Markoff et al., 2008). Thus,
studying AGN jets and their particle acceleration mechanisms is important not only
to understand AGN as sources of UHECR, but GRBs as well.

In recent years, there has been an increasing interest in the AGN scaled-down
cousins, X-ray binary (XRB) jets. While jets from accreting stellar mass black holes
may not produce particles as energetic as in AGN jets, they are nonetheless interest-
ing objects to explore. Recent observations indicate that X-ray binary jets may be
promising sources of galactic cosmic rays (Heinz & Sunyaev, 2002). Moreover their
jets experience complete cycles of launching and quenching phases on time-scales of
months, which make them perfect test sources to investigate the physics of the life
and death of jets (Esin et al., 1997; Meier, 2001; Fender et al., 2004; McClintock &
Remillard, 2006).

This increasing interest in XRB jets has been motivated by detections of several
sources associated with collimated outflows in the X-ray and gamma-ray bands. High
energy emission is at the heart of our understanding of the physics happening in these
accelerator engines. Polarized emission in these bands is a signature of energetic
charged particles gyrating in an ordered magnetic field, like the ones jets are made
of, and radiating energy away via synchrotron emission. At least two XRBs have
been detected at high energies, Cygnus X-1 (Albert et al., 2007; Del Monte et al.,
2010) and Cygnus X-3 (Fermi LAT Collaboration et al., 2009; Tavani et al., 2009).
Furthermore, reports of linear polarized emission in the hard X-ray/soft gamma-ray
bands from Cygnus X-1 with INTEGRAL (Laurent et al., 2011; Jourdain et al., 2012)
have confirmed jets as promising regions of important acceleration processes.

The content of jets remains an open question. Successful analyses of multiwave-
length observations, from radio to X-rays, of different sources with only leptonic
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4.1 Introduction

radiative processes have made the leptonic jet model the most favoured jet emis-
sion model. Moreover, the jets produced in MHD simulations of accretion flows are
Poynting-flux dominated jets. These jets start as fluxes of electromagnetic field and
are afterwards loaded with electron-positron pairs generated by the field. However,
analyses of the cosmic ray spectrum show the proton as its dominant component,
which means that hadrons get accelerated in jets the same way the electrons are.
Hadrons may find their way into jets if these are fed with material from the accretion
disc. This result encourages us to revise the traditional leptonic model of emission
and to consider the contribution of hadronic processes to the overall radiation.

A large volume of published studies examine the contribution of hadronic pro-
cesses in AGN jet emission (e.g. Dermer, 1986; Begelman et al., 1990; Mannheim,
1993; Rachen & Biermann, 1993; Mahadevan et al., 1997; Mucke et al., 1999; Bosch-
Ramon, 2007). Over the past few years, several groups (e.g. Romero et al., 2003;
Bosch-Ramon et al., 2005; Orellana et al., 2007; Romero & Vila, 2008) have adapted
these hadronic models of AGN jets to XRB jets, investigated the emission produced
via hadronic processes and compared the resulting radiation to observational data.
Their models calculate emission from the initial electron and proton distributions as
well as from the secondary particles such as pions, muons and electron/positron pairs.
Radiation in these models is produced via bremsstrahlung, synchrotron, inverse-
Compton cooling, decay processes and inelastic collisions. These studies all share the
common approach of modelling only the non-thermal emission from the jet which,
in their models, corresponds to radiation from a region of the jet above the corona.

Up until a decade ago, and the discovery that radio and X-ray emission were
intrinsically linked to each other in XRBs, accretion flows and collimated outflows
were thought to radiate in different energy bands and therefore to be two distinct phe-
nomena, somehow connected by a coronal zone. Years of simultaneous observations
in the radio and X-ray bands have confirmed the existence of a non-linear correlation
between radio luminosity and X-ray luminosity (Merloni et al., 2003; Falcke et al.,
2004; Plotkin et al., 2012). This empirical correlation not only holds for accreting
stellar mass black holes but also for accreting supermassive black holes, when in-
troducing a mass scale correction factor. The correlation, called the fundamental
plane of black hole accretion, indicates that the processes happening very close to
the central black hole and the processes occurring far out in the jets are intimately
connected. Moreover, works based on GRMHD simulations support this idea that
accretion discs, bases of jets and jets themselves are all connected, forming one in-
flow/outflow system (McKinney, 2006; McKinney & Narayan, 2007; Beckwith et al.,
2008; Dibi et al., 2012). To understand the power in jets and their content, and to
model multiwavelength observations of accreting black holes, it is therefore essential
to study the system as a whole, thermal and non-thermal sources of emission from
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4 A new multiwavelength lepto-hadronic model of astrophysical jet emission

the accretion disc and the jets altogether.
The aim of this paper is to present a new spectral model which calculates con-

tinuum emission from lepto-hadronic processes occurring in jets. Our work is based
on a leptonic jet model which has been successful in fitting the lower energy, broad-
band spectra of XRBs in the compact jet-dominated state as well as spectra of low-
luminosity (LL) and Fanaroff-Riley Type 1 (FR I) AGN (Markoff et al., 2005, 2008;
Maitra et al., 2009, 2011). In our model, protons, which were only kinetic carriers in
the leptonic model, are now accelerated along with the electrons throughout the jet
and cool via synchrotron radiation and inelastic collisions. These inelastic collisions
consist of proton-proton (p-p) and proton-photon (p-γ) interactions producing, via
pion decay, γ-rays, secondary electrons and positrons, and neutrinos. These second
generation leptons then undergo synchrotron and inverse-Compton cooling, as for the
initial distribution of electrons and positrons.

Our work consists of revisiting the high-mass X-ray binary (HMXB) source
Cygnus X-1. This object has previously been analysed with the leptonic jet model
(Markoff et al., 2005) and the goal now is to analyse it in the context of a lepto-
hadronic model. Cygnus X-1 features polarized high energy emission which makes
it an exciting source to investigate. We analyse quasi-simultaneous observations of
Cygnus X-1 from the radio to the soft γ-rays by fitting the data with this new model.
This work is still in progress and therefore the results discuss in this paper are pre-
liminary.

Section 4.2 presents Cygnus X-1 and its physical properties known from previous
studies. In Section 4.3, we describe the spectral model, with an emphasis on the
hadronic interactions component and its resulting emission. Section 4.4 presents the
analysis of the multiwavelength spectra of the source and the results obtained. Finally
in Section 4.5, we summarise and discuss our results. We end this paper by exploring
how this new spectral model could be used to open the door to multi-messenger
(photons and neutrinos) analysis of galactic sources.

4.2 Cygnus X-1

Cygnus X-1 is one of the brightest X-ray sources in the sky (Bowyer et al., 1965) and
the best established candidate for a stellar mass black hole. It consists of a 14.8 ±
1.0 M� black hole, orbiting around a O9.7 Iab companion star of mass 19.2± 1.9 M�
(Orosz et al., 2011) in a circular orbit of 5.599829±0.000016 days (Brocksopp et al.,
1999). The source is located at 1.86+0.12

−0.11 kpc from Earth (Reid et al., 2011) and its
orbital plane has an inclination angle of 27.1 ± 0.8 deg to our line of sight (Orosz
et al., 2011).

Cygnus X-1 spents most of its time in two distinct spectral states (e.g. Tananbaum

84



4.3 Spectral model of jets

et al., 1972): a faint, hard state and a bright, thermal state. The hard state is char-
acterized by a hard power-law X-ray component and is associated with the presence
of a quasi-steady radio jet. In the thermal state, the emission is dominated by ther-
mal radiation from the accretion disc. A long-term spectral evolution between 1999
and 2004 showed that Cygnus X-1 spends most of its time in the hard state (Wilms
et al., 2006). Moreover, its companion is a massive star which has a strong radia-
tively driven wind. Gies et al. (2008) even suggest the mass transfer in Cygnus X-1
is dominated by the wind flow focused towards the accreting black hole. All these
properties make Cygnus X-1 a perfect source to test lepto-hadronic jet models.

The data we use in the present work are part of a multi-wavelength study of
Cygnus X-1 published in Rahoui et al. (2011), in which they were labelled as Obs. 1;
we therefore refer to the aforementioned reference for a detailed description of the
reduction process. The data consist of a set of quasi-simultaneous observations per-
formed on 2005 May 23 with (1) the Spitzer/InfraRed Spectrograph (IRS; Houck
et al., 2004) in the mid-infrared (5.2–38 microns), (2) the RXTE/Proportional Counter
Array (PCA; Jahoda et al., 2006) and High Energy X-ray Timing Experiment (HEXTE;
Rothschild & Blanco, 1998) instruments (3–150 keV) and, (3) the Ryle radio tele-
scope at 15 GHz. During the observations, Cygnus X-1 was in the hard state and
exhibited a steady radio activity consistent with the presence of compact jets. The
mid-infrared spectrum of the source was found to be fairly variable and the author ar-
gued that it stemmed from a combination of thermal emission from the O9.7Iab super
giant companion HD 226868, thermal bremsstrahlung from the stellar winds, as well
as optically thick synchrotron emission from the compact jets. Table 4.1 summarises
this set of data. The set is completed with data obtained by the Imager on Board the
INTEGRAL Satellite (IBIS; Ubertini et al., 2003), in the so-called Compton specific
mode. This mode makes use of photons Compton scattered by the ISGRI layer of
IBIS on the second PiCSIT detector. These soft γ-ray data are obtained by combin-
ing all the IBIS observations of the source between 2003 and 2010 (Laurent et al.,
2011). While the observations are dominated by the hard state during this period,
and despite the fact that Cygnus X-1 is fairly stable during its states, the question of
variability in the data is asked. To answer it, the observations are being analysed to
produce individual spectra in each state.

4.3 Spectral model of jets

The lepto-hadronic spectral jet model used in this work is based on a leptonic jet
model developed by Markoff et al. (2005) (see also Falcke & Biermann, 1995; Fal-
cke, 1996; Falcke & Markoff, 2000). The continuous expansion of multiwavelength
observations to higher energies in the gamma-ray band challenges the traditional lep-
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4 A new multiwavelength lepto-hadronic model of astrophysical jet emission

Table 4.1: Observations of Cygnus X-1. From Rahoui et al. (2011).

IRSa RXTEb

53513.0399839−53513.0544390 53513.0433283−53513.2142542
Ryleb Ryle fluxes (mJy)c Φd

53513.0398560−53513.0546265 5−28 0.426
aDay of observation in MJD.
bDay of simultaneous coverage with RXTE and the Ryle telescope.
cat 15 GHz
dOrbital phase, calculated from the ephemeris given in Brocksopp et al. (1999).

tonic model of jets. Moreover, the large proton-to-electron ratio in the composition
of the cosmic ray spectrum strengthen the idea that hadrons get accelerated in jets.
Accelerated protons interacting with their surroundings naturally produce photons
with energies in the gamma-ray range. With the development of gamma-ray obser-
vatories, we have the opportunity to test the nature of accreting black hole jets by
comparing the resulting emission from leptonic versus lepto-hadronic models. And
so, we modify the original leptonic model to incorporate additional physics. These
modifications allow us to investigate the contribution of each population of particles
in the jet to the overall emission in general, and to the gamma-ray band in particu-
lar. The additional physics also allow us to estimate neutrino fluxes. The study of
neutrino emission from X-ray binary sources is the focus of a following paper.

The details of the physics and the description of the main parameters of the orig-
inal leptonic model are presented in the appendix of Markoff et al. (2005). Only a
brief summary is given here, with a focus on the modifications made to incorporate
the treatment of hadronic emission.

In our model, the jets are launched perpendicularly to the plane of the accretion
disc, as shown in Figure 4.1. In cylindrical coordinates, the z-axis is taken as the
symmetry axis of the jet and θ is the angle this axis makes with the line of sight. A
nozzle of constant radius r0 and height h0 acts as the base of the jet. Beyond, the
jet expands sideways adiabatically, until a maximum height zmax. The model does
not explicitly treat particle acceleration. Instead, it assumes a location zsh along the
jet beyond which a significant fraction of the leptons and hadrons are accelerated to
a power-law energy distribution. The radius r0 and the height h0 of the nozzle, and
the location zsh are some of the seven main parameters determining the properties of
the jet. The others are the input jet power Nj, the temperature Te of the relativistic
thermal electrons entering the base of the jet and the equipartition factor k, repre-
senting the ratio between magnetic and particle energy densities. The ion-to-electron
temperature ratio Ti/Te completes this list.
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zmax

h0

Figure 4.1: Sketch presenting the different elements and relevant geometrical parameters of the jet
model. Some material accretes onto the black hole, and forms an accretion disc. Jets are launched
perpendicularly to the plane of that accretion disc. The primary particles, electrons and protons, are
injected at the base of the jet with thermal distributions. zsh represents the location in the jet beyond
which a fraction of these primary particles are accelerated into a power-law distribution.

The lepto-hadronic spectral jet model has in total 27 parameters, summarized in
Table 4.2. These are classified in three categories: 7 physical parameters, 6 model pa-
rameters, and 14 free parameters. The physical parameters are fixed by observations,
while the model parameters are fixed by the assumptions used to model a source. Fi-
nally, 7 of the free parameters determine the properties of the jet, as explained above.
The 7 additional parameters describe the lepton and hadron power-law distributions
as well as the accretion flow and the shock propagation mechanism.

87



4 A new multiwavelength lepto-hadronic model of astrophysical jet emission

Table 4.2: Description of jet model parameters.

Physical Parameters (fixed by observations) Symbol Units
Mass of the black hole mbh M�
Inclination angle θ degrees
Distance to the source d kpc
Radius of companion star r? R�
Temperature of the companion star T? K
Separation distance d? R�
Stellar mass loss rate ṁ? M� yr−1

Model Parameters (fixed by the model’s assumptions) Symbol Units
Maximum height of the jet zmax log10(cm)
Outer radius of accretion flow rout Rg
Temperature of accretion disc Tin K
Wind index βwind
Wind initial velocity v0 cm/s
Wind terminal velocity vterm cm/s
Free Parameters Symbol Units
Input jet power Nj LEdd
Energy equipartition ratio κ

Position of the shock zsh Rg
Radius of the base of the jet r0 Rg
Height of the base of the jet h0 r0
Temperature of primary electrons Te K
Proton-to-electron temperature ratio Ti/Te
Electron power low index α

Proton’s power-law index αp
Proton’s power-law energy cut-off pccutoff TeV
Fraction of electron accelerated pl f rac
Fraction of protons accelerated pl f racpro
Inner radius of accretion flow rin Rg
mean free path diffusive scattering f sc

4.3.1 Hadronic emission

Protons were already present in the original version of the leptonic model, however
they did not contribute to the radiation and were merely kinetic carriers. New obser-
vations like the detection of linear polarisation emission in the hard X-ray/soft γ-ray
of Cygnus X-1 with INTEGRAL (Laurent et al., 2011; Jourdain et al., 2012) suggest
that some processes in the jet accelerate the electrons to very high energy. These re-
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sults naturally raise the question of the effect of such powerful accelerating processes
on the primary distribution of protons.

As already noted, the model does not explicitly treat particle acceleration. It
assumes that beyond a location zsh in the jet, a fraction of the thermal Maxwell-
Boltzmann distribution of protons is accelerated to a power-law distribution. Follow-
ing the findings of Dermer (2012), we inject a power-law distribution in momentum
instead of energy. These accelerated protons can reach a maximum momentum given
by the balance of acceleration and cooling losses. By equating the acceleration rate
and the cooling rate, we express the maximum momentum pcmax a proton can get
accelerated to in the jet

t−1
acc(pcmax) = t−1

cool(pcmax) (4.1)

Begelman et al. (1990) provides expressions for proton acceleration time-scale as
well as cooling rate. Accelerated protons in jets mainly cool via inelastic collisions
with matter and radiation. Synchrotron and Compton cooling can also be consid-
ered, although, in the present version of the code, these interactions have not been
implemented yet for the protons. Protons have another constraint on the maximum
momentum they can attain which is given by the Hillas criterion (Hillas, 1984). The
criterion stipulates that only protons with gyroradius rgy not exceeding the size of the
acceleration region remain confined in the jet. Therefore, the maximum momentum
attained by the accelerated protons in the jet is the minimum between the momentum
given by the Hillas criterion and Equation 4.1.

Accelerated protons interacting via inelastic collisions with matter and radiation
fields, create secondary particles. Equations 4.2 and 4.3 present the different particles
created during these inelastic collisions.

p + p→ p + p + aπ0 + b(π+ + π−) (4.2)

→ p + n + π+ + aπ0 + b(π+ + π−)

p + γ → n + π+ + aπ0 + b(π+ + π−) (4.3)

→ p + aπ0 + b(π+ + π−)

where a and b represent the pion’s multiplicities.
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4 A new multiwavelength lepto-hadronic model of astrophysical jet emission

The pion’s dominant decay modes produce eventually γ-rays, secondary elec-
trons/positrons, and neutrinos.

π0 → γ + γ

π+ → µ+ + νµ

π− → µ− + ν̄µ (4.4)

µ+ → e+ + νe + ν̄µ

µ− → e− + ν̄e + νµ (4.5)

Several groups have worked on expressing the resulting spectrum of secondary
particles in proton inelastic collisions. Kelner et al. (2006) provide useful parametri-
sation of energy spectra of all secondary particles produced in proton-proton interac-
tions. Their results were obtained by fitting the spectra of secondary particles pro-
duced in proton-proton inelastic collisions simulated by the SIBYLL code. However,
their simple analytical approximation is only valid for energies above 100 GeV. Ka-
mae et al. (2006) (and its extension Karlsson & Kamae, 2008) present parametrised
formulae allowing the calculation of cross-sections as well as spectra of stable sec-
ondary particles of proton-proton interactions for proton energies from the pion pro-
duction threshold up to 105 GeV. Again, up-to-date Monte-Carlo simulations have
been used to derive these parametrisations. Figure 4.2 compares both parametrisa-
tions of the proton-proton cross-section. The work of Kamae et al. (2006) improves
the parametrisation of the cross-section near the pion production threshold by incor-
porating two baryon resonance excitations: the ∆(1232) resonance and the resonances
around 1600 MeV/c2, res(1600). Figure 4.3 shows the γ-ray spectrum, from proton-
proton interactions, obtained using the three different parametrisations available to
us.

Because it models the cross-section more accurately near the pion production
threshold, we chose to use the parametrisations of Kamae et al. (2006), and its exten-
sion Karlsson & Kamae (2008), to model the proton-proton interactions occurring in
our jets. Finally, to express the energy distribution of photons, electrons and neutri-
nos produced in interactions of relativistic protons with a radiation field, we use the
simple analytical parametrisations provided by Kelner & Aharonian (2008).

One major modification done to the leptonic version of the jet model consists
of determining the steady-state energy distributions of the secondary electrons and
positrons to calculate their synchrotron and inverse-Compton scattering radiation.
These steady-state energy distributions Ne±(E) are calculated solving the transport
equation (Ginzburg & Syrovatskii, 1964)

∂

∂E

(
dE
dt

∣∣∣∣∣
total

Ne±(E)
)

+
Ne±(E)

tesc
= Qe±(E) (4.6)
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(a) Proton-proton inelastic cross-section
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(b) Zoom of Fig. 4.2a on lower energies.

Figure 4.2: Comparing the proton-proton inelastic cross-section parametrisation of Kelner et al. (2006)
(red) to the one of Kamae et al. (2006) (black). The parametrisations diverge as proton energy goes
down to the pion production threshold. The different components of the parametrisation of Kamae et al.
(2006) are shown: nondiffractive (green), diffractive (blue), ∆(1232) resonance (yellow) and res(1600),
representing the resonances around 1600 MeV/c2 (brown).
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Figure 4.3: γ-ray spectra, from proton-proton interactions, obtained using three different parametrisa-
tions: Kelner et al. (2006), Kamae et al. (2006) and Karlsson & Kamae (2008). The semi-analytical
formula of Kelner et al. overlaps with the parametrisation of Karlsson & Kamae at low energies and
with that of Kamae et al. at high energies. These spectra are calculated using the following incident
proton power-law distribution: Jp(Ep) = A

E−αp
× exp−

( Ep
E0

)β
.

where dE
dt

∣∣∣
total represents the total cooling rate, tesc the escape time-scale from the

acceleration region and Qe±(E) the energy distributions of secondary electrons and
positrons from proton-proton and proton-photon interactions. The distributions are
assumed to be isotropic.

All the calculations of energy distributions and luminosities are done in the jet
frame, except in the case of proton-proton interactions. In this case, it is important
to derive the proton distribution in the jet as seen by the observer, when we calculate
secondary particle distributions. This is due to the fact that the parametrisations of
the interaction cross-section and decay functions are expressed in the observer frame.
Torres & Reimer (2011) give some useful relations to convert the proton distribution
from the jet frame to the observer frame. Following the convention where variables
in the jet and observer frame are respectively noted with primed and non-primed
symbols, the distribution transforms as

n(E,Ω) = n′(E′,Ω′) ×
(

p
p′

)
×

( E
E′

)
(4.7)

92



4.3 Spectral model of jets

with

E
E′

=
1

Γ

(
1 − β cos(θ)

√
1 − m2c4

E2

) (4.8)

p
p′

=
1[

sin2(θ) + Γ2(cos(θ) − βE/
√

E2 − m2c4)2
]1/2 (4.9)

These relations are not only used to transform the proton distribution from the jet
frame to the observer frame, they are also used to transform the source distributions
of the secondary electrons/positrons from the observer frame back to the jet frame,
where their radiation from cooling losses is calculated.

While the accelerated protons can interact with radiation fields naturally provided
by leptonic interactions, stellar or disc emission, accreting black holes need an ex-
ternal source of thermal protons to give rise to γ-ray emission from proton-proton
interactions. High-mass X-ray binaries are ideal candidates for this situation. The
stellar wind of their massive companion star can be strong enough to reach and inter-
act with the jets. The thermal protons of the wind interact with the relativistic protons
in the jets, producing γ-ray photons with energy above the GeV range. If the wind is
clumpy, the rate of proton-proton interactions may increase temporarily, resulting in
γ-ray flares (see e.g., Owocki et al., 2009; Araudo et al., 2009; Romero et al., 2010;
Perucho & Bosch-Ramon, 2012). However, our work focuses on the steady-state
emission of an accreting black hole in a weakly accreting state, we thus choose to
model the stellar wind of the companion star by a stationary spherically symmetric
wind (Lamers & Cassinelli, 1999)

n(z) =
ṁ?

4 πmp
(
z2 + d2

?

) v0 + (v∞ − v0)
(
1 − r?√

z2+d2
?

)β
(4.10)

where n(z) is the thermal proton number density hitting the jet at a position z, ṁ? the
companion star mass loss rate, d? the distance separating the companion star from the
central black hole, v0 the initial velocity of the wind, v∞ its terminal velocity, r? the
radius of the companion star and β the parameter describing how steep the velocity
law is.

To summarise, based on useful parametrisations by Karlsson & Kamae (2008)
and Kelner & Aharonian (2008), we have developed routines that calculate the spectra
of photon, electron/positron and neutrino secondary particles from proton-proton and
proton-γ interactions. Figure 4.4 presents the outputs of these routines, in the case of
proton-proton interactions. Then, we have implemented these routines in a modified
version of the original leptonic model (Markoff et al., 2005; Maitra et al., 2009),
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Figure 4.4: Spectra of secondary particles from proton-proton interactions. The same incident proton
power-law distribution as in Figure 4.3 has been used. The thermal proton target density is 1 cm−3. For
clarity, the spectra of electrons and positrons are not shown here.

where the protons are now accelerated alongside the electrons in the jets. We have
also added a simple stellar wind model to account for cases where the companion star
produces a powerful wind which interacts with the jets. Finally, the new jet model
produces steady-state spectral energy distributions which include both hadronic and
leptonic induced processes from secondary electrons and positrons as well as primary
particles.

It is worth noting that, under certain conditions, other processes may also con-
tribute to the total radiation. Although they may not be main components, future
improvement of the model has to investigate radiative emission from the protons as
well as from the intermediate secondary particles in proton-proton and proton-photon
interactions, the pions and muons. Furthermore, another improvement of the model
is the treatment of bremsstrahlung radiation, as it may be non-negligible in the case
of HMXBs as sources of radiation from the stellar wind (Wright & Barlow, 1975;
Panagia & Felli, 1975).
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4.4 Results

The result obtained from the analysis of Cygnus X-1 multiwavelength observations
with our new jet spectral model is presented in Figure 4.5. Although preliminary,
this result is quite revealing in several ways. First, since hadronic interactions in jets
emit at energy above 1 GeV (∼ 2.4 × 1023 Hz), it is clear that data are necessary
in the GeV-TeV energy range in order to determine any constraints on the physical
processes happening in jets regarding the accelerated protons. Second, as suggested
by the linear polarisation measurement of INTEGRAL, synchrotron radiation from
the relativistic electron distribution in the jets can account for the radio emission as
well as extend up to the soft γ-rays. Finally, we consider the emission from the
companion star to fit the mid-infrared data. We model this emission with a simple
black-body spectrum, using a recent estimate of the temperature of the star, derived
by Caballero-Nieves et al. (2009).
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Table 4.3: Values of the parameters in a preliminary model for Cygnus X-1.

Physical Parameters Symbol Values
Mass of the black hole mbh 14.8 M�
Inclination angle θ 27.1◦

Distance to the source d 1.86 kpc
Radius of companion star r? 18 R�
Temperature of the companion star T? 28000 K
Separation distance d? 41 R�
Stellar mass loss rate ṁ? 3. × 10−6 M� yr−1

Model Parameters Symbol Values
Maximum height of the jet zmax 1. × 1017 cm
Outer radius of accretion flow rout 1000 Rg
Temperature of accretion disc Tin 1 × 106 K
Wind index βwind 0.8
Wind initial velocity v0 1. × 105 cm/s
Wind terminal velocity vterm 1.6 × 107 cm/s
Free Parameters Symbol Values
Input jet power Nj 0.002 LEdd
Energy equipartition ratio κ 7
Position of the shock zsh 35 Rg
Radius of the base of the jet r0 10 Rg
Height of the base of the jet h0 2 r0
Temperature of primary electrons Te 5. × 1010 K
Proton-to-electron temperature ratio Ti/Te 3
Electron power low index α 2.2
Proton’s power-law index αp 2
Proton’s power-law energy cut-off pccutoff 1. × 103 TeV
Fraction of electron accelerated pl f rac 0.3
Fraction of protons accelerated pl f racpro 0.7
Inner radius of accretion flow rin 10 Rg
mean free path diffusive scattering f sc 1. × 10−2

4.5 Discussion

This paper presents a new spectral model which calculates the continuum emission
from thermal and non-thermal lepto-hadronic processes occurring in jets from accret-
ing black holes. Our work consisted of modifying a successful leptonic jet model, to
account for proton acceleration along the jet and its resulting emission. One of the
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modifications done to the leptonic jet model was to calculate the steady-state energy
distribution of the protons along the jets. The distribution of primary protons was then
fed to hadronic routines we developed and implemented in the model. These routines
calculate the energy distributions of the photons, electrons, positrons, and neutrinos
from proton-proton and proton-photon interactions. Their kernels are based on two
useful parametrisations of the spectra of secondary particles from hadronic interac-
tions available in the literature. Finally, the steady-state energy distributions of the
secondary electrons and positrons are derived to calculate their contribution to the
overall spectrum. Our goal is to use this new spectral model to analyse broad-band
spectra from radio to γ-rays of X-ray binary as well as LLAGN and FR I sources.

We start our analysis with Cygnus X-1, as this object represents the most promis-
ing source of high energy particles from a galactic accreting black hole. It also is a
representative of the HMXB class of X-ray binaries, which makes it interesting as
test source for our model in the case where proton-proton interactions dominate the
proton cooling processes. Unfortunately, we are at the beginning of this analysis,
and no strong constraints on the physical processes happening in this source can be
placed yet. Nonetheless, two points can already be drawn from these preliminary
results. First, it is necessary to detect persistent emission in the γ-ray range for this
source to better constrain the physical processes affecting the accelerated protons in
the jets. Transient γ-ray emission from Cygnus X-1 has been detected by MAGIC and
AGILE (Albert et al., 2007; Sabatini et al., 2010) and upper-limits on the continuum
emission have been obtained. However, while these upper-limits have been claimed,
they have not been confirmed yet. Future facilities like CTA will expand the obser-
vational domain to TeV regions and will improve the coverage of Cygnus X-1 in the
high energy band. The second point is that while non-thermal synchrotron emission
from jets mainly radiates in the radio, the signature of their emission can extend up
to the soft γ-rays. This is a sign that jets can indeed be powerful particle accelerator
engines.

The lepto-hadronic model has been developed as a stand-alone program, used to
obtain the preliminary model shown in this paper. We are currently developing an in-
tegrable version of the model for the standard spectral analysis software ISIS (Houck
& Denicola, 2000), which will be used to perform further analyses on Cygnus X-1.

To conclude, unravelling the origins of the high energy emission from jets will
shed some light on the processes producing the most energetic particles in the Uni-
verse. Future facilities like CTA will help probe the acceleration and the cooling
mechanisms of jets. Moreover, understanding the physical processes in play in the
vicinity of an accreting black hole will help answer one of the puzzling questions
regarding jets that still remains unclear: what are jets made of? On this issue,
neutrinos may hold the key to the answer. Being only produced in hadronic inter-
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actions, neutrinos are the smoking gun to confirm the hadronic contribution to the
high-energy emission of jets. The detections of neutrinos from astrophysical sources
such as accreting black holes will help discriminate between theories of Poynting
dominated jets made exclusively of electron/positron pairs, and heavy jets, made of
electron/proton plasma. Finally, the new methods developed by Polko et al. (2013) to
model the acceleration of relativistic jets will improve the present spectral model by
reducing the number of free parameters.
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