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Abstract In this paper, I present a general discussion of several astrophysical
processes likely to play a role in the production of non-thermal emission in mas-
sive stars, with emphasis on massive binaries. Even though the discussion will start
in the radio domain where the non-thermal emission was first detected, the census of
physical processes involved in the non-thermal emission from massive stars shows
that many spectral domains are concerned, from the radio to the very high energies.
First, the theoretical aspects of the non-thermal emission from early-type stars will
be addressed. The main topics that will be discussed are respectively the physics of
individual stellar winds and their interaction in binary systems, the acceleration of
relativistic electrons, the magnetic field of massive stars, and finally the non-thermal
emission processes relevant to the case of massive stars. Second, this general qua-
litative discussion will be followed by a more quantitative one, devoted to the most
probable scenario where non-thermal radio emitters are massive binaries. I will show
how several stellar, wind and orbital parameters can be combined in order to make
some semi-quantitative predictions on the high-energy counterpart to the non-thermal
emission detected in the radio domain. These theoretical considerations will be fol-
lowed by a census of results obtained so far, and related to this topic. These results
concern the radio, the visible, the X-ray and the γ -ray domains. Prospects for the very
high energy γ -ray emission from massive stars will also be addressed. Two particularly
interesting examples—one O-type and one Wolf-Rayet binary—will be considered in
details. Finally, strategies for future developments in this field will be discussed.
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1 Introduction

Stars with masses higher than about 10 solar masses are often referred to as massive—
or early-type—stars. This category includes O- and early B-type stars, along with
Wolf-Rayet (WR) stars which are believed to be the evolved counterparts of O and
B stars that have lost a substantial fraction of their mass through their strong stellar
winds.

Observational studies of massive stars reveal a wealth of crucial information concer-
ning the physical processes at work in their expanding atmospheres. For instance,
early-type stars have been detected in the infrared and radio domains. Independently,
Wright and Barlow (1975) and Panagia and Felli (1975) developed models to explain
the production of the radio and infrared spectra of massive stars: the emission at these
wavelengths consists of free-free radiation produced by electrons present in the plasma
of their extended envelope. In this emission process, it is thus the stellar wind of the
massive star—and not the star itself—that is the source of radiation. Moreover, the
electrons involved in this process are distributed in energy according to a Maxwell–
Boltzmann law: it is therefore a thermal emission process. The main characteristic of
this thermal radiation is a continuum emission that can be described by a power law
of the type:

Sν ∝ να

where Sν is the flux density, ν is the frequency, and α is the spectral index of the
free-free emission. For a homogeneous mass loss, at constant or accelerating velocity,
α is about equal to 0.6, in agreement with many observations. This thermal emission is
intimately related to the mass loss rate of massive stars. A popular method to determine
mass loss rates is moreover based on the measurement of the thermal radio flux (Wright
and Barlow 1975; Panagia and Felli 1975).

However, some of the massive stars observed in the radio domain present significant
deviations from this well-defined behaviour (see e.g. White and Becker (1983); Abbott
et al. (1984), or Rauw (2004) for a review). The main characteristics of such a radio
emission disagreeing with the classical thermal emission discussed above are the
following:

– the spectral index (α) is not equal to 0.6, but is significantly lower than the thermal
spectral index, and might even be negative.

– the brightness temperature of the radio emission is much higher (∼106–107 K)
than for thermal emission (∼104 K).

– in most cases the radio emission is not steady, and the flux and/or the spectral index
can present strong variations.

This non-thermal radiation was proposed to be synchrotron radiation by White (1985).
Such a radiation mechanism requires two main ingredients. First, the existence of a

123



Non-thermal emission processes in massive binaries

magnetic field is needed. The direct detection of the magnetic field of massive stars
is not an easy task, mostly because of the difficulty to investigate a Zeeman splitting
in line profiles already broadened due to the fast rotation of the star. However, some
recent observations led to the direct measurement of the magnetic field strength in
the case of a few O- and B-type stars. Second, a population of relativistic electrons
is required. The acceleration of particles in astrophysical sources has mainly been
proposed to proceed through the Fermi mechanisn, in the presence of hydrodynamic
shocks (see Sect. 3).

From this preliminary discussion, it becomes clear that one may discriminate bet-
ween two main kinds of radio emission, produced by two distinct mechanisms whose
physical requirements are very different: one is thermal, the other one is non-thermal.
In this paper, a census of physical processes likely to lead to the production of non-
thermal radiation will be made. The main aspects that I will address are respectively
the physics of stellar winds and their interaction in massive binaries, the acceleration
of particles, the magnetic field of massive stars, and finally the non-thermal emission
processes likely to be at work in the context of early-type stars.

2 Stellar winds and wind interactions

Massive stars are known to produce strong stellar winds. In the case of O-type stars,
these stellar winds can reach velocities up to 2,000–3,000 km s−1 with mass loss rates
of about 10−6–10−5 M� year−1. The mass loss from massive stars is driven by their
strong radiation field, able to transfer momentum to the ions present in their outer
envelope. This line driving mechanism was first proposed by Lucy and Solomon
(1970) and developed by Castor et al. (1975)—the so-called CAK-theory—before
being further investigated and refined for instance by Abbott and Lucy (1985), Vink
et al. (2000), Pauldrach et al. (1986, 1994) and Kudritzki (1996). A general discussion
of this process can be found in De Becker (2001).

In the basic CAK-theory, the stellar wind is considered to be stationary, i.e. the
radial flow of matter is smooth. However, Lucy and White (1980) pointed out the fact
that radiatively driven stellar winds should be unstable, leading to the appearance of
perturbations in the mass outflow. These instabilities, generating intrinsic hydrody-
namic shocks and clumps in stellar winds, were investigated in details for instance
by Owocki and Rybicki (1985), Owocki et al. (1988) and Feldmeier (1995). The
presence of the structures resulting from outflow instabilities is believed to produce
several observational phenomena:

– statistical fluctuations in emission lines in the optical domain, in the case of
O-type (see e.g. Eversberg et al. (1996, 1998)) and WR stars (see e.g. Moffat
et al. (1994); Brown et al. (1995)). Such fluctuations have generally low ampli-
tudes (of order a few percent at most) and individual ‘clumps’ affect rather narrow
velocity intervals.

– the emission of thermal X-rays, likely produced by hydrodynamic shocks between
plasma shells travelling at different velocities in the wind of isolated stars, and
leading to local temperature enhancements of a few 106 K (see Feldmeier et al.
(1997)). The thermal nature of the X-rays produced within stellar winds is clearly
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Stellar photosphere ShockStellar wind

Fig. 1 Schematic view of the basics of the physics of stellar winds. The wind of a massive star is first
produced through radiative driving. The stellar wind gives rise to instabilities that take the form of intrinsic
hydrodynamic shocks. In the case of binary systems, the interaction of the stellar winds between the two
companions can produce additional shocks in a collision zone

revealed in their spectra by emission lines associated to highly ionized elements
such as O, N, Si, Mg, Ne or Fe. Such emission line spectra have been observed
by the XMM-Newton and Chandra X-ray observatories (Schulz et al. 2000; Kahn
et al. 2001).

Beside these intrinsic radiatively driven instabilities, the winds of massive stars can
be involved in strong collisions if the star is a member of a massive binary system. In
this scenario, the two companions produce their own stellar winds, that interact in a
wind-wind collision zone somewhere between the two stars. This interaction zone is
confined between two hydrodynamic shocks (Stevens et al. 1992; Pittard and Stevens
1997).

A consequence of the colliding winds is the production of thermal X-rays, in addi-
tion to those produced intrinsically in individual stellar winds. The temperature of the
plasma heated by this collision can reach a few 107 K, while that of individual stellar
winds reaches at most a few 106 K. This additional emission component generally
makes binary systems brighter in X-rays than the individual stars constituting them.
Empirically, the ratio between the X-ray and bolometric luminosities of a single star1

is about 10−7, and any strong excess with respect to this ratio could be considered as
an indication of an interaction between stellar winds in a binary system.

In summary, as illustrated in Fig. 1, hydrodynamic shocks are common features in
stellar wind physics, be they due to intrinsic instabilities or to wind–wind collisions
in binary systems. This is a crucial point in the context of the non-thermal emission
from massive stars, as it appears to be a mandatory ingredient required to accelerate
particles.

3 Particle acceleration mechanism

When dealing with the hydrodynamics of stellar winds (individually, or in binary
systems), an important concept worth introducing is that of strong shocks. Strong

1 A canonical relation between X-ray and bolometric luminosities based on a large albeit heterogenous
sample of O-stars was proposed by Berghoefer et al. (1997). More recently, Sana et al. (2006) established
a similar relation on the basis of a more reduced sample of stars that are members of the open cluster
NGC 6231. The homogeneity of this latter sample led to a dispersion of the canonical relation of only about
40 %, whilst that of Berghoefer et al. (1997) is about a factor 2.
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shocks are particular cases of hydrodynamic shocks where the pressure of the upstream
gas (the gas that has not yet crossed the shock, i.e. pre-shock gas) is negligible in
comparison to that of the downstream gas (the gas that has already travelled through
the shock, i.e. post-shock gas). Consequently, if the flow is considered to consist of a
perfect gas, we obtain the following relation for the compression ratio (χ):

χ = ρd

ρu
= vu

vd
= γ + 1

γ − 1
, (1)

where ρd (resp. vd) and ρu (resp. vu) are the downstream and upstream gas densities
(resp. velocities). For a monoatomic gas, the adiabatic coefficient (γ ) is equal to 5/3,
and we derive one of the main properties of strong shocks, i.e. χ = 4.

A first approach to explain the acceleration of particles was proposed by Fermi
(1949). In his scenario, particles reflected between randomly moving “magnetic mir-
rors” (i.e. irregularities or turbulences in the magnetic field) are accelerated, resulting
in a relative increase of their energy (� E/E) of the order of (V/c)2, where V is the
velocity of the shock in the frame of the ambient plasma and c is the speed of light.

A variant of this original idea, but in the presence of strong hydrodynamic shocks,
was then developed for instance by Blandford and Ostriker (1978) and Bell (1978a,b).
In this context, the crucial point is that, from the particles’ point of view, only head-on
collisions occur and the accelerated particles do not undergo the decelerating effect
of any following collision, contrary to what happens in the original scenario proposed
by Fermi. In the literature, this acceleration process is also referred to as the Diffusive
Shock Acceleration—DSA—mechanism.

This is illustrated in Fig. 2, where four situations are presented individually. In
situation (a), the upstream gas is considered to be stationary, and the shock crosses the
medium at a supersonic velocity U . If the shock is considered to be stationary (b), the
upstream gas crosses it with a bulk velocity vu = U . However, as we are dealing with
a strong shock (see Eq. 1), the downstream bulk velocity vd is equal to vu/4 = U

4 . In
situation (c), i.e. from the point of view of the upstream gas considered to be stationary,
the downstream gas moves with a velocity vd ′ = U − U

4 = 3
4 U . And in the reverse

situation (d), i.e. when the downstrem gas is considered to be stationary, v′′
u = 3

4 U
(see Longair 1992 for details). The main conclusion of this discussion is that the
particles crossing the shock encounter gas moving with the same velocity, whatever
the direction of the crossing of the shock. Consequently, the particle undergoes exactly
the same process of receiving a small amount of energy �E when crossing the shock
from downstream to upstream as it did in travelling from upstream to downstream.
There are no crossings in which the particles lose energy : as a result, the process
goes linearly with V/c, and is therefore much more efficient than the original Fermi
mechanism.

Another crucial aspect of this mechanism is that it is an iterative process. After
travelling through the shock front, the high-energy particles can interact with magneto-
hydrodynamic waves (Alfvén waves) and magnetic turbulence. The consequence is
an isotropic scattering of the particles which are allowed to cross the shock once again
in the other direction. This results in the multiplication of the crossings, and therefore
of the increases in energy, which allows the particles to reach very high energies up
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Fig. 2 Illustration of the dynamics of high-energy particles in the presence of a strong shock where particles
are accelerated through the first order Fermi mechanism. The upstream and downstream parts of the flow
are respectively referred to by the letters u and d. The curves in panels c and d illustrate the scattering due to
magneto-hydrodynamic phenomena, and responsible for the isotropic distribution of particles in the frame
of reference where the gas is at rest. The four situations are individually described in the text. This figure
is inspired from Longair (1992)

to very large Lorentz factors. As a result of this iterative process, the energy spectrum
of the relativistic particles is a power law:

N (E) ∝ E−n (2)

where n is the index of the power law. If we are dealing with electrons, this index will
be referred to as the electron index of the relativistic electron population. Following
the study of Bell (1978a), the compression ratio of the shock and the index of the
relativistic electron population can be related:

n = χ + 2

χ − 1
. (3)

This general mechanism is believed to be responsible for the production of cosmic
rays, probably at least partly accelerated in supernova remnants. In the context of
stellar winds of massive stars, the first order Fermi mechanism in the presence of
hydrodynamic shocks (intrinsic or in wind-wind interaction zones) is a good candidate
to explain the existence of the population of relativistic electrons needed to produce
the observed radio synchrotron emission. Figure 3 summarizes the iterative process of
acceleration of relativistic electrons in the presence of (i) hydrodynamic shocks and
(ii) magneto-hydrodynamic phenomena likely to scatter isotropically the high-energy
particles. This last point suggests that the role of the magnetic field of massive stars
is not negligible in this acceleration process.

Considering the role played by hydrodynamic shocks in the acceleration of par-
ticles, two scenarios can thus be envisaged. First, in the single star scenario, the
relativistic electrons are accelerated by intrinsic shocks within stellar winds of iso-
lated stars. Second, in the binary scenario, colliding winds are required to explain
the non-thermal emission detected in the radio domain. To evaluate which scenario
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Fig. 3 Schematic representation
of the Fermi acceleration
mechanism in the presence of
strong shocks. The iterative
nature of this process through
the interaction of
magneto-hydrodynamic
phenomena is illustrated

Shock

Multiple crossings
Scattering by
Alfven waves

Relativistic electrons

Table 1 List of the non-thermal radio emitting WR stars as of November 2005. The information collected
in this table is taken from (a) Dougherty and Williams (2000), (b) Chapman et al. (1999), (c) Benaglia et al.
(2005), (d) Cappa et al. (2004) and (e) Monnier et al. (2002)

Star Sp. type Ref. Multiplicity

WR 11 WC8 + O8.5 a Confirmed binary with a period

of 78.5 day

WR 14 WC7 b Suspected binary

WR 21a WN6 + O3 c Confirmed binary

WR 39 WC7 b Possible visual binary

WR 48 WC6 + O9.5 a Confirmed binary; suspected

triple system

WR 79a WN9ha + ? d Visual binary

WR 89 WN8ha + OB d Visual binary

WR 90 WC7 b No evidence for binarity

WR 98a WR + OB e Confirmed binary with a period of

about 1 year

WR 104 WR + OB e Confirmed binary with a period of

about 1 year

WR 105 WN9 a No evidence for binarity

WR 112 WC9 a No evidence for binarity

WR 125 WC7 + O9 a Confirmed binary with a period

of >15 year

WR 137 WC7 + OB a Confirmed binary with a period of >13 year

WR 140 WC7 + O5 a Confirmed binary with a period of

about 7.9 year

WR 146 WC5 + O8 a Visual binary

WR 147 WN8 + B0.5 a Visual binary

is best adapted to explain the non-thermal emission from massive stars, the multipli-
city of non-thermal radio emitters must be investigated. At this stage, we know that
most of the non-thermal radio emitters—whatever their spectral type—are binaries or
higher multiplicity systems (see Tables 1, 2). The binary scenario appears therefore
to be the most adapted to explain the non-thermal radio emission from massive stars.
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Table 2 List of the non-thermal radio emitting O-type stars. The information on the non-thermal nature
of the radio emission from the targets collected in this table are taken from (a) Contreras et al. (1997), (b)
Bieging et al. (1989), (c) Setia Gunawan et al. (2003), (d) Drake (1990), (e) Benaglia and Koribalski (2004),
(f) Leitherer et al. (1995), (g) Benaglia et al. (2001a), (h) Blomme et al. (2007) and (i) Blomme et al. (2005).
For the multiplicity and/or the spectral types, the information are taken from (j) Rauw et al. (1999), (k) De
Becker et al. (2004b), (l) Rauw et al. (2005b), (m) Gies et al. (1993), (n) Harvin et al. (2002), (o) De Becker
et al. (2006a), (p) Nelan et al. (2004), (q) Rauw et al. (2003), (r) Gies (1987), (s) Gosset (2005) (t) Leitherer
et al. (1987), and (u) De Becker et al. (2004a)

Star Sp. type Ref. Multiplicity

Cyg OB2 #5 O6-7Ib + Ofpe/WN9 a Confirmed binary, probably

triple j,a

Cyg OB2 #8A O6If + O5.5III(f) b Confirmed binary with a

period of 21.908 dk

Cyg OB2 #9 O5If b Multiplicity currently

under investigation

Cyg OB2 - 335 O7V c Multiplicity not yet

investigated

9 Sgr O4f+ + ? b Confirmed binary with a

period of a few yearsl

15 Mon O7Ve + ? d Confirmed binarym

δ Ori A O9.5II + ? b Confirmed multiple systemn

σ Ori AB O9.5V + ? d Confirmed multiple systemd

HD 15558 O5III + O7V b Confirmed binary with

a period of about 440 d,

possibly tripleo

HD 93129A O2If + ? e Visual binaryp

HD 93250 O3V((f)) f Suspected binaryq

HD 124314 O6V(n)((f)) + ? g Confirmed binaryr

HD 150136 O5IIIn(f) + ? g Confirmed binary, probably

triples

HD 167971 O5-8V + O5-8V + O8I b,h Confirmed binary,

probably triplet

HD 168112 O5III(f+) b,i Suspected binaryu

CD -47◦4551 O5If g Multiplicity not yet

investigated

In this scenario, the non-thermal emission is produced in the wind-wind interaction
zone between the two stars of a binary system, where the relativistic electrons are
supposed to be accelerated De Becker (2005). Recently, models have been developed
applying the DSA mechanism to the particular physical conditions of hydrodynamic
shocks of colliding-wind binaries (Pittard and Dougherty 2006; Reimer et al. 2006).
In the remainder of this paper, I will thus consider that we are dealing with massive
binaries.
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4 Magnetic fields of massive stars

The magnetic field of stars is certainly one of the most poorly understood aspects of
stellar physics. Observations of the Sun brought a huge amount of relevant information
on stellar magnetism, but our general understanding of stellar magnetic fields is still
very poor. However, as our knowledge of stellar astrophysics increases, the importance
of the role played by magnetic phenomena becomes more and more obvious. In this
context, it is worth considering in more detail the generation of magnetic fields within
stellar interiors.

Section 4.1 provides a short discussion of some fundamental hydromagnetic
concepts. Sections 4.2 and 4.3 are devoted to hydrodynamic processes likely to be
responsible for the presence of a stellar magnetic field. These discussions are mostly
inspired by Tassoul (1976) and Campbell (1997). An alternative approach to produce
a magnetic field is briefly described in Sect. 4.4. Section 4.5 summarizes the various
processes possibly at work in the particular case of massive stars. Finally, Sect. 4.6
gives some words on observational methods used recently to estimate the strength of
surface magnetic fields of a few massive stars.

4.1 Hydromagnetic considerations

Let us first consider some general equations of electromagnetism. For an electrically
conducting fluid such as a plasma, Maxwell’s equation relating the curl of the magnetic
field (B) and the current density (J) is the following

∇ × B = µ◦ J (4)

where µ◦ is the permeability of free space. An additional equation useful for our
purpose is Faraday’s law

∇ × E = − ∂B
∂t

(5)

If we include the induction electric field in Ohm’s law, we obtain

J = σ (E + v × B) (6)

where σ , E and v stand respectively for the electric conductivity of the fluid, the
intensity of the electric field, and the velocity of the flow.

By taking the curl of Eq. (6), we obtain

∇ × J = σ
[
∇ × E + ∇ × (v × B)

]
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Using Eq. (4) in the left hand side and Eq. (5) for the first term of the right hand side
yields

∇ × ∇ × B
µ◦

= σ
[

− ∂B
∂t

+ ∇ × (v × B)
]

1

µ◦ σ
∇ × (∇ × B) = − ∂B

∂t
+ ∇ × (v × B)

where we considered the permeability of free space as being constant. If we define
the magnetic diffusivity as λ = 1

µ◦ σ
, and use the vector identity ∇ × (∇ × B) =

∇ · ∇ · B−∇2 B where the first term of the second hand side is equal to zero because
B is divergenceless, we finally obtain the induction equation:

∂B
∂t

= ∇ × (v × B) + λ ∇2 B (7)

This equation expresses the temporal variation rate of the magnetic field in a plasma
of finite conductivity through two terms: (i) the first one, also called the motion term,
corresponding to a gain in intensity, and (ii) the second one standing for the decay of
the magnetic field due to the resistivity of the medium (Campbell 1997).

4.2 Fossil magnetic field

It has been proposed that the magnetism of some stars could be the relic of a magnetic
field that was present in the gas cloud from which the star was formed by gravitational
collapse (see e.g. Tassoul 1976 for a discussion). When trapped in a star without any
mass motion, such a magnetic field would decay due to the finite conductivity of the
stellar material. This can be illustrated by the diffusion equation, which expresses the
decay of the magnetic field without any source of magnetic energy.

If one neglects induction in Ohm’s law, the first term on the right-hand side of
Eq. (7) vanishes, and one obtains an estimate of the diffusion time-scale (τd) through
the following relation

τd = l2

λ
(8)

where l is the typical length scale of the plasma. Consequently, if the plasma is turbu-
lent, l will decrease substantially, leading to a rapid decay of the magnetic field.

4.2.1 The Sun

In the case of the Sun, Cowling (1945) showed that the time-scale of electromagnetic
decay is about 1010 years, i.e. the same order of magnitude as its evolution time-
scale on the main-sequence. This suggests that any putative primeval magnetic field
could possibly be responsible for its current magnetic activity. Consequently, the fossil
magnetism has been considered as a viable candidate to explain the magnetism of the
Sun, and other stars as well.
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However, it is not yet clear whether or not a large-scale primeval magnetic field
could survive the pre-main-sequence phases. Moreover, in the particular case of the
Sun, it is commonly assumed that the magnetic field is continuously generated, and
that all traces of primeval magnetism have long since vanished. The reasons are the
following: (i) a turbulent convection in the surface layers would cause the decay of
the fossil field on a very short time-scale (typically a decade), and (ii) the polar solar
magnetic field shows periodic reversals in contradiction with the existence of a stable
primeval magnetism.2 For these reasons, an alternative theory is needed. This theory,
i.e. the hydromagnetic dynamo, is briefly described in Sect. 4.3.

4.2.2 Chemically peculiar (CP) stars

Chemically peculiar (CP) stars are objects displaying atypical abundances, along with
abundance inhomogeneities over their surface that may be due to the diffusion of
elements under the influence of the stellar magnetic field. The fact that only about
10% of the near-main sequence stars in the same stellar mass range as CP stars display
strong magnetic fields (the so-called ‘10 % problem’) could possibly be explained by a
fossil origin (Moss 2003). The amount of magnetic flux trapped during star formation is
tentatively expected to vary substantially, with only the high flux tail of the distribution
resulting in stars with a detected magnetic field on the main sequence. Magnetic fields
of a few 102 to several 104 G have been measured for chemically peculiar Ap and Bp
stars (Michaud et al. 1981; Hubrig et al. 2004).

4.2.3 White dwarfs and neutron stars

The scenario of the fossil origin of the stellar magnetic field has recently been recon-
sidered in the context of the study of magnetic fields of compact degenerate stars such
as white dwarfs (WD) and neutron stars (NS). More details can be found in Tout et al.
(2004) and Ferrario and Wickramasinghe (2005).

In this context, a fossil magnetic field is believed to be trapped in stars during their
formation process and the magnetic flux should be conserved. For stellar masses lower
than about 2 M�, the star becomes fully convective during the Hayashi sequence and
the fossil magnetic field has no chance to survive. This is, e.g. the case of the Sun
where the magnetism must be explained in another way (see the dynamo mechanism
in Sect. 4.3). For masses larger than about 2 M�, the star does not experience a totally
convective episode during the Hayashi phase and some fossil magnetic field may
survive. The conservation of the magnetic flux as the stellar radius shrinks from that
typical for main-sequence OB stars to that of a NS provides an apparently consistent
relation between magnetic field strengths during the main-sequence (i.e. a few G to
a few kG) and those observed for NSs (∼1011–1015 G). These numbers seem to lend
some support to the conservation of the magnetic flux initially of fossil origin to explain
the presence of the magnetic field in massive stars. In this scenario, inhomogeneities

2 We note that such a periodic reversal of the stellar magnetic field has also been observed in the case of
another star, i.e. the K0 dwarf LQ Hydrae (Kitchatinov et al. 2000).
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in the very weak magnetic field present in extended regions of the Galaxy are likely
to produce a large dispersion of stellar magnetic field strengths.

The conservation of the magnetic flux provides a possible interpretation to explain
the presence of a magnetic field in WDs as well. In this case, magnetic field strengths
of about a few kG (Aznar Cuadrado et al. 2004) to 106–109 G (Schmidt et al. 2003)
have been observed. Such a dispersion in the magnetic field strength is also proposed
to derive from heterogeneities of the local Galactic magnetic field.

4.2.4 Massive non-degenerate stars

As indicated above, the conservation of the primordial magnetic flux has been pro-
posed to be responsible for the magnetism of massive stars (see e.g. Ferrario and
Wickramasinghe (2005)). However, we can subdivide the inner structure of massive
stars into two main zones: (i) the convective core where the fossil magnetic field is
unlikely to survive, and (ii) the radiative envelope which results partly from accretion,
and which is likely to harbour some residual fossil magnetic field. Moreover, the part
of the massive star that shrinks to produce the NS is the core, and not the envelope. So,
how can we explain that surface (main-sequence) magnetic fields fit so well core (NS)
values after the supernova explosion? Is it fortuitous, or is there any strong physical
relation between the convective core and the radiative envelope from the magnetic
point of view? At this stage, this question is not answered, and this thus suggests that
more than a simple magnetic flux conservation is needed to understand the processes
responsible for the observed magnetism of massive stars, be they degenerate or not.
Alternative scenarios are discussed in Sects. 4.3 and 4.4.

4.3 Dynamo theory

The classical principle of the dynamo action relies essentially on the fact that the
motion of a conducting fluid (i.e. a plasma) is able to produce electromotive forces
capable of maintaining an initial magnetic field. The energy is supplied by the forces
driving the fluid flow before being converted into magnetic energy. Consequently, as a
first approximation, we will consider that the initial energy supply is huge, and mostly
unaffected by this energy conversion process.

In order to obtain the dynamo equation, we will use the same formalism as for
the induction equation (Eq. (7)). This dynamo equation will then be discussed in the
framework of stellar magnetic fields.

4.3.1 The dynamo equation

For many astrophysical bodies, τd is shorter than their age, thus they need internal
motions of conducting material to explain the observed magnetic fields that would
otherwise have undergone ohmic decay down to negligible levels. This issue is inves-
tigated in the present section aiming at establishing an equation similar to Eq. (7), but
specific to the case of the dynamo effect.3

3 This discussion is mostly inspired by Tassoul (1976) and Campbell (1997).
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Let’s consider an axisymmetric magnetic field that can be split into poloidal and
toroidal components. According to ‘Cowling’s theorem’, a steady axisymmetric
magnetic field cannot be maintained by dynamo action (Cowling 1945). The pro-
blem is that in astrophysical bodies, the symmetry is dominantly axial. A solution to
solve this problem was proposed by Parker (1955), who noted that convection can
cause rising cells of fluid to rotate and carry lines of force of the toroidal field into
loops. Consequently, a large number of such loops could regenerate the poloidal com-
ponent of the magnetic field. Such a turbulence is expected to arise from the Coriolis
force, and is most commonly called the α-effect.

The velocity and magnetic fields can be expressed as a sum of large-scale (mean
field) and small-scale (fluctuating field) contributions. The α-effect is a small-scale tur-
bulence acting on the mean (large-scale) magnetic field through a mean electromotive
force (ε) given by the following relation

ε = α B − β ∇ × B (9)

where α is a coefficient that vanishes for homogeneous isotropic turbulence, and β

can be regarded as an additional contribution to the fluid’s magnetic diffusivity due to
the turbulence (also called eddy diffusivity).

Taking into account this additional electric field in the induction equation, we obtain
the following equation for the mean field, i.e. the dynamo equation

∂B
∂t

= ∇ × (v × B) + ∇ × (α B) + (λ + β)∇2 B

This equation allows axisymmetric solutions to exist for the mean magnetic field. As
the magnetic diffusivity is essentially dominated by the eddy diffusivity, it is often
neglected in the formulation of the dynamo effect.

In this last relation, the magnetic and eddy diffusivities have been considered to be
constant throughout the plasma. However, a more general formulation of the dynamo
equation would be

∂B
∂t

= ∇ × (v × B) + ∇ × (α B) − ∇ ×
[
(λ + β)∇ × B

]
(10)

With appropriate boundary conditions, this dynamo problem turns out to be an
eigenvalue problem, aiming at finding eigenvalues (ξ) corresponding to non-decaying
solutions of the type B(x,t) = B(x) exp(ξ t), where x stands for the spatial position
vector. The study of Charbonneau and MacGregor (2001) shows that the solutions for
massive main-sequence stars (convective core + radiative envelope) point to magnetic
fields that are concentrated in the immediate vicinity of the core-envelope interface.
This is interpreted as a consequence of the fact that the magnetic diffusivity is expected
to decrease rapidly as one moves from the turbulent core to the stably stratified radiative
envelope.

The expression of the velocity can contain a term accounting for the differential
rotation. In that case, the expressions for the poloidal and toroidal components of
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the magnetic field show that a magnetic field can be produced through two main
mechanisms, respectively called the α- and �-effect:

α-effect. As stated above, it is the production of a magnetic field from turbulence
arising from the Coriolis force. This process is able to produce both toroidal and
poloidal fields.
�-effect. It consists in the production of a toriodal field through the shearing of
the poloidal component of the field due to the non-uniform rotation of the star.

The general case where both effects act simultaneously is often called the α2�-
dynamo. Particular dynamo cases can also be considered, such as the α2-dynamo
where the �-effect can be neglected, or the α�-dynamo where the impact of the
α-effect can be neglected with respect to that of the �-effect in the production of a
toroidal field from the poloidal field.

Stars with very low mass (M≤0.4 M�) are essentially fully convective. The dynamo
process can occur within the whole stellar interior. In the case of stars of solar and later
types (M≤1 M�), the hydromagnetic dynamo is believed to occur somewhere within
the outer convective zone. For instance, a magnetic field of a few Gauss is observed
over most of the surface of the Sun, with strong localized fields of up to 4,000 G in
sunspots (see e.g. Tassoul 1976). In this case, cyclic variations of the chromospheric
activity suggest that the Sun-like dynamo produces a time-dependent field responsible
for a cyclic magnetic activity.

For massive stars (M≥8–10 M�), the study of Charbonneau and MacGregor (2001)
shows that such a dynamo action is possible in the core. However, the question is how
a magnetic field generated by a core dynamo could travel up to the surface of the
star where it can be detected directly (e.g. using spectropolarimetric methods, see
Sect. 4.6) or indirectly (e.g. synchrotron radio emission, putative magnetic stellar
wind confinement). Two scenarios have currently been proposed to address this issue,
and they are briefly discussed below.

4.3.2 How to bring the magnetic field to the surface?

The transport of the magnetic field of massive stars from the convective core to the
surface constitutes a challenge for the stellar magnetism theory. Two scenarios have
been proposed: (i) the meridional circulation through Eddington-Sweet cells (Char-
bonneau and MacGregor 2001), and (ii) the buoyant rise of magnetic tubes along the
rotation axis (MacGregor and Cassinelli 2003).

Meridional circulation—Eddington-Sweet cells. The rotation of early-type stars can
lead to departures from sphericity, responsible for pole-equator temperature diffe-
rences in the radiative interior (see e.g. Charbonneau and MacGregor (2001)). These
temperature differences cannot be balanced under the assumption of simultaneous
radiative and hydrostatic equilibria. The reaction of the star is to generate a large-scale
circulation in the meridional plane, known as the Eddington-Sweet circulation. As
some of these flow streamlines come close to the surface of the star, and also close
to the boundary between the convective core and the radiative envelope, Eddington-
Sweet cells may be able to bring the magnetic field from the core up to the surface.
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According to the study of Charbonneau and MacGregor (2001), in the case of
models with a strong magnetic diffusivity contrast between the core and the envelope
(that are probably the most realistic ones), the dynamo effect is inhibited by the meri-
dional circulation if it reaches a level suitable for a significant magnetic flux transport.
Moreover, such meridional circulation regimes are not likely to be attained in the
interior of early-type main-sequence stars. Consequently, an alternative scenario is
needed to carry magnetic fields from the stellar core to the surface.

Buoyant rise of magnetic tubes. In this model of advection of magnetic flux,
MacGregor and Cassinelli (2003) consider the dynamics of a circular ring, symmetric
about the stellar rotation axis. This ring is an isolated concentration of magnetic field,
which is allowed to begin an outward motion from the convective core thanks to the
buoyancy. In this model, the ring, or magnetic tube, is in mechanical equilibrium with
the surrounding medium. We note however that the radiation pressure is neglected in
such a simplified approach, therefore restricting the discussion to stars with masses
up to about 10 M�. The rotation is considered to be homogeneous, and no meridional
circulation is taken into account.

The time-scale of the rise of the magnetic tubes is shorter than the typical evolution
time-scale of massive stars on the main-sequence. However, the density deficit of such
a ring is expected to decrease as it travels through the radiative envelope, causing the
upward buoyant acceleration experienced by the ring to decrease as well. The ring
indeed spends considerably more time (about a factor 100) travelling through a thin
shell between 0.90 and 0.96 R�, than in ascending from the core to a radius of 0.90 R�.
The inclusion of meridional circulation is expected to significantly decrease the time
needed to transport the magnetic flux through the layers just below the surface. The
joint action of the buoyancy transport and of the meridional circulation could therefore
possibly lead to short rise times, able to transport a significant magnetic flux to the
surface during the very first stages of the main-sequence life of massive stars.

4.4 An alternative dynamo scenario

A completely different possibility worth considering is the production of a magne-
tic field through a dynamo mechanism just below the surface, without the need of
bringing it from the core. This approach is described for instance by Spruit (2002)
or by MacDonald and Mullan (2004), showing that a dynamo can be driven by the
differential rotation in a stable stratified zone.

According to the study of Spruit (2002), an instability of an initial toroidal field
(even small) creates a vertical field component. Such an instability, called Tayler
instability (Spruit 1999), consists of non-axisymmetric horizontal displacements of
fluid elements. This vertical component of the field is distorted by differential stellar
rotation which converts it into additional toroidal field lines. These horizontal field
lines become progressively closer and denser, therefore producing a much stronger
horizontal field.

This mechanism is usually refered to as the Tayler–Spruit dynamo (Spruit 2002;
Maeder and Meynet 2003, 2004). In the context of massive stars, this scenario could
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be envisaged within the radiative envelope, therefore producing a magnetic field close
to the surface.

4.5 Summary

Considering the scenarios discussed in this section, we see that the origin of the
magnetic field in massive stars is not yet well established. Still, we can make a census
of the physical processes likely to play a role in this context.

A fossil magnetic field is unlikely to survive in the turbulent regime of the core of
the massive star, but a classical dynamo action might produce a magnetic field in that
part of the star. Such a classical dynamo cannot be at work in the radiative envelope.
However, an alternative dynamo driven by the differential rotation of the star may
produce a magnetic field close to the surface. Moreover, the possibility to bring to the
surface some magnetic field produced in the core thanks to the combined action of
meridional circulation and buoyancy cannot be completely rejected. We also note that
a contribution of a fossil magnetic field might be present in the radiative envelope, as
it results partly from the accretion of interstellar material that has not experienced a
fully turbulent episode.

4.6 Direct determination of magnetic field strengths of massive stars

In the presence of a magnetic field, the degeneracy of atomic sublevels is lifted, split-
ting a given spectral line into several components (Zeeman effect). This effect has also
the particularity of polarizing the light emitted through radiative transitions between
sublevels affected by this splitting. The Zeeman effect is mostly efficient in circular
polarization. Among the Stokes parameters characterizing the state of polarization of
quasi-monochromatic light, this circular component corresponds to the Stokes V para-
meter and responds to the line-of-sight component of the magnetic field (longitudinal
Zeeman effect). It indicates the intensity difference between right- and left-handed cir-
cular polarizations. The other Stokes parameters respectively measure the unpolarized
(I) and linearly polarized (Q and U) light.

In the case of massive stars, the strong rotational broadening due to the large pro-
jected rotational velocities (Vrot sin i ≈ 100 − 450 km s−1) does not allow to detect
directly the line splitting (or broadening) due to the Zeeman effect. Nevertheless, the
Zeeman polarization can be observed through spectropolarimetric methods. Recently,
on the basis of this principle, the intensity of the magnetic fields of only a few massive
stars have been estimated. Three examples are respectively β Cep (B1IV), θ1 Ori C
(O4–6V), and ζ Cas (B2IV). With this method, for a simple dipolar magnetic field
model, Bp and θ for β Cep are respectively of 360 ± 60 G and 85 ± 10◦ (Donati et al.
2001). The same parameters for θ1 Ori C are of 1100 ± 100 G and 42 ± 6◦ (Donati
et al. 2002), and 335+120

−65 G and 18 ± 4◦ for ζ Cas (Neiner et al. 2003). In the case
of these stars, more sophisticated models including higher order field components
(quadrupolar,...) donot improve significantly the fit. Finally, we note that as this tech-
nique relies on a particular Zeeman component (the longitudinal one), it is sensitive to
the phase of the rotational cycle of the star. Consequently, observing exposure times
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must be significantly shorter than the rotational period. For this reason, and also be-
cause of the low amplitude of the Stokes signature, this method is only applicable to
bright stars.4 In the future, observations with spectropolarimeters suchs as ESPaDOns
(Donati (2004)) mounted on the Canada–France–Hawaii Telescope (CFHT) are ex-
pected to improve significantly our knowledge of the strength of the magnetic field of
massive stars.

4.7 The magnetic field in the wind interaction zone of massive binaries

If we consider that there is no magnetic field production in the collision zone of
massive binaries, the local magnetic field—in the interaction zone—should come from
the stars themselves. We need therefore to estimate the dependence of the magnetic
field strength as a function of the distance to the star where it is produced. Some
equations are given in Sect. 6.2 to deal with this dependence. In addition, we should
consider that two stars may contribute to the local magnetic field and that the magnetic
field may undergo some intensification in the post-shock plasma. This latter point has
been addressed by Bell (2004), who considered the amplification of the background
magnetic field by the accelerated particles. Only a very simplified approach to estimate
the strength of the magnetic fied in the colliding wind region is followed in Sect. 6.2.

5 Non-thermal emission processes

A crucial point in the context of this paper is the distinction between thermal and
non-thermal emission processes. In thermal processes, the energy distribution of the
electrons involved in the photon production mechanism (e.g. thermal free-free emis-
sion, radiative recombination and collisional excitation followed by radiative decay)
can be described by a Maxwell–Boltzmann law. In the case of non-thermal processes,
particles (electrons, protons,...) are relativistic and are distributed according to a power
law (see Eq. (2)).

Among the non-thermal emission processes, we can distinguish particle–field
interactions (particles interacting with radiation or a magnetic field) and particle–
matter interactions. The most common processes are briefly described below.

5.1 Particle-field interactions

5.1.1 Synchrotron radiation

A relativistic electron travelling in a magnetic field will be subjected to a Lorentz
force orthogonal to the magnetic field direction. Consequently, the electron will adopt
a helical path, and will emit photons (synchrotron radiation).

4 The method was therefore not applicable to the cases of the stars discussed in Sect. 8, though a direct
determination of their surface magnetic field strength would be crucial.
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The characteristic energy of the photons is given by

Ec = 3 h

4 π

e B sin θ

me c

[ E

me c2

]2
(11)

where h is Planck’s constant, e the electron charge, B the magnetic field strength, θ

the pitch angle, me the mass of the electron, c the speed of light, and E the energy of
the electron (Cheng and Romero 2004). This relation shows clearly that very energetic
particles and strong magnetic fields are needed to produce synchrotron radiation in the
very high energy domain. However, with rather modest magnetic fields and “mode-
rate” relativistic electrons, synchrotron radiation can easily be produced in the radio
domain. In the context of massive stars, the non-thermal radio emission discussed
in the introduction of this work is most probably produced through this mechanism
(White 1985).

It should be noted that the so-called Razin–Tsytovich effect (or Razin effect, see
e.g. Van Loo 2005) is likely to occur, leading to an apparent suppression of the syn-
chrotron radiation. This effect is based on a particular property of the synchrotron
emission: it is characterized by a significant beaming, i.e. the radiation is emitted in
preferential directions. This property of the synchrotron emission is important consi-
dering the fact that, in a plasma such as that constituting stellar winds, the beaming
effect can be substantially reduced, leading therefore to a decrease of the synchrotron
emitting power in a given direction. This suppression is a characteristic effect of plasma
on radiation by relativistic particles. It can be shown that the Razin–Tsytovich effect
is a consequence of the suppression of radiation with a frequency below the plasma
frequency, after transformation from the rest frame of the relativistic particle to the
rest frame of the observer. A detailed discussion on this transformation can be shown
in Melrose (1970). This effect may be responsible for significant underestimates of
the radio synchrotron power of astronomical sources.

5.1.2 Inverse Compton scattering

Particles (electrons or protons) can also interact with photons. In the context of this
study, only electrons will be considered. If the typical energy of the relativistic elec-
trons is high enough, the latter can transfer some of their energy to soft photons. This
process is known as inverse Compton (IC) scattering. In this way, moderately relati-
vistic electrons are able to “promote” ultra-violet photons to the high-energy domain
(X-rays and soft γ -rays). The relation between the average energy of the emerging
photons (EIC) and that of the scattered soft photons (Esoft) is

EIC = 4

3
Esoft γ

2 (12)

where γ is the Lorentz factor characterizing the relativistic electrons. This latter rela-
tion is only valid in the Thomson limit. In this regime, the square root of the product
of the energies of the interacting electron and photon is significantly lower than the
rest energy of the electron (Cheng and Romero 2004).
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Most frequently, inverse Compton scattering is considered in the Thomson regime,
and in that case the cross-section of the process is the Thomson cross-section (σT , see
Sect. 6.5). However, when we are dealing with very high-energy particles, a quantum
relativistic cross-section has to be used and the process is considered in the Klein–
Nishina regime (Longair 1992). As shown by Reimer et al. (2006), the Klein–Nishina
cross-section can be significantly lower than the Thomson cross-section in the very
high-energy domain. The main effect is a strong decrease in the efficiency of IC
scattering to produce very high-energy photons.

IC scattering is of particular interest in the framework of massive stars because of
the strong supply of UV and visible photons provided by the photosphere. This process
is indeed believed to play a significant role in the cooling of relativistic electrons in
stellar wind environments.

5.2 Particle–matter interactions

5.2.1 Relativistic Bremsstrahlung

When a relativistic electron is accelerated in the electric field of a nucleus or other
charged particles, radiation is produced: relativistic Bremsstrahlung. In general, only
the emission from the electron has to be considered. It comes from the fact that the
intensity of Bremsstrahlung by a nucleus of mass M is ∼ (M/me)

−2 times the effect
generated by the electron.

We note that such a mechanism requires rather high plasma densities to become
significant. For this reason, relativistic Bremsstrahlung is not expected to be respon-
sible for non-thermal emission in the case of O-type stars. This scenario was never-
theless considered by Pollock (1987) in the case of the denser winds of Wolf-Rayet
stars.

5.2.2 π0-decays from proton–proton emission

Even though we are mostly dealing with electrons in the context of this paper, we
should not neglect the fact that protons are very abundant in astrophysical environments
such as stellar winds. Relativistic protons can interact with other ‘ordinary’ protons
to produce neutral pions (π0), that decay into gamma-rays with a proper lifetime of
only 9×10−17 s. For a more detailed discussion of this process I refer to Cheng and
Romero (2004).

It has been proposed that the π0-decay mechanism could be at work in young open
clusters (Manchanda et al. 1996). In this context, it is suggested that the combined
winds of massive stars may interact with the gas in the cluster and produce a system of
bow shocks. These shocks could then be responsible for the acceleration of protons up
to relativistic velocities. Consequently, the relativistic protons may interact to produce
a diffuse gamma-ray emission in open clusters and OB associations. In addition, it is
important to note that the π0-decay mechanism may certainly be responsible for the
very high-energy emission discussed later in this review.
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Fig. 4 Overview of the physical processes likely to contribute to the production of non-thermal emission
from massive stars. The main aspects of the problem are subdivided in boxes directly related to the processes
discussed with more details in this paper: (1) stellar wind physics (Sect. 2); (2) particle acceleration
mechanism (Sect. 3); magnetic processes (Sect. 4); non-thermal emission processes (Sect. 5)

6 The non-thermal high-energy counterpart of a massive binary

I have discussed several aspects of the physics of massive stars, or different topics of
astrophysics, likely to play a role in the production of non-thermal emission of massive
stars. Figure 4 presents an overview of these physical processes. This schematic view
is mostly inspired from that given by De Becker et al. (2005b). In this figure, the four
boxes individually represent the topics independently discussed in the four previous
sections of this chapter in their order of appearance. The intersections between boxes
illustrate the noticeable interconnections between these different fields of astrophysics.

As shown in Sect. 5, non-thermal emission processes can also be at work in the
high-energy domain. In order to investigate the issue of the high-energy counterpart
to the non-thermal emission of massive stars detected in the radio domain, it is helpful
to adopt a somewhat more quantitative approach of the physical processes believed
to be responsible for the non-thermal emission of radiation in the particular case of
binary systems. We note that the description below should be considered as a simplified
approach, used only to give an idea of the impact of several physical parameters on
some quantities such as the IC luminosity. A more complete and quantitative approach
would require sophisticated models including more physics than used below.

The radio synchrotron luminosity and the inverse Compton luminosity can be
related by a unique equation, provided both emission mechanisms arise from the same
population of relativistic electrons (White and Chen 1995). Such a relation derives
from the fact that, for both processes, the total energy lost by a high-energy electron
can be expressed by similar relations depending on the energy density respectively
of the magnetic field (UB) and of the radiation field (Uph). This leads to the follo-
wing equation for the ratio between the radio synchrotron luminosity (Lsynch) and the
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high-energy inverse Compton luminosity (L IC):

Lsynch

L IC
= UB

Uph
(13)

We can use this luminosity ratio to obtain an expression of the IC luminosity as a
function of the synchrotron radio luminosity, taking into account the fact that both
stars of the binary system contribute to the photon energy density:

L I C = 2

c

Lsynch

B2
col

(
Lbol,1

r2
1

+ Lbol,2

r2
2

)
(14)

where Lbol,1 (respectively Lbol,2) and r1 (resp. r2) stand for the bolometric luminosity
and for the distance from the centre of the star to the collision zone for the primary
(resp. the secondary). Bcol is the strength of the magnetic field in the acceleration
region of relativistic particles (which is also the emitting region of the synchrotron
and IC photons, i.e. the collision zone).

This approach is very similar to that of Eichler and Usov (1993) and Benaglia et al.
(2001b). However, these latter studies took into account only one term for the photon
density. This approximation was valid because the authors had to deal with asymmetric
binary systems where the winds collide close to the secondary. Consequently, the
primary photon density could be neglected compared to that of the secondary. Eq. (14)
is therefore more general than that used by Eichler and Usov (1993) and Benaglia et al.
(2001b), and it should preferentially be used each time one has to deal with binary
systems characterized by a momentum ratio (η) that is not significantly smaller than
1 (see Eq. (19)). It should be mentioned that the simplified approach described below
does not take into account the variation of the UB/Uph ratio accross the wind collision
region, even though we know that the non-thermal emission region can be extended
(see Sect. 8.1). A more consistent approach would require a detailed knowledge of the
spatial distribution of relativistic particles—along with that of the magnetic field—in
the wind collision region. In the remaining of this section, I will discuss in detail
three points that need to be addressed properly if one wants to apply Eq. (14): the
geometry of the system, the intensity of the local magnetic field, and the synchrotron
radio luminosity.

6.1 Geometry of the system

6.1.1 Separation between the stars

In an eccentric binary system, the relative distance between the two stars in units of
the semi-major axis of the orbit, is given by

r = 1 − e2

1 + e cos v
(15)
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where v is the true anomaly, i.e. the angle between the vector radius and the direction
to periastron, and e is the eccentricity of the orbit. In order to obtain the relative
separation as a function of the orbital phase (φ), a relation between the true anomaly
and the orbital phase is needed. As a first step, let us consider the expression of the
true anomaly (v) as a function of the eccentric anomaly (E).

v = 2 arctan
[(1 + e

1 − e

) 1
2

tan
E

2

]
(16)

The eccentric anomaly is related to the mean anomaly (M = 2 π φ when φ = 0
at periastron) through Kepler’s equation:

E − e sin E = M (17)

The numerical resolution of Eq. (17) allows to obtain the value of E for a given
orbital phase. Then the successive application of Eqs. (16) and (15) provides the relative
separation between the two components of the binary system.

The projected semi-major axes (a1 sin i and a2 sin i) for the two components can
be obtained from the spectroscopic orbital solution of the binary system. Provided
an estimate of the inclination angle i is available, the multiplication of the relative
separation (r) by the sum a1 + a2 yields the absolute separation (D) between the two
stars.

6.1.2 Wind momentum equilibrium

The collision between the stellar winds of the two components of a binary system
occurs at a position which is set by the relative strengths of the winds. If the winds
have similar strengths, the collision zone is a plane perpendicular to the line of centres,
at equal distance from the two stars. On the contrary, if the winds are not equal,
the collision zone is a curved layer of shocked gas partially folded around the star
producing the weaker wind.

If we assume that the spherical winds of the two components flow nearly radially
out to the shocks, we can derive the distances from the stars where these winds meet.
At the position of the collision zone, the wind momenta are balanced, yielding

r1 = 1

1 + η
1
2

D , r2 = η
1
2

1 + η
1
2

D (18)

where r1, r2, D and η are respectively the distances to the collision zone from the
primary and the secondary, the separation between the stars (see above), and a dimen-
sionless parameter expressed as

η = Ṁ2 V∞,2

Ṁ1 V∞,1
(19)
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where Ṁ and V∞ stand for the mass loss rate and the terminal velocity respectively.
The parameter η thus expresses the ratio of the momentum flux of the two winds
(Stevens et al. 1992).

6.2 Local magnetic field

The surface magnetic field strength (Bs) is probably one of the most critical and poorly
known physical quantities for massive stars. Moreover, provided that Bs is determined,
the behaviour of the magnetic field as a function of the distance to the star in the ionized
material of the stellar wind still needs to be established.

Some relations providing the dependence of the strength and geometry of the
magnetic field as a function of the radial distance (r) to the star in the outflowing
gas are given for instance by Usov and Melrose (1992). Three regimes can be envi-
saged: (1) dipolar, (2) radial, and (3) toroidal. The equations for these three regimes,
along with their conditions of application, are given below:

B = Bs ×

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(
R
r

)3
for R ≤ r < rA (dipolar)

R3

rA r2 for rA < r < R V∞
Vrot

(radial)

V∞
Vrot

R2

rA r for R V∞
Vrot

< r (toroidal)

(20)

In these relations, Vrot and V∞ are respectively the stellar rotational velocity and the
wind terminal velocity. R is the stellar radius, and rA is the Alfvén radius defined as
the radius where the kinetic and magnetic energy densities are balanced. The Alfvén
radius can be expressed as follows:

rA ∼ R ×
{

1 + ξ for ξ � 1,

ξ1/4 for ξ � 1
(21)

with the parameter ξ expressed by

ξ = B2
s R2

2 Ṁ V∞
(22)

From these relations, we can see that the typical Alfvén radius for early-type stars is in
the range from ∼ R to ∼ 2−3R (Usov and Melrose 1992). The best approach consists in
using the well-established or expected wind and stellar parameters to estimate which
regime is suitable, before applying the corresponding relation to estimate the local
magnetic field strength at a given distance r from the centre of the star.

When the strength of the magnetic field at the distance of the shock zone is obtained
from Eq. (20), one still has to wonder whether it is affected by the hydrodynamic
conditions close to the shock. In the case of a strong shock, the compression ratio (χ)

is expected to be equal to 4 (see Sect. 2). The magnetic field strength dependence on
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the density could be of the order of ρ2/3 (Tassoul 1976), and can be used to determine
some kind of concentration factor ε. Consequently, the magnetic field strength could
increase by up to a factor of 2.5 in the post-shock region of a strong shock. Moreover,
the magnetic fields from both stars are expected to contribute to the local magnetic field
strength at the collision zone. Let us therefore consider that the mean local magnetic
field can be obtained using the following relation:

Bcol = ε
B1 + B2

2
(23)

where B1 and B2 are the local magnetic fields from the primary and the secondary
respectively, expressed in Gauss. This approach is thus significantly different from
that of Eichler and Usov (1993) and Benaglia et al. (2001b) where the local magnetic
field was considered to come from the secondary star only, as those authors dealt
with cases where the collision zone was very close to the secondary. I emphasize
on the fact that the way we deal here with the magnetic field is only an assumption.
A detailed investigation of the magneto-hydrodynamic conditions at the collision zone
is far beyond the scope of the present discussion.

6.3 Radio luminosity

In the literature, radio emission levels are mostly provided as flux densities expres-
sed in mJy at a given frequency (Sν). This flux density can be converted into more
conventional units (cgs) following the procedure described below.

We first need to establish a relation yielding the flux in a given frequency interval.
This can be done through an integration of the flux density between two frequencies
ν1 and ν2:

S =
ν2∫

ν1

Sν dν (24)

The lower boundary ν1 is defined by the rather steep increase of the radio flux as a
function of frequency likely to occur at frequencies of the order of a fraction of GHz
(i.e. at a wavelength of a few tens of cm), before reaching a maximum at a frequency
of the order of the GHz. This turnover may be due to the combined action of the
opacity of the plasma that decreases with increasing frequency, and of the Razin–
Tsytovich effect. Recent modelling and observations seem to favour free-free opacity
as the dominant factor at least in the case of WR 140 (De Becker et al. 2007b). For the
upper limit on the frequency (ν2), a value of the order of several tens of GHz (i.e. a
fraction of cm) should be considered (see e.g. Sect. 2.3.1 in Pittard et al. 2006). This
upper boundary is determined by the maximum energy reached by relativistic electrons
that is severely affected by IC cooling (maximum Lorentz factors for electrons of the
order of 104–105 are expected depending of the colliding-wind binary system, see
Sect. 6.5). It should be noted that these characteristic frequencies depend strongly on
the target that is considered. A few examples of synchrotron radio spectra of long
period massive binaries can be found for instance in Pittard and Dougherty (2006) and
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Dougherty et al. (2003). As we know that the radio spectrum is a power law with a
spectral index α, we can use the following relation:

Sν = Sν′
( ν

ν′
)α

where ν′ is a frequency for which we have a measure of the flux density. Inserting this
relation in Eq. (24), we obtain

S = Sν′

ν′α

ν2∫

ν1

να dν

and we derive the integrated flux:

S = Sν′

(α + 1) ν′α
(
να+1

2 − να+1
1

)
(25)

As a final step, we consider that

1 mJy = 10−29 W m−2Hz−1 = 10−26 erg s−1cm−2Hz−1

and we multiply both sides of Eq. (25) by 4 π d2 in order to obtain a relation giving
the radio luminosity in cgs units integrated between two frequencies ν1 and ν2:

L radio = 4 π d2 10−26 Sν′

(α + 1) ν′α
(
να+1

2 − να+1
1

)
(26)

where Sν′ , ν′ and d are respectively expressed in mJy, in Hz and in cm. To calculate
this quantity, the flux density at a given frequency (ν′), the distance to the star, and
the spectral index are thus needed.

In a binary system producing non-thermal radio emission, the total radio spectrum
has essentially three origins: (1) the thermal emission from the wind of the primary,
i.e L f f,1, (2) the thermal emission from the wind of the secondary, i.e L f f,2, and (3)
the non-thermal emission from the collision zone between the two stars, i.e Lsynch.
This third part is likely to be embedded inside the winds and therefore undergoes a
free-free absorption characterized by a given optical depth (τ ). We note that a thermal
radio emission component is also expected to be produced by colliding winds (Pittard
et al. 2006), but we neglect it in our simplified approach. Consequently, the observed
radio luminosity can be expressed as follows:

Lobs
radio = L f f,1 + L f f,2 + Lsynch e−τ (27)

In order to estimate the non-thermal contribution to the radio spectrum, we need
to estimate the free-free thermal contributions from the primary and the secondary,
respectively. These quantities can be calculated on the basis of the relations given for

123



M. De Becker

example by Leitherer et al. (1995), according to the free-free radio emission theory
established by Wright and Barlow (1975) and Panagia and Felli (1975):

Sν = 2.32 × 104
( Ṁ Z

V∞ µ

)4/3 (γ gν ν

d3

)2/3
(28)

where gν is the Gaunt factor obtained through the following relation:

gν = 9.77
(

1 + 0.13 log
T 3/2

e

Z ν

)

The various quantities used in these two relations are

Ṁ : the mass loss rate in M� year−1

V∞ : the terminal velocity in km s−1

ν : the frequency in Hz
d : the distance to the star in kpc
Te : the electron temperature, which is generally a fraction of the effective tempe-
rature, e.g. Te = 0.5 × Teff

µ : the mean molecular weight, i.e.
∑

Ai Mi∑
Ai

, where Ai and Mi are respectively
the abundance and the molecular weight of the i th ionic species. For a plasma
containing 77 % hydrogen and 23 % helium, µ = 1.69

Z : the rms ionic charge, i.e.
(
∑

Ai Z2
i )1/2

∑
Ai

, where Zi is the ionic charge of the i th
ionic species. For the same abundances as above, Z = 1.3

γ : the mean number of electrons per ion, i.e.
∑

Ai Zi∑
Ai

. For the same abundances
as above, γ = 1.23

Following this approach, the thermal flux density from both components of the
binary system can be calculated. Using Eq. (26) with a spectral index α of 0.6, these
quantities can be converted into radio luminosities expressed in erg s−1.

Applying Eq. (26) using Sν′ and α obtained from the observation, the observed radio
luminosity can be calculated as well. The difference between these observed (mixed
thermal and non-thermal) and theoretical (thermal) quantities provides a lower limit
on the luminosity (Lsynch,min) of the intrinsic synchrotron emission produced at the
collision zone:

Lsynch,min = Lsynch e−τ (29)

where τ is an optical depth characteristic of the total absorption undergone by the
synchrotron radiation produced globally in the emission region located at the collision
zone. This optical depth results from the integration of the opacity along the line
of sight over the entire emitting volume. The determination of such a quantity is
not straightforward and requires an accurate knowledge of the geometrical and wind
parameters of the system. This absorption factor (e−τ ) is likely to have a large impact
on the synchrotron luminosity, mostly in the cases of close binary systems and systems
including stars with dense stellar winds (e.g. WR stars). For instance, an optical depth
τ of about 2.3 would be responsible for an attenuation of the synchrotron luminosity
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by a factor 10. Moreover, we note that since we neglect here the Razin effect (see
Sect. 5.1.1) the intrinsic synchrotron luminosity will be underestimated.

6.4 Estimate of the lower limit on the inverse Compton luminosity

Provided that (1) the bolometric luminosities of the stars of the binary system are
known, (2) the distances between the stars and the collision zone have been calcula-
ted, and (3) the lower limit on the intrinsic synchrotron luminosity has been estimated,
Eq. (14) can be applied. It should be kept in mind that the intrinsic synchrotron lumi-
nosity is expected to vary with the orbital phase if the binary system is eccentric. This
comes from the fact that the emitted synchrotron power depends on the strength of the
local magnetic field and on the physical extension of the synchrotron emitting region,
both of them varying with the orbital phase. When using the minimum synchrotron
luminosity as defined by Eq. (29) at a given orbital phase, this approach leads to a
lower limit on the high-energy IC luminosity at the same orbital phase.

6.5 Estimate of the high-energy cutoff of the non-thermal spectrum

The electrons are accelerated through the first-order Fermi mechanism, and a valuable
quantity worth to be estimated is the maximum energy reached by the electrons under
given circumstances. As non-thermal radiation processes provide the most effective
cooling mechanisms of relativistic electrons, a high-energy cutoff is obtained when the
rate of energy gain of the particles is balanced by the rate of energy loss by radiative
processes like IC scattering and synchrotron emission. I note that relativistic electrons
may also lose energy through Coulomb collisions with thermal ions, but this cooling
process is not expected to be significant (Pittard et al. 2006): I thus decided to neglect
it.

On the one hand, we can use the relation given by (Dougherty et al. 2003) for the
rate of IC loss of energy of relativistic electrons, e.g. electrons whose Lorentz factor
γ is �1, and the relation provided by Rybicki and Lightman (1979) for the energy
loss by synchrotron emission:

d E

d t

∣∣∣
IC

= σT γ 2

3 π

Lbol

r2 (30)

d E

d t

∣∣∣
synch

= σT γ 2

6 π
c B2 (31)

where σT is the Thomson cross section whose value is 6.6524×10−25 cm−2. Lbol and
r are respectively the stellar bolometric luminosity and the distance from the star to
the shock region. To take into account the radiation from the two stars of the binary

system, the last factor of Eq. (30) should be written

(
Lbol,1

r2
1

+ Lbol,2

r2
2

)
.
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On the other hand, the rate of energy gain through the Fermi acceleration mechanism
given by Baring et al. (1999) can be expressed in cgs units as follows:

d E

d t

∣∣∣
Fermi

= A
χ − 1

χ (1 + g χ)

Q

θ
B V 2

sh (32)

where A is a constant ∼1.6×10−20.
In this relation, χ is the compression ratio of the shock, B is the local magnetic field

in Gauss, Vsh is the speed of the shock in cm s−1, g is the ratio between the upstream and
downstream diffusion coefficients of the high-energy particles generally considered
equal to 1/χ , and θ is the ratio of the mean free path of the particles over the gyroradius.
This latter parameter is considered to be constant across the acceleration zone, to be
independent of the particle and energy, and to characterize the turbulence. Its minimum
value is one (for the case of strong hydromagnetic turbulence), and it was considered
to be about 3 by Eichler and Usov (1993) in the case of the wind collision zone of
WR + O binary systems. A low θ value means that the turbulence is high enough to
reduce substantially the mean free path of the particles, therefore confining them in
the acceleration region. Q is the mean electric charge.

The particles are accelerated as far as the rate of energy gain is not overwhelmed
by the rate of energy loss. The maximum Lorentz factor of the relativistic electrons is
consequently provided by the condition:

d E

d t

∣∣∣
IC

+ d E

d t

∣∣∣
synch

= d E

d t

∣∣∣
Fermi

which translates to

γ 2 ≤ 3 π A (χ − 1) Q B V 2
sh

σT χ (1 + g χ) θ
(

Lbol,1

r2
1

+ Lbol,2

r2
2

+ c B2

2

) (33)

The maximum Lorentz factor (γmax) expressed by the right hand side of Eq. (33)
corresponds to an electron energy of γ me c2, where me is the mass of the electron.
Lorentz factors of the order of 104–105 can be reached depending on the long period
binary system, with longer periods leading to higher Lorentz factors. For a γmax of the
order or 104, the maximum energy reached by the electrons is about 5 GeV. When the
maximum Lorentz factor is estimated, one can determine the maximum frequency of
the photons produced by inverse Compton scattering, through the following relation
(see Eq. (12)):

νmax = 4

3
γ 2

max ν∗ (34)

where ν∗ is the typical frequency of the seed stellar photons (see Blumenthal and Gould
1970). This quantity can be estimated from Wien’s law providing the frequency of the
maximum of Planck’s function for a black body temperature corresponding to the
effective temperature of the star. For massive stars with a typical temperature of about
40,000 K, the radiation field peaks at about 4×1015 Hz, leading to a maximum energy
for the Comptonized photons of the order of a few GeV.
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In Eq. (33), both inverse Compton scattering and synchrotron emission are considered.
However, it should be noted that in most cases only IC scattering will significantly
contribute to the energy loss of the relativistic particles, and the third term between
brackets in the denominator of Eq. (33) can be neglected. The reason is that the UV and
visible radiation fields from the stars are strong, and that the synchrotron mechanism
would require too high a local magnetic field strength to become significant.

7 The multiplicity of non-thermal radio emitters

As mentioned in Sect. 3, the binary scenario appears to be the most adapted to explain
the non-thermal radio emission from massive stars. This statement comes mainly
from the fact that the binary fraction among these particular sources of radiation is
significantly large.

First, let us consider WR stars. A first census of the non-thermal emitting WR stars
was presented by Dougherty and Williams (2000), who pointed out the fact that a large
fraction of them were binary systems. At the time of the writing of this paper, 17 WR
stars have shown a non-thermal contribution in their radio spectrum (see Table 1). In
most cases, the non-thermal nature of the radio emission is revealed by the spectral
index that deviates significantly from 0.6. In some cases, the non-thermal emission is
strongly suggested by significant variations in the radio flux. A striking feature of the
list provided in Table 1 is the large fraction of double or multiple systems among the
non-thermally emitting WR stars. Out of 17 non-thermal radio emitters, 14 are at least
suspected binaries, with most of them (12) being confirmed binaries.

In the case of O-type stars, the situation is rather similar. Up to now, 16 non-
thermal radio emitters of spectral type O are known (see Table 2). In this category, 11
are confirmed binaries and two more are suspected binaries. However, as the situation
is less clear than for WR stars, the references for their mutiplicity is also given in
Table 2.

In order to evaluate the significance of the binary scenario for non-thermal radio
emitters, it is useful to give a few words on the binary fraction of massive stars in
general. As most massive stars are members of open clusters, an estimate of their
binary fraction can be obtained through multiplicity studies of massive stars in open
clusters. Some results have been published by García and Mermilliod (2001), resul-
ting in intra-cluster binary fractions ranging between 20 and 80% depending on the
open cluster. However, in-depth studies of the clusters with the largest claimed binary
fractions showed that values of 80% are heavily overestimated. Sana (2007) derived
indeed a binary fraction of the order of 60% in NGC 6231, and De Becker et al. (2006a)
showed that the binary fraction among massive stars in IC 1805 should range between
20% and 60%. Putting these numbers with results related to other clusters, the binary
fraction among massive stars in general should not be higher than 50%—and this
number should be considered as a very conservative upper limit. The lower limit on
the binary fraction among non-thermal radio emitting massive stars is therefore signi-
ficantly higher than the upper limit on the binary fraction of massive stars in general.
Studies are however currently being carried out in order address in detail the issue
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of the multiplicity of massive stars in general, and of non-thermal radio emitters in
particular.

In the case of B-type stars, only a few objects have been proposed to be non-thermal
radio emitters. However, the non-thermal nature of at least a fraction of their radio
emission is uncertain and still needs to be confirmed. Considering, the lack of relevant
observational indications for a non-thermal radio emission from B stars, this category
will not be considered here.

The issue of the binarity of many of the objects listed in Tables 1 and 2 has been
elucidated thanks to spectroscopic observations in the optical domain. In some cases,
the multiplicity was studied following high angular resolution techniques. However,
our knowledge of the multiplicity of these stars is not complete. In some cases, the
multiplicity has not yet been investigated, and in several cases the presence of the
companion has only been detected and a lot of information is still lacking concerning
the members of these multiple systems. One of the main problems relevant to the
issue of the multiplicity of stars in general is the strong bias that affects the census of
known binaries. This problem is twofold: (1) A first origin of this observational bias
is the problem of the orbital period: typical observing runs last a few days, and are
often separated by several months or years. A consequence is that most of the known
binaries have periods of a few days, and a few others are just referred to as long period
binary candidates because long term radial velocity shifts were detected on time-scales
of one or several years. That is the reason why we have only little information on the
multiplicity of several targets discussed here. It appears that intensive spectroscopic
monitoring should be performed to investigate poorly explored regions of the orbital
parameter space, in order to probe some of the fundamental properties of massive stars.
Moreover, some of the systems quoted in Table 2 appear to be multiple systems whose
spectroscopic investigation is not straightforward, pointing out the necessity to develop
or improve spectral disentangling tools. (2) A second origin of this observational bias
is the inclination of the systems we are talking about. As most of the binaries are
revealed by spectroscopic monitorings aiming at the measurement of radial velocity
excursions, systems characterized by low inclinations are often erroneously classified
as single stars. In this context, a promising technique likely to provide a wealth of
information is interferometry. Thanks to fairly long baseline interferometers such as
the Very Large Telescope Interferometer (VLTI, in Cerro Paranal, Chile) with near
infrared spectro-imaging capability, we may for instance confirm the binary status
of some stars, and study the orbital motion of long period systems whose orbital
parameters have not yet been investigated. Considering the current angular resolution
achievable with such interferometers (of the order of a few mas), interferometry should
be devoted to multiple systems characterized by rather large separations (at a distance
of 1 kpc, 1 AU of linear separation corresponds to only about 1 mas).

The information that can be obtained from such multiplicity studies concern (1) the
geometry of the binary or higher multiplicity systems and (2) the spectral and wind
properties of their members. Both are crucial in order to constrain the properties of the
non-thermal emission components likely to be studied in the radio and high-energy
domains (see Sect. 6).

Finally, I should emphasize that the binary/multiple scenario is a valuable working
hypothesis which agrees with almost all of the observational constraints available at

123



Non-thermal emission processes in massive binaries

the time of the writing of this review. More observations are needed to validate—or
invalidate—this hypothesis. These additional data are mostly required in the case of
O-type stars. Indeed, two members of the O-type non-thermal radio emitters catalogue
presented in Table 2 are only suspected binaries (i.e. HD 168112 and HD 93250), and
recent spectroscopic observations failed to reveal the presence of a companion (see res-
pectively Rauw et al. (2005b) and Lanotte (2006)). In other cases, such a spectroscopic
monitoring is still lacking. If these stars—and other non-thermal radio emitters—are
indeed single stars, an alternative scenario will be required to complement the one
that is described here. However, as the general scenario described in the previous sec-
tions in the context of binary systems still seems to be the most appropriate, such an
alternative scenario will not be considered here.

8 Multiwavelength study of the non-thermal emission

Considering the detailed discussion above, we see that a lot of physical aspects should
be taken into account simultaneously in order to address the issue of the non-thermal
emission from massive binaries in various domains of the electromagnetic spectrum.
For this reason, a multiwavelength approach is definitely needed. In this section,
I describe several results obtained in various energy domains, and I discuss some
prospects for future observations.

8.1 The radio domain

As mentioned in the introduction, the non-thermal emission from massive stars was
first reported in the radio domain. Many radio observations contributed to the census
of non-thermal radio emitters that was made by the end of the 1980’s (Wright and
Barlow 1975; Abbott et al. 1984, 1986; Bieging et al. 1989). In the large radio survey
published by Bieging et al. (1989), about 25% of the early-type stars detected in the
radio domain presented the signature of a non-thermal radio spectrum. Since then, this
fraction has increased up to a value close to 40 %. The present census of non-thermal
radio emitters is described in Tables 1, and 2, respectively, for WR and O-type stars.

Beside multifrequency radio observations of massive stars able to reveal flux densi-
ties and spectral indices, crucial information came from high-angular resolution radio
observations (VLA, VLBA, MERLIN). Thanks to these data, major progres has been
made by resolving non-thermal emission regions in the case of a few colliding-wind
binaries, therefore confirming that the non-thermal emission arises from the wind–
wind interaction region and not from the stars themselves. Among these examples, we
may consider Cyg OB2 #5 (Contreras et al. 1997), WR 146 (O’Connor et al. 2005),
WR 147 (Williams et al. 1997) and WR 140 (Dougherty et al. 2005a).

An important point worth mentioning here concerns the confrontation of observa-
tional radio results with detailed simulations of radio emission from single O-stars.
Van Loo et al. (2006) demonstrated that the observed non-thermal radio emission from
O-stars cannot be explained by current models of wind-embedded shocks produced
by the instability of the line-driving mechanism, therefore lending strong support to
the binary scenario for the non-thermal radio emission from massive stars. This latter
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scenario is thus supported by both theoretical (radio emission models) and observa-
tional (multiplicity studies) arguments.

8.2 The soft X-ray domain

One of the main questions that has been addressed in the context of ongoing mul-
tiwavelength observations is that of the high-energy counterpart to the non-thermal
emission already detected in the radio domain. As shown in Sect. 5, several processes
may be responsible for the production of a non-thermal high-energy emission. Among
the processes discussed in Sect. 5, inverse Compton scattering is expected to be the
most significant one as it requires a large amount of UV and visible photons, and mas-
sive stars are strong sources over precisely these energy domains. As a consequence,
we may expect a non-thermal component in the high-energy domain following a power
law spectral shape:

F(E) ∝ Eα (35)

The spectral index (α) is directly related to the index of the relativistic electrons:

α = n − 1

2
(36)

As a result, in the case of strong shocks where n is equal to 2 (see Eq. (3)), we expect
the non-thermal emission component in the high-energy domain to have a spectral
index of 0.5.

Several non-thermal radio emitting massive stars have been observed with the
European X-ray satellite XMM-Newton that is sensitive at energies between 0.5 and
10.0 keV. As mentioned in Sect. 2, massive stars and massive binaries are thermal emit-
ters in the X-ray domain. These thermal emission components are characterized by
plasma temperatures intimately dependent on the pre-shock velocities of the plasmas
that collide (Stevens et al. 1992). In the case of intrinsic shocks in individual stellar
winds, the pre-shock velocities are of the order of a few 100 km s−1. The post-shock
temperature is therefore of the order of a few 106 K. In the case of colliding winds, the
situation is a bit more complicated. If we consider long period binaries, i.e. binaries
with orbital periods longer than a few weeks, the separation between the stars in the
binary system is rather large. As a consequence, the winds have enough space (and
time) to accelerate up to their asymptotic velocity (the terminal velocity) before colli-
ding. In such a situation, the typical pre-shock velocity is of the order of 2,000 km s−1

and the post-shock temperature is of the order of several 107 K. In the case of close
binaries, i.e. binaries with periods not longer than a few days, the winds collide in
their acceleration zone. The pre-shock velocities are therefore much lower than in
the case of long period binaries, i.e. of the order of 1,000 km s−1, and the post-shock
temperature is of the order of 107 K.

As thermal processes dominate the X-ray spectrum of massive stars in the XMM-
Newton bandpass, we may expect the thermal emission components to have a strong
impact on our capability to detect a non-thermal emission component in the X-ray
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spectrum of massive binaries: a putative non-thermal emission component will be
detected only if it is not overwhelmed by the thermal emission.

Several O-type non-thermal radio emitters have been observed with XMM-Newton:
9 Sgr (Rauw et al. 1999), HD 168112 (De Becker et al. 2004a), HD 167971 (De Becker
et al. 2005a), Cyg OB2 #8A (De Becker et al. 2006b) and Cyg OB2 #9 (Rauw et al.
2005a). These targets are confirmed or suspected long period binaries. In each case, we
observe an X-ray spectrum characteristic of rather high plasma temperatures. Moreo-
ver, the spectrum is hard, i.e. the X-ray flux descreases rather smoothly as a function of
the energy. None of these targets revealed unambigously a non-thermal X-ray contri-
bution in their X-ray spectrum below 10.0 keV. In addition, it is worth mentioning that
the analysis by Skinner et al. (2007) of XMM-Newton data of the very long period
WR + O binary WR 147 reveals a thermal spectrum below 10 keV. On the other hand,
the XMM-Newton observation of the short period colliding-wind binary HD 159176
(De Becker et al. 2004c) revealed a rather soft thermal spectrum along with a power
law suggesting the presence of a non-thermal emission component. If it is confirmed,
HD 159176 would be the first O-type non-thermal emitter in the X-ray domain below
10.0 keV. This result is therefore very interesting, mostly if we consider that this latter
target is not a non-thermal radio emitter. A second candidate for non-thermal emission
from a short period binary in the soft X-ray domain is FO 15 (Albacete Colombo and
Micela 2005).

Considering these observational results, we may distinguish two main categories.
The first category is that of long period binaries, i.e. binaries with periods longer than
a few weeks. In this case, the separation is large and the stellar winds reach their
terminal velocities before they collide. The post-shock temperature is high and the
thermal emission is hard. In addition, the collision zone is far from the stars and the UV
radiation field is weak in the interaction zone. This situation is therefore not favourable
to the inverse Compton scattering process that requires a large amount of low energy
photons to be efficient. The putative non-thermal emission is thus expected to be weak.
As a result, long period binaries are unlikely to reveal any non-thermal contribution
in their soft X-ray spectrum (see Fig. 5, part (b)). In the radio domain, the large binary
separation allows a significant fraction of the synchrotron radio emission to emerge
from the combined stellar winds, and such systems may appear as non-thermal radio
emitters.

In the case of short period binaries, i.e. binaries with periods not longer than a few
days, the binary separation is shorter. As a consequence, the post-shock temperature at
the collision zone is lower and the thermal X-ray spectrum is softer, i.e. the X-ray flux
decreases more rapidly as the energy increases. Moreover, the short distance between
the stars and the collision zone is in favour of the inverse Compton scattering mecha-
nism. The relative intensity of the putative non-thermal emission component may be
rather high. In this situation, a non-thermal emission component may be revealed in
the X-ray domain (see Fig. 5, part (a)). In the radio domain, the synchrotron emission
is unlikely to be unveiled as the emission region is strongly burried in the combined
stellar winds, and therefore significantly absorbed. As a result, short period binaries
will not be detected as non-thermal radio emitters. Such systems may be referred to
as synchrotron-quiet non-thermal emitters, provided they produce a detectable non-
thermal radiation in the high energy domain but not at radio wavelengths.
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Fig. 5 Effect of the hardness of the thermal X-ray spectrum on the detectability of a putative non-thermal
emission component. Cases a and b stand respectively for short period and long period binaries. On the left:
schematic view of the binary system, with the bold double arrows emphasizing the significant difference in
the separation between the star and the collision zone (C Z) depending on the case (long or short period).
On the right: simulated XMM-Newton spectrum between 0.5 and 10.0 keV including thermal (T1 and T2)

and non-thermal (N T ) components. The temperature of the T1 component and the spectral index of the
NT component are the same in the two cases. The only difference resides in the temperature of the second
thermal component, which is higher in case (b) than in case (a). In the simulated spectrum of case (b), the
strong spectral line at about 6.7 keV is due to Fe, and is often considered as a signature of a high plasma
temperature. Case (a): the power law is revealed, at least above about 3 keV. Case (b): the power law is
overwhelmed by the high temperature thermal component, and is therefore not revealed

In summary, it appears that the simultaneous detection of a non-thermal emission
in the radio domain and in the X-ray domain below 10.0keV is unlikely. However, as
the detection in the X-ray domain is mostly inhibited by the presence of the strong
thermal emission, a simultaneous detection can be envisaged if we investigate the
higher energies—the hard X-rays (above 10.0keV) and the soft γ -rays—where the
thermal emission is absent (De Becker 2005).

8.3 The hard X-ray and soft γ -ray domains

The detection of a high-energy counterpart to the non-thermal radio emission still
needs to be achieved in the case of O-type stars. The analysis of INTEGRAL-ISGRI
data performed by (De Becker et al. 2007b) between 20 keV and 1 MeV failed to
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reveal any hard X-ray of soft γ -ray emission related to the O-type star population of
the Cyg OB2 region.

Another point worth mentioning concerns the magnetic field. As shown in this
paper, the magnetic field intervenes in differents aspects of the question of the non-
thermal emission from massive binaries (synchrotron radio emission, acceleration of
particles,...). One can therefore wonder whether the study of the non-thermal emission
from massive stars could lead to an indirect method to estimate the magnetic field
strength, at least locally, in the collision zone. Indeed, when we consider for instance
Eq. (14), we see that in the case of a binary system, the simultaneous knowledge
of several parameters such as the bolometric luminosities, the distance between the
stars and the interaction zone, the synchrotron radio luminosity and the high-energy
inverse Compton luminosity, may allow to estimate the strength of the local magnetic
field. However, as discussed above, the simultaneous determination of the latter two
quantities requires the combination of radio and high-energy (hard X-rays and soft
γ -rays) observations. This prospect underlines the interest of observing non-thermal
radio emitters at higher energies.

8.4 The very high-energy γ -rays

When we are dealing with very high energy processes, we should keep in mind the
fact that energy of the particles involved in these processes must be very high as well
(i.e. particles can only transfer to radiation the energy they possess). As discussed in
Sect. 6.5, the maximum Lorentz factor that can be reached by relativistic electrons in
colliding-wind binaries should be of the order of 104 to 105 (De Becker 2005; Pittard
et al. 2006). As a result, the high-energy photons produced by electrons through inverse
Compton scattering should not reach energies higher than a few GeV. However, we
should not forget that protons are also accelerated. In Eq. (32), we see that the maximum
Lorentz factor reached by particles depends on their mean free path in the acceleration
zone, i.e. the typical length scale between two scattering centres. Generally, it is
considered that this mean free path is directly related to the gyroradius of the particle.
The more massive the particles (protons are about 1,800 times more massive than
electrons), the shorter the gyroradius and therefore shorter is their mean free path.
The confinement of protons in the acceleration zone will therefore be significantly
improved as compared to that of electrons. Protons are thus expected to reach much
higher energies than electrons.

Considering the dependence of the Thomson cross section on the mass of the particle
(see Longair 1992), inverse Compton scattering by protons will be inefficient. As a
result, other hadronic processes5 such as neutral pion decay should be considered (see
Sect. 5). This latter process has indeed been proposed to be at work in the vicinity of
massive stars (Chen et al. 1996; Reimer et al. 2006; Pittard and Dougherty 2006).

5 Hadronic processes are processes involving hadrons (i.e. protons, neutrons or ions), in contrast to leptonic
processes requiring the intervention of leptons such as electrons.
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With the advent of ground-based Cherenkov telescopes able to detect γ -ray photons
with energies between about 100 GeV and a few TeV, a new window of high-energy
astrophysics is now open. Among the so-called TeV sources that have been detected in
the recent years, some of them may be related to early-type star populations. The first
unidentified TeV source was indeed discovered in the rich OB association Cyg OB2
by the High Energy Gamma Ray Astronomy consortium (Aharonian et al. 2005), and
its position has been slightly revised recently thanks to observations with the Whipple
Observatory 10 m telescope (Konopelko et al. 2007). The nature of this source is still
unknown, even though it has been proposed that it may be related to the rich population
of massive stars in the Cyg OB2 region (Butt et al. 2003; Torres et al. 2004). It is
worth noting that the recent study by Butt et al. (2007) revealed the existence of a
radio counterpart to this TeV source. Another TeV source was discovered close to the
Galactic Center using the same technique (Aharonian et al. 2004). This latter source
was proposed by Quataert and Loeb (2005) to be related to the massive star population
located in the central region of the Galaxy. However, a detailed study of the massive
star population close to the Galactic Center is still lacking, although some recent
investigations showed that tens of early-type stars (O-type and WR) are present in that
region (Paumard et al. 2004).

9 Recent theoretical developments

The many observational results gathered concerning the non-thermal radio emission
from massive binaries, along with the prospects for the detection of a high-energy
counterpart, motivated astrophysicists to develop models devoted to this issue. Signi-
ficant advances have been made during the last years.

In the radio domain, recent models by Dougherty et al. (2003, 2005b) improved
significantly our vision of the physical processes at work in colliding-wind binaries.
These new approaches use hydrodynamical codes to describe the stellar winds and
the wind collision regions in order to model the synchrotron emission, taking into
account several crucial effects such as the Razin effect or the free-free absorption by
the wind material. More recently, the detailed work by Pittard et al. (2006) improved
significantly the modelling of non-thermal emitting colliding winds through the inclu-
sion of the inverse Compton cooling. The strong impact of this latter process is indeed
likely to alter substantially the properties of the population of relativistic electrons, and
therefore the synchrotron emission as well. These models predict also a steepening
of the electron spectrum, i.e. an electron index larger than 2 (see Sect. 3), where IC
cooling is strong. This comes from the fact that IC cooling appears to be more efficient
at cooling the higher energy electrons. It is interesting to note that this may explain
why the spectral index detected in the case of HD 159176—the first O-type binary
possibly presenting a non-thermal component in the soft X-rays—is significantly lar-
ger than 0.5 which is the expected theoretical value for strong shocks. The inclusion
of IC cooling allows moreover to estimate the non-thermal high-energy spectrum of
colliding-wind binaries following a more satisfactory approach than that allowed by
Eq. (14). These recent studies allow indeed to fit models to radio data in order to
determine the population and spatial distribution of relativistic electrons without an a
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priori knowledge of the local magnetic field. In addition, it appears that the relativistic
particles themselves are expected to alter the hydrodynamic properties of the shocks
responsible for the particle acceleration, like in the case of supernova remnants (see
e.g. Decourchelle et al. 2000). When this shock modification is efficient, the relativistic
electron population is characterized by an index (see Eq. (2)) larger that 2 (see Pittard
and Dougherty 2006). On the other hand, Pittard and Dougherty (2006) suggested that
in the case of WR 140 (see below), the energy spectrum of the relativistic electrons
may be affected by the multiple accelerations likely to occur consecutively in different
shocks. In this scenario, the electrons are first accelerated by intrinsic shocks in indi-
vidual stellar winds, before being further accelerated by the shocks of the wind-wind
interaction region. When this re-acceleration process occurs, the spectral index of the
relativistic electrons is lower than 2 (Pittard and Dougherty 2006).

Alternative models have also been developed by Reimer et al. (2006) in order to ad-
dress the issue of the non-thermal high-energy emission from colliding-wind binaries.
This latter approach includes the particle acceleration self-consistently and allows
to compute high-energy spectra through various emission processes such as inverse
Compton scattering (in the Thomson and Klein-Nishina regimes) or neutral pion de-
cay. Such models are necessary in order to prepare future high-energy observations
with space-borne observatories such as GLAST, or ground-based Imaging Atmosphe-
ric Cherenkov Telescopes (IACTs).

10 Two particularly interesting systems: WR 140 and Cyg OB2 #8A

In this section, I discuss more specifically the case of two non-thermal radio emitters
that deserve particular attention. These two cases have been selected to span a rather
large domain of the stellar and orbital parameter space. The first one is a long period
binary system made of a WR and of an O-type star (WR 140), and the second one is
a shorter period binary constituted of two O-type stars (Cyg OB2 #8A).

10.1 WR 140

This interesting binary was the first star for which non-thermal emission was detected
(Florkowski and Gottesman 1977), and it has long been considered as the archetypal
non-thermal emitting WR star. It consists in a WC7 primary with an O4-5 secondary
orbiting with a period of about 7.9 year in a highly eccentric orbit (e = 0.88). Williams
et al. (1990) showed that the highly elliptical orbit is responsible for strong variations all
the way from X-rays to radio wavelengths. The intensive long term radio monitoring of
WR 140 performed by White and Becker (1995) provided for the first time a radio light
curve of a non-thermal radio emitter during a complete orbital cycle. This light curve
presented strong modulations unlikely to be attributed to free-free absorption only.
The variations are believed to be at least partly due to intrinsic changes in the physical
conditions underlying the intrinsic synchrotron emission as a function of the orbital
phase. More recently, Dougherty et al. (2005a) provided a more detailed view of the
dependence of the properties of the synchrotron radio spectrum of WR 140 as a function
of the orbital phase through multifrequency observations. In addition, the latter authors
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reported on an arc of emission—reminiscent of the bow-shaped morphology expected
for the wind collision region—that is rotating as the orbit progresses, even though it
should be noted that the observed morphology is also affected by the absorption of
radiation by the wind material close to the shock.

WR 140 has been proposed as a possible counterpart to the unidentified EGRET
γ -ray source 3EG J2022+4317 (Benaglia and Romero 2003), even though the binary
lies at the limit of its error box. The investigation of a large set of INTEGRAL-IBIS data
did not lead to the detection of a hard X-ray emission (between 20 keV and 1 MeV)
from WR 140 (De Becker et al. 2007b). On the basis of models such as discussed
in Sect. 9, Pittard and Dougherty (2005, 2006) calculated the expected high-energy
spectrum of WR 140. From the fit of the radio data at a particular orbital phase, these
authors estimated that the high-energy emission would be dominated by IC scattering
up to 50 GeV, while the emission from hadronic processes may reach a few TeV. The
predicted emission levels suggest promising results from future observations with
GLAST and Cherenkov air shower telescope arrays. A future detection of WR 140
with these latter instruments is also strongly suggested by the results of Reimer et al.
(2006).

10.2 Cyg OB2 #8A

This particularly interesting target was unambiguously classified as a non-thermal
radio emitter by Bieging et al. (1989). The spectroscopic study of De Becker et al.
(2004b) led to the discovery of its binarity, with an orbital period of about 22 days,
and De Becker and Rauw (2007) provided some indications of a wind-wind interac-
tion in this system. In the X-rays below 10 keV, the studies performed for instance by
De Becker (2001) and De Becker et al. (2006b) did not reveal any non-thermal emis-
sion component. The soft X-ray spectrum appears indeed to be essentially dominated
by the strong thermal and phase-locked variable emission from the colliding-winds
(De Becker and Rauw 2005; De Becker et al. 2006b). In the radio domain, the recent
monitoring performed by Blomme (2005) revealed a strong phase-locked variability
of the radio flux, in excellent agreement with the ephemeris published by De Becker
et al. (2004b). As the radius of the sphere with unit optical depth in the radio domain
is expected to be very large (of the order of 100 R�),6 it was a priori unexpected to
detect the synchrotron radio emission that is most probably produced in the wind in-
teraction region, i.e. deep inside the combined winds. The fact that we clearly detect
it is most probably due to a combination of wind porosity and inclination effects.
A more detailed monitoring of the orbital cycle in the radio domain is planned in the
future in order to constrain the physical cirucumstances underlying the non-thermal
emission processes at work in the colliding-wind region.

A point that deserves to be mentioned is that Cyg OB2 #8A—along with other non-
thermal radio emitting massive stars—lies inside the error box of the unidentified

6 The radius of the sphere with unit radio optical depth is a decreasing function of the frequency. It may be
of the order of a few tens of stellar radii at 3 cm, and it can reach several hundreds of stellar radii at 20 cm.
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EGRET source 3EG 2032+4118. This γ -ray source has already been proposed to be
associated to massive stars in the Cyg OB2 association: Cyg OB2 #5 (Benaglia et al.
2001b), Cyg OB2 #8A (De Becker et al. 2005b). However, recent observations with the
IBIS imager onboard the European INTEGRAL satellite between 20 keV and 1 MeV
did not allow to detect the EGRET source (De Becker et al. 2007b). Observations with
future hard X-ray observatories benefitting from a better sensitivity than INTEGRAL
are required to address the issue of the non-thermal high-energy emission from this
promising system. In this context, observations between 10 and 100 keV with the
SIMBOL-X satellite are very promising (De Becker et al. 2007a).

Among the O-type non-thermal radio emitters, Cyg OB2 #8A appears to be the best
candidate for an application of state-of-the-art models (Dougherty et al. 2003; Pittard
et al. 2006). Cyg OB2 #8A is indeed the O-type non-thermal radio emitter with the best
constrained stellar, wind, and orbital parameters (De Becker et al. 2004b; De Becker
2005), and constitutes therefore a privileged target to probe the physics underlying the
non-thermal processes in massive colliding-wind binaries.

11 Concluding remarks

Since the discovery of the occurrence of non-thermal processes in several massive
stars, significant progresses have been achieved. First, the nature of non-thermal radio
emission seems to be established: it has been identified as synchrotron radiation.
Second, we are more and more convinced that the binary scenario is the most adapted
to explain the non-thermal emission observed in the radio domain.

A crucial point that is extensively demonstrated in this review is the necessity
to address the issue of the non-thermal emission from massive binaries following a
multiwavelength approach. The discussion of the two best studied members of the
catalogues presented in Tables 1 and 2—WR 140 and Cyg OB2 #8A—shows that
many types of information on these systems (stellar parameters, wind properties,
orbital elements) are required in order to discuss in detail their non-thermal emis-
sion in several energy domains, through the application of recent theoretical mo-
dels. These models are now being applied to a few WR-type non-thermal radio
emitters. The next step will consist in their applicaiton to O-type systems such as
Cyg OB2 #8A. Such an extension to O-type binaries is a necessary condition to probe
a more extended domain of the parameter space. In addition, the investigation of
synchrotron-quiet massive binaries should not be neglected as the latter may also
constitute non-thermal radiation sources in the high-energy domain. As a result, it
may be more justified to talk about a more extended class of objects called non-
thermal emitters, among which one could find systems detected as non-thermal radio
sources—the so-called non-thermal radio emitters—and possibly non-thermal emit-
ters in the high-energy domain that are not detected as synchrotron emitters in the radio
domain.

Even though leptonic processes are by far the most studied in this context, the pros-
pect of very high γ -ray emission from massive stars deserves to consider hadronic pro-
cesses as well. State-of-the-art models now include both processes simultaneously, and
provide powerful tools likely to sketch a more complete view of the multiwavelength
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spectrum of non-thermal emitting early-type colliding-wind binaries. Additional stu-
dies aiming at the improvement of the knowledge of useful parameters are required,
notably in the visible and near-infrared domains. Such studies are needed in order to
investigate for instance the acceleration of particles in colliding winds of early-type
stars, and whether massive binaries may contribute to very high-energy sources such as
the TeV emitters that have been detected using Cherenkov telescopes in the Cyg OB2
association (Aharonian et al. 2005) or close to the Galactic Center (Aharonian et al.
2004).
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