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or internal to the jet. In this paper I present some recent results of calculations of the interaction

of hadronic jets with 1) matter of the jet itself, 2) photon �e lds generated by synchrotron radiation

of both protons and electrons, and 3) matter external to the jet (e.g. a clumped wind). I brie�y

discuss neutrino production in these scenarios and the prospects of detection with new gamma-ray

instruments. Finally, I make a few comments on the controversy about the nature of LS I +61 303.
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1. Introduction

Microquasars (MQs) are accreting binaries formed by a compact object and a donor star [1].
The compact object can be a neutron star (e.g. as in Sco X-1) or a black hole (e.g. Cygnus X-1).
The donor star can be of an early type or a low-mass star. In the �rst cas e we talk of High-Mass
Microquasars (HMMQs), whereas in the second case of Low-Mass Microquasars (LMMQs).

MQs present non-thermal jets. This means that there are relativistic particles in the jets. It
is not necessary for the jet itself to have a macroscopic relativistic out�ow v elocity, but in several
cases bulk velocities with Lorentz factors Γ � 1:5 � 10 have been inferred.

In the environment of a MQ the presence of relativistic particles can result in the production
of detectable gamma rays [2].

Both leptonic and hadronic models have been proposed in the literature to predict the gamma-
ray emission of MQs. A broad review which describes the bulk of the literature can be found in
Ref. [3]. The reader is referred there for further references.

A model, in the sense used here, is a conceptual mechanism that represents, as faithfully as
possible, some of the physical processes occurring in the material object or system under study.
In particular, a hadronic model for MQs is a model that represents radiative processes triggered
by protons or other nuclei. There is not such a thing as a purely hadronic radiative model in astro-
physics. All models are actually lepto-hadronic, since relativistic hadronic interactions unavoidably
lead to meson production and the subsequent injection of leptons in the system. In the following
sections we will discuss the latest results on this type of models. We shall separate them according
to the dominant hadronic process taking palace in the source.

2. Heavy jet models

These models assume that the jets of MQs have a very large kinetic energy and are dominated
by cold barions. The original model was developed by Reynoso et al. [4] and applied to SS 433,
a source with extremely powerful jets (kinetic luminosity of � 1040 erg s�1 [5]). Gamma rays are
mainly due to inelastic pp collisions at the base of the jet, where the density of the thermal plasma
is very high. Absorption effects in the ambient photon �eld produce a signi� cant modulation of the
emission [6] (see Figs. 1 and 2).

Other sources, like Cygnus X-1, seem to have heavy jets as well [7], and a model where
the high-energy emission is mainly due to internal hadronic interactions might be appropriate. A
crucial point is the fraction of relativistic protons in the out�ow. GLAST obs ervations can help to
determine this point.

3. The photo-hadronic jet model

The photo-hadronic model is based on interactions between relativistic protons in the jet and
synchrotron emission from electrons and protons [8, 9]. The high-energy photon density necessary
for ef�cient gamma-ray production con�nes the acceleration and emission r egion to the base of
the jet. Internal absorption is, then, very important, especially in cases where the photon �eld is
dominated by electron synchrotron radiation [9]. Instead, in models where the relativistic protons
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Figure 1: Gamma-ray �ux predicted by a heavy jet model for SS 433, as a fu nction of time (orbital phase)
and energy. Note the modulation produced by the variable absorption due to the precession of the jets [4].

outnumber the electrons, high-energy gamma rays can escape with a spectrum basically unmodi�ed
by absorption. At high-energies, contributions from electron-positron pairs injected through photo-
pair and photo-meson production can be important (see Fig. 3). Fig. 4 shows a case with strong
internal absorption.

4. The windy microquasar model

In the case of HMMQs, external hadronic interactions can take place if there is some level of
mixing between the jet �ow and the stellar wind of the hot star. This is the original windy MQs
model proposed by Romero et al. [11]. Recent numerical simulations of jet-wind interactions show
that the wind play an important role in the propagation and stability of the jet [12].

The wind of hot stars seems to have structure in the form of clumps, that are the result of
plasma instabilities close to the stellar surface. These clumps have high densities (of the order of
the density of the outer atmosphere) and propagate outwards embedded in the background wind.
The density contrast can be as high as 103�4. If some of these clumps interact with the jet, a rapid
�are due to pp collisions can arise [13]. The situation is illustrated in Fig. 5.
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Figure 2: Gamma-ray light curve from a heavy jet model of SS 433. The different panels show a comparison
with the sensitivity of different instruments. The Cherenkov sensitivity of the middle panel corresponds to
MAGIC [4].

The interaction of a large number of clumps at different altitudes of the jet leads to a �ickering
of the gamma-ray light curve. If this �ickering is measured by GLAST-Fermi satellite, its amplitude
and associated time scales can be used to infer the properties of the clumping [14]. Typical values
of the relative amplitude �uctuations would be Iγ=




Iγ
�

� 10 % [14].

5. Neutrinos

Several authors have discussed neutrino production in microquasars (e.g. [11, 8, 9]). Romero
& Vila [9], who have taken into account internal photon absorption in heavy jets, notice that those
sources with equipartition between relativistic electrons and protons (and hence strong synchrotron
�elds) are the most ef�cient for neutrino production above 1 TeV (the ne utrinos are the result
of photo-meson production). This means that not necessarily a strong neutrino source should be
associated with a strong gamma-ray source. Another important point is that if the neutrinos are
produced close to the base of the jet, where the magnetic �eld is very high, muon and pion losses
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Figure 3: Spectral energy distribution of a ‘proton’ microquasar. In addition to the different components due
to synchrotron and photo-hadron interactions, the internal pp contribution is also shown [10]. The assumed
particle acceleration ef�ciency is 10% and the injection is a power-law with index 2.2.

can be important leading to signi�cant neutrino attenuation [15]. The most pr omising sources,
then, are those where the hadronic interactions occur at some distance from the compact object as
in [11]. For additional discussion the reader is referred to Ref. [16].

6. Polemical issues

LS I +61 303 is a puzzling Be/X-ray binary with variable gamma-ray emission up to TeV
energies [17]. The system was discovered by Gregory & Taylor [18]. The primary star is of B0-
B0.5Ve type. The orbital period is well-known from radio observations: P = 26:4960 days [19].
The orbital parameters have been determined by Casares et al. [20] and and Grundstrom et al. [21].
The orbit is inferred to be quite eccentric, with eccentricity estimates from e = 0:72 � 0:15 [20] to
e = 0:55�0:05 [21]. The inclination angle is unknown, and hence the nature of the compact object
remains a mystery. There are different proposals to explain the non-thermal spectral energy dis-
tribution: a colliding wind scenario, that assumes the existence of a pulsar with a high spin-down
luminosity [22], where particles are accelerated at the shock produced when the winds collide, and
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