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ABSTRACT

Context. The microquasar Cygnus X-3 was detected at high energies by the gamma-ray space telescopes AGILE and Fermi. The
gamma-ray emission is transient, modulated with the orbital period and seems related to major radio flares, i.e. to the relativistic jet.
The GeV gamma-ray flux can be substantially attenuated by internal absorption with the ambient X-rays.
Aims. We examine quantitatively the eﬀect of pair production in Cygnus X-3 and put constraints on the location of the gamma-ray
source.
Methods. Cygnus X-3 exhibits complex temporal and spectral patterns in X-rays. During gamma-ray flares, the X-ray emission can
be approximated by a bright disk black-body component and a non-thermal tail extending in hard X-rays, which is possibly related to
a corona above the disk. We calculate numerically the exact optical depth for gamma rays above a standard accretion disk. Emission
and absorption in the corona are also investigated.
Results. GeV gamma rays are significantly absorbed by soft X-rays emitted from the inner parts of the accretion disk. The absorption
pattern is complex and anisotropic. Isotropization of X-rays caused by Thomson scattering in the companion-star wind tends to
increase the gamma-ray opacity. Gamma rays from the corona suﬀer from strong absorption by photons from the disk and cannot
explain the observed high-energy emission, unless the corona is unrealistically extended.
Conclusions. The lack of an absorption feature in the GeV emission indicates that high-energy gamma rays should be located at a
minimum distance ∼108 −1010 cm from the compact object. The gamma-ray emission is unlikely to have a coronal origin.
Key words. radiation mechanisms: non-thermal – stars: individual: Cygnus X-3 – gamma rays: general – X-rays: binaries –
accretion, accretion disks

1. Introduction
Gamma-ray emission from Cygnus X-3 was detected by the
gamma-ray space telescopes AGILE and Fermi (Tavani et al.
2009; Abdo et al. 2009). This system is formed of a Wolf-Rayet
star (van Kerkwijk et al. 1996) and an unidentified compact object (a black-hole or a neutron star) in a very tight 4.8 h orbit,
situated at 7−9 kpc (Dickey 1983; Predehl et al. 2000; Ling
et al. 2009). Cygnus X-3 is also known as a microquasar because there is clear evidence of resolved relativistic radio jets
(Martí et al. 2000; Mioduszewski et al. 2001). The gamma-ray
emission is transient, modulated with the orbital period of the
system (Abdo et al. 2009) and seems to be related to giant radio
flares and episodes of major ejections of a relativistic jet. The
spectrum measured by Fermi is a soft power-law of index ∼2.7
with no sign of a high energy cut-oﬀ for a total luminosity above
100 MeV of about 3 × 1036 erg s−1 (at 7 kpc). The gamma-ray
orbital modulation was interpreted as the result of Compton upscattering of thermal photons from the Wolf-Rayet star by relativistic pairs accelerated in the jet (Abdo et al. 2009; Dubus et al.
2010).
The propagation of energetic gamma rays to the observer
can be greatly aﬀected by pair production γ + γ → e+ + e−

with the ambient radiation field in the system, regardless the
underlying production mechanisms for these gamma rays. This
issue motivated many diﬀerent studies in the past, at a time
when Cygnus X-3 was thought to emit GeV, TeV, and even
PeV gamma-ray photons (see for instance Vestrand 1983; Gould
1983; Apparao 1984; Cawley & Weekes 1984; Protheroe &
Stanev 1987; Carramiñana 1992; Wu et al. 1993). Hermsen et al.
(1987) invoked the eﬀect of gamma-ray absorption as a possible
explanation for the non-detection of Cygnus X-3 at GeV energies by COS-B. This question is quantitatively revisited here in
the context of the new gamma-ray observations of Cygnus X-3.
The goal of this article is to formulate constraints on the location
of the gamma-ray source in the system.
High-energy gamma rays in the energy band 1 =
100 MeV−10 GeV annihilate with soft X-rays photons of energy min ∼ m2e c4 /1 = 25 eV−2.5 keV. Hence, the eﬀect
of the gamma-ray opacity at high energy depends on the ambient X-ray density in the system. Known Wolf-Rayet stars
have eﬀective temperatures around T  ∼ 105 K (see e.g.
the review by Crowther 2007) and provide a high density of
∼20 eV < min thermal radiation (with a bolometric luminosity
L  1038 erg s−1 ). Absorption with stellar radiation is then irrelevant in this context. Note that the star would have a major role
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in the optical depth for very-high energy (>100 GeV) gamma
rays (Ford 1984; Protheroe & Stanev 1987; Moskalenko et al.
1993; Bednarek 2010). Some Wolf-Rayet stars present an excess in soft X-rays with luminosities up to ∼1033 erg s−1 , particularly in nitrogen-rich stars (e.g. Skinner et al. 2010). This
source of photons would be negligible in Cygnus X-3 where
the X-ray luminosity is about 1038 erg s−1 , and will not be considered here. If the accreting compact object is a neutron star,
thermal radiation is emitted by the surface of the star. With a
typical surface temperature T ns ∼ 106 K (see e.g. Yakovlev &
Pethick 2004), the neutron star provides ∼0.25 keV soft X-rays
able to absorb 1 GeV photons. The luminosity of the neutron star
Lns ≈ 1033 erg s−1 is too low and will be neglected as well in the
following. The dominant source of soft X-rays in Cygnus X-3 is
provided by the accretion disk formed around the compact object. The inner parts of the disk could be very hot with temperature T disk ∼ 106 −107 K and emit copious ∼1 keV soft X-rays in
the system. We provide in Sect. 2 and in Appendix A a complete
study of the absorption of GeV photons in the radiation field of
an accretion disk.
Long-term observations in X-rays revealed that Cygnus X-3
presents complex spectral and temporal features. Szostek et al.
(2008) classified the X-ray spectral states into five distinct
groups, from the “hard state” to the “soft state”. In the hard
state, the X-ray flux is dominated by hard X-rays (>10 keV)
and the spectrum is well-fitted by comptonized emission on thermal and non-thermal electrons with a cut-oﬀ at ≈20 keV and
a Compton reflection component. The soft state is dominated
by the bright thermal emission from the accretion disk in soft
X-rays (∼1 keV), and also contains a non-thermal tail in hard
X-rays extending at least up to 100 keV. Gamma-ray flares were
observed only when Cygnus X-3 was in the soft state (during
major radio flares). Therefore, we focus only on the soft state and
examine whether the non-thermal X-ray component could, in addition to the accretion disk, contribute significantly to increase
the gamma-ray opacity in Cygnus X-3 (Sect. 3). The nature and
the origin of this non-thermal emission is unknown. This is possibly related to electrons in the hot corona above the disk or in
the relativistic jet. The extrapolation of the hard X-ray tail in the
soft state up to the GeV energy domain is tempting. In Sect. 3 we
also examine the possibility that the gamma-ray emission comes
from a hot corona above the accretion disk using the one-zone radiative model BELM described in Belmont et al. (2008). Gammaray emission from a magnetized corona was also investigated
by Romero et al. (2010) with an application to the microquasar
Cygnus X-1.
The general and simplified picture of Cygnus X-3 adopted
in this paper is summarized and depicted in Fig. 1. The main results and conclusions of this study are exposed in the last section
(Sect. 4).

2. Absorption by the accretion disk
In this section, we propose a full study of gamma-ray absorption
by the photons from an accretion disk formed around the compact object (Fig. 1). With simple assumptions on the physics and
geometry of the disk (Sect. 2.1), we derive the main properties
of the optical depth for gamma rays (Sects. 2.2, 2.3) with an application to Cygnus X-3. Soft X-rays emitted by the disk can
be significantly scattered and absorbed by the dense Wolf-Rayet
star wind in Cygnus X-3. We discuss the impact of the stellar
wind on the gamma-ray opacity in the last section (Sect. 2.4).
A120, page 2 of 11
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Fig. 1. Diagram of the microquasar Cygnus X-3 with the diﬀerent
sources of photons considered in this study. The observer sees the disk
at an angle ψ. In cylindrical coordinates, the gamma-ray source is located at (r, φs , z), possibly in the relativistic jet. For a close-up view of
the disk see the appendix, Fig. A.1.

2.1. Accretion disk model

Pair production of high-energy gamma rays in the radiation field
of an accretion disk has been investigated by several authors
in the context of X-ray binaries (Carramiñana 1992; Bednarek
1993), but also in AGN (see e.g. Becker & Kafatos 1995; Zhang
& Cheng 1997; Sitarek & Bednarek 2008). In most of these previous studies, the accretion disk is optically thick, geometrically
thin, flat, and follows the standard quasi-Keplerian disk-α model
of Shakura & Sunyaev (1973). According to this theory, each
surface element of the disk is at thermal equilibrium. In the nonrelativistic case and if the boundary conditions of the disk are
neglected, the radial profile of the eﬀective temperature follows
 
T R̄ = T g R̄−3/4 ,
(1)
where R̄ = R/rg . R is the distance from the center of the disk and
rg = GMco /c2 is the gravitational radius of the compact object.
T g is formally the temperature of the disk at R ≡ rg , which depends on the accretion rate Ṁacc onto the central compact object
of mass Mco ; T g is defined as

1/4
3 Ṁacc c6
Tg =
,
(2)
2
8πσSBG2 Mco
where G is the gravitational constant and σSB is the StefanBoltzmann constant. Equation (1) can be rewritten as
1/4 −3/4
T (R) = 7.7 × 106 Ṁ81/4 M20
R7 K,

(3)

where Ṁ8 = Macc /10−8 M yr−1 , M20 = Mco /20 M and
R7 = R/107 cm. The inner radius of the accretion disk Rin
is not well constrained but is usually set at the last stable orbit (i.e. Rin ≡ 6 rg for a non-rotating black hole) in the softstate where the accretion disk component is very bright (e.g.
Esin et al. 1997). For an accreting neutron star, we will assume
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that the inner part of the disk reaches the neutron star surface
Rin ≡ Rns = 10 km. The emission produced by the dissipation
of the kinetic energy of the accreted material in the neutron star
surface is not considered here. We will do the approximation that
the observed X-ray luminosity comes from the disk only.
The temperature profile can be substantially modified close
to the compact object by the inner boundary condition of the
disk, neglected in Eq. (1). Using a torque-free inner boundary condition and a pseudo-Newtonian gravitational potential
(Paczyński & Wiita 1980), Eq. (1) is changed into (Gierliński
et al. 1999)
⎡
⎤

⎥⎥1/4
⎢⎢⎢
3/2
 
⎥⎥⎥
R̄
−
2
3
R̄
−
2/3
⎢
T R̄ = T g ⎢⎢⎢⎢ 
(4)
3 1 − 1/2 3/2 ⎥⎥⎥⎦ ·
⎣
2
R̄
R̄ R̄ − 2
For R̄  10, the temperature becomes significantly smaller than
in Eq. (1) (about a factor 2 at R̄ = 10). Far from the last stable orbit R̄  6, this solution matches the profile T ∝ R̄−3/4 .
Since the eﬀect of the gamma-ray absorption depends critically
on the temperature in the inner parts of the disk, we compute
here the optical depth for high-energy gamma rays in the framework of a α type disk with the modified profile temperature given
by Eq. (4). General relativistic eﬀects such as Doppler beaming
and the bending of light trajectories are neglected.
In close binaries, the accretion disk does not extend beyond
a fraction of the Roche lobe radius because of the tidal torques
exerted by the companion star, (Paczyński 1977; Papaloizou &
Pringle 1977). We set the outer radius of the disk Rout at the
Roche lobe radius. The energy of the photons emitted in the
outer part of the disk falls in the infra-red band, hence is too
small to absorb 100 MeV−10 GeV gamma rays, but could annihilate with TeV photons.
The total luminosity of the disk Ldisk depends on the accretion rate of matter Ṁacc onto the compact object, such that (for a
disk truncated at Rin ≤ R extending at infinity and following the
temperature profile in Eq. (1), Longair 1994)
Ldisk =

G Ṁacc Mco
−1
≈ 8.4 × 1037 Ṁ8 M20 R−1
7 erg s .
2Rin

(5)

We assume for simplicity that the total bolometric luminosity observed in X-rays (corrected from absorption by the Wolf-Rayet
star wind and the interstellar medium) originates in the disk in
Cygnus X-3, so that LX ≈ Ldisk . Pairs produced by the absorption of gamma rays could interact with photons from the disk or
from the star and develop an electromagnetic cascade, reducing
the opacity in the system (see Akharonian & Vardanian 1985;
Carramiñana 1992; Wu et al. 1993; Bednarek 2010). The cascade might be quenched if the ambient magnetic field is large
enough in the system (see Sect. 3.2). Synchrotron emission from
secondary pairs may be important or even dominant in hard
X-rays and soft gamma rays (Bosch-Ramon et al. 2008; Cerutti
et al. 2010; Romero et al. 2010). The cascade above the accretion
disk is not considered in the following.
2.2. Anisotropic effects

The radiation field from the accretion disk seen by a gamma ray
is highly anisotropic. The cross section for pair production depends on the scattering angle between the gamma ray and the
target photon. The gamma ray is injected above the accretion
disk at a location given by (r, φs , z) in cylindrical coordinates
(see Fig. A.1). We compute the total gamma-ray optical depth

Fig. 2. Optical depth τγγ map for a gamma-ray photon of energy 1 =
1 GeV, integrated along the line of sight up to the observer situated at
infinity. The compact object is a Mco = 20 M black hole accreting at
Ṁacc = 10−8 M yr−1 . The inner radius of the disk is Rin = 6 rg ≈ 1.8 ×
107 cm and the outer radius is Rout = 8 × 108 cm. The altitudes z ≡ Rin
and z ≡ Rout are indicated by dotted lines. Absorption is calculated
with the temperature profile given in Eq. (4). Primary gamma rays are
injected along the axis of the disk at an altitude z (r ≡ 0). The observer
sees the disk with an inclination ψ. Bright regions indicate low opacity
or “unabsorbed” regions, and dark regions high opacity or “absorbed”
regions. Level lines τγγ = 10−2 , 10−1 , 1, 10, 102 are overplotted.

exactly, i.e. by including all geometrical eﬀects. Appendix A
provides the full details for the calculation of the gamma-ray
optical depth τγγ . Figure 2 is the result of the numerical integrations in Eq. (A.1), and gives the total optical depth above the
accretion disk as a function of the viewing angle ψ and the altitude z where gamma rays are injected. The temperature profile
of the disk follows Eq. (4). In this calculation, the gamma-ray
source is on the axis of the disk (r ≡ 0, see Figs. 1, A.1) and
emits 1 GeV photons. To illustrate this, we consider the case of
a 20 M black hole accreting at a rate Ṁacc = 10−8 M yr−1
(corresponding to Ldisk ≈ 1038 erg s−1 ).
The altitude at which the medium becomes transparent to
gamma rays is lowest at low inclinations (ψ  30◦ ). The direction of the gamma rays and the photons from the disk are
about the same for these inclinations. For a higher inclination
(ψ  30◦ ), the GeV photon crosses a thicker radiation field and
the collision with the photons from the disk becomes closer to
head-on, resulting in a higher opacity for a given altitude z. In
this case, gamma rays should be injected at z  108 −109 cm for
ψ = 90◦ .
The gamma-ray optical depth also highly depends on the energy of the gamma-ray photon. The map shown in Fig. 2 changes
significantly with energy, although the same anisotropic pattern
remains. Figure 3 shows this dependence for various inclinations. Evidently, in addition to the massive star, the accretion
disk (the outer parts emitting in optical-infrared) can also be a
strong source of gamma-ray absorption for TeV gamma-rays (if
any, see the upper limit and the discussion in Aleksić et al. 2010).
A120, page 3 of 11
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between ∼1010 −1011 cm from the compact object for the neutron
star and ∼5 × 107 −109 cm for the black hole at 1 GeV. Because
GeV gamma rays seem to be unabsorbed in Cygnus X-3, the
gamma-ray source should lie beyond this critical distance. The
gamma-ray photosphere contour also depends on the energy of
the gamma-ray photon (Fig. 5, right panel).
The transparency constraint depends sensitively on the value
of the inner radius of the thin accretion disk, because GeV
gamma rays are mostly absorbed by photons emitted in the
innermost, hottest region. For thin disks with higher Rin , the
gamma-ray absorption is lower and is negligible at 1 GeV if
1/3
Rin  1.4 × 108 Ṁ81/3 M20
cm,

Fig. 3. Transmitted flux exp(−τγγ ) as a function of the gamma-ray photon energy 1 , for the following viewing angle ψ = 0◦ (right), 30◦ , 60◦
and 90◦ (left). The disk has the same physical properties as in Fig. 2.
Gamma-rays are injected at z = 100 Rin for illustrative purpose only.
The Fermi-LAT energy band (100 MeV−10 GeV) is delimited by the
dotted lines.

2.3. Map of the gamma-ray optical depth in Cygnus X-3

The inclination of the system with respect to the observer is unknown in Cygnus X-3. We consider the two extreme solutions
chosen by Szostek & Zdziarski (2008), based on their estimate
of the minimum and maximum mass-loss rate of the Wolf-Rayet
star. In the first solution the inclination of the system is i = 70◦ ,
corresponding to the case where the compact object is a neutron star (Mco = 1.4 M ) orbiting a 5 M Wolf-Rayet star. At
the other end, the inclination is i = 30◦ and corresponds to a
20 M black hole and a 50 M Wolf-Rayet star companion.
These two cases also represent two extreme solutions in terms
of gamma-ray absorption because the optical depth is higher for
high inclinations (Fig. 2). In addition, these two cases correspond to the maximum and minimum value for the inner radius
of the accretion disk, hence for a hotter and cooler accretion disk.
Assuming that the disk is in the orbital plane (so that i ≡ ψ), we
investigate the spatial distribution of the optical depth for GeV
photons above the accretion disk.
Figure 4 presents the result of the calculation for the particular case φ s = 0◦ (Figs. 1, A.1). We take the bolometric X-ray
luminosity of Cygnus X-3 as the total luminosity of the accretion disk Ldisk ≈ LX , with LX ≈ 1038 erg s−1 (see e.g. Vilhu et al.
2009), which is about the Eddington luminosity LEdd for the neutron star (accretion rate of Ṁacc = 10−8 M yr−1 ). In these maps,
the line τγγ = 1 delimits the contour of the “gamma-ray photosphere” above the disk, i.e. the surface beyond which gamma
rays can escape from the system and reach the observer. Note
that similar maps were found in the context of AGN (Sitarek &
Bednarek 2008, 2010). Absorption is more marked in the neutron case because the inner radius of the disk is Mbh /Mns ≈ 14
times smaller than in the black hole solution. Figure 5 (left panel)
shows the variations of the gamma-ray photosphere location
with the azimuth angle φs . Gamma-ray absorption is stronger
for φs = 180◦ than for φs = 0◦ because the gamma ray photon
crosses a thicker radiation field from the disk before it reaches
the observer. The gamma-ray photosphere is located at a distance
A120, page 4 of 11
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i.e., for disks with these inner radii, the mean energy of produced photons equals the minimal energy required for pair production 2.7 kT ≡ 0.25 keV (see Eq. (3)) for Rin  6 rg and
Eq. (A.2). The (unspecified) innermost accretion flow might still
contribute to gamma-ray attenuation. However, the high X-ray
luminosity would be diﬃcult to account for if the thin disk is
truncated above >
∼50 rg . The accretion rate would have to be as
high as about half the Eddington accretion rate limit for a 20 M
black hole ( ṀEdd = LEdd /c2 ).
2.4. X-ray scattering and absorption in the stellar wind

Thomson scattering and absorption of soft X-rays (10 keV) in
the dense Wolf-Rayet star wind is a major issue in Cygnus X-3.
This eﬀect is partly responsible for our poor knowledge of the
physical properties of the disk such as the temperature and the
instrinsic luminosity, in spite of many years of observations in
X-rays (Szostek & Zdziarski 2008; Hjalmarsdotter et al. 2008).
The stellar wind could significantly deplete and redistribute the
soft X-ray density seen by the GeV gamma ray, relaxing the constraints formulated in the previous section (Sect. 2.3) on the minimum distance to the accreting object.
We calculate the conservative photoelectric optical depth to
estimate the absorption of soft X-rays in the stellar wind. For a
neutral, isotropic and radial stellar wind that is assumed to be
composed of pure helium, the density of helium atoms at a distance Λ from the center of the star is
nHe (Λ) =

Ṁw
·
4πmH μi Λ2 vw

(7)

Ṁw is the mass-loss rate of the star, mH is the hydrogen atom
mass, vw the stellar wind velocity and μi is the mean molecular
weight equals to 4 for an helium wind. With a typical mass-loss
rate Ṁw = 10−5 M yr−1 and a wind velocity vw = 1500 km s−1
in Wolf-Rayet stars, nHe ≈ 5 × 1011 cm−3 at the compact object location. The column density of target atoms NHe crossed
by X-rays from the compact object up to a distance ρ is
ρ

NHe (ρ) =

nHe (Λ) dρ ,

(8)

0

where ρ is the path length integration variable between the
source of X-rays (ρ ≡ 0) and the distance ρ. The distance Λ
is related to ρ , the orbital separation d and the angle θ between
the X-ray photon direction and the orbital plane (see Fig. A.1)
via the relation Λ2 = ρ 2 + d 2 − 2ρ d sin θ. At 1 keV, the photoelectric absorption cross section is about σPE (1 keV) ≈ 2 ×
10−22 cm2 (Morrison & McCammon 1983) (assuming that the
abundance of metals per unit mass in the wind is similar to cosmic abundances). The photoelectric optical depth in the wind is
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Fig. 4. Optical depth map for 1 GeV photons in Cygnus X-3, as a function of the location of the gamma-ray source above the accretion disk
of coordinates (r, φs , z). The level lines corresponding to τγγ = 10−2 , 10−1 , 1, 10, 102 are also overplotted. The accreting compact object is a
20 M black hole (i.e. ψ = 30◦ , left panel) or a neutron star (ψ = 70◦ , right panel), located at the center of the disk (origin). The dashed line
labelled “ISO” shows the contour τγγ = 1 in the case where the radiation from the accretion disk is fully isotropized. The maps shown here are
calculated for φs = 0◦ (see Fig. 1). The inner radius of the disk is Rin = 6 rg and the outer radius chosen at the Roche lobe radius for the compact
object. Dotted lines indicate the inner and outer radius of the disk.

τw (ρ) = NH (ρ)σPE (1 keV)  1 if ρ  1010 cm (for the black hole
and the neutron star case). This critical distance is much bigger
than the gamma-ray photosphere radius in the black hole case,
but is comparable for the neutron star solution. This is probably an overestimate in Cygnus X-3 because the wind should
be fully ionized around the X-ray source over distances comparable to the orbital separation ∼1011 cm (Szostek & Zdziarski
2008), hence much larger than the extension of the gamma-ray
photosphere. We conclude that absorption of soft X-rays in the
wind should not aﬀect the gamma-ray opacity above the accretion disk.

gamma-ray optical depth. Calculations show that the gamma-ray
photosphere is nearly spherical and of a radius ≈1010 cm (Fig. 4,
dashed lines). The photosphere is about a hundred times more
extended in the black hole case. The inclination of the system
has a weak impact on this result. The real gamma-ray photosphere would likely be contained between the anisotropic and
the isotropic case i.e. 108 −1010 cm, regardless of the nature of
the compact object in Cygnus X-3.

Thomson scattering between X-rays and unbound electrons
in the wind could result in a redistribution and isotropization
of the directions of the photons. For a fully ionized wind, the
Thomson optical depth in Cygnus X-3 gives τT ∼ 2NHe σT ≈
0.5−1.8, for ψ = 30◦ and 70◦ respectively (where the factor 2
accounts for two electrons per He atoms, σT is the Thomson
cross section, and NHe is the helium column density integrated
up to infinity in Eq. (8)). Gamma rays would see a diﬀerent angular distribution (more isotropic) of the incoming X-ray distribution. This might increase the gamma-ray optical depth (as
collisions between photons would be on average closer to headon) and reduce the anisotropic pattern of the gamma-ray photosphere in Fig. 4, in particular in the neutron star case. To address this question more quantitatively, we performed the same
calculation of the gamma-ray optical depth as in the previous
section assuming that the angular distribution of the photons
from each unit surface of the disk is isotropic (the integrand in
Eq. (A.1) is averaged over a uniform distribution of pitch angle
θ0 ). This extreme situation of full isotropization yields an upperlimit to the eﬀect of X-ray scattering in the stellar wind on the

The goal of this part is to investigate the role of a corona
in emission and absorption of high-energy gamma rays. First,
we estimate the contribution of non-thermal hard X-rays from
the corona to the gamma-ray opacity (Sect. 3.1). Second, we
model the emission of the corona and look whether GeV gamma
rays can be produced and escape the system in Cygnus X-3
(Sect. 3.2).

3. Absorption and emission in the corona

3.1. Absorption with non-thermal hard X-rays

We modeled the corona as a spherical region of radius Rc centered at the location of the compact object where energetic
electrons are injected and radiate via synchrotron and inverse
Compton scattering. For an optically thin and homogeneous
spherical source, the emerging photon density has a radial dependence (Gould 1979; Band & Grindlay 1985). We approximate the emission inside the corona (ρ < Rc , where ρ is the
distance to the center) as homogeneous and isotropic. Outside
(ρ > Rc ), photons are assumed to escape radially, hence the flux
decreases as 1/ρ2 and the corona appears as a point-like emitter.
A120, page 5 of 11

A&A 529, A120 (2011)

Fig. 5. Azimuth (left panel) and energy dependences (right panel) of the gamma-ray photosphere contour (τγγ ≡ 1) above the accretion disk, for a
20 M black hole (ψ = 30◦ ). In the left panel, φs = 0◦ , 60◦ , 120◦ , and 180◦ with 1 = 1 GeV. In the right panel, the energy of the gamma-ray is
1 = 1, 10 and 100 GeV for φs = 0◦ . Pair production with stellar radiation is not included in this plot. The dotted line shows the inner radius of the
disk.

X-ray photons are injected with a power-law energy distribution
of index −2 ranging from 10 keV to 100 keV, corresponding to
a total power injected in the corona of Lc = 5 × 1036 erg s−1 .
This simple spectral parametrization is a fairly good representation for the hard X-ray tail observed in the soft state above
10 keV (and radio flares, see e.g. Szostek et al. 2008, Fig. 8).
Appendix B gives more details on the adopted model.
Figure 6 shows the contribution to the gamma-ray optical
depth at 1 GeV integrated along the line of sight as a function of
the location of the gamma-ray source above the accretion disk
(for r = 0). Inside the corona, τγγ is almost constant and gamma
rays are only marginally absorbed even if the corona is compact (Rc ≈ Rin ). Outside, the gamma-ray optical depth drops
because of the decrease of the coronal photon density with distance ∝1/ρ2 . Gamma-ray absorption by hard X-rays dominates
over absorption by the accretion disk photons beyond a certain
altitude z if the corona is extended, but the optical depth is very
low in this case (τγγ
1) unless the luminosity in the corona is
very high Lc  1038 erg s−1 . However, a high flux like this is not
observed in hard X-rays even during major radio flares where Lc
can be as high as 5 × 1037 erg s−1 (between 10 and 100 keV).
This simple calculation shows that the non-thermal X-ray component in the soft state is not intense enough to produce an extra
absorption feature in gamma rays. The results obtained in the
previous section are unchanged by the presence of the corona.
3.2. Gamma-ray emission from the corona

In this section, we aim to model the emission from the corona in
Cygnus X-3 more precisely, and see whether it could explain the
observed gamma-ray emission. In Hjalmarsdotter et al. (2009)
the X-ray spectra of the ultra-soft state of Cygnus X-3 were fitted with the thermal/nonthermal comptonization model EQPAIR
(Coppi 1999). In this model the X-ray source is modeled as a
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Fig. 6. Optical depth at infinity for 1 GeV photons interacting with nonthermal hard X-rays (10−100 keV). Gamma rays are injected on the
axis of the accretion disk at an altitude z (r ≡ 0) and with an inclination
ψ = 30◦ . The corona X-ray density is homogeneous and isotropic in a
spherical region of radius Rc = 6 rg (solid line), 60 rg (dashed line) and
600 rg (dotted-dashed line) around the compact object, here a 20 M
black hole (6 rg = 1.8 × 107 cm). Outside, the X-ray flux is radial. The
total power injected in hard X-rays is Lc = 5× 1036 erg s−1 . The gammaray optical depth from the disk only is shown with the red dashed line
for comparison.

spherical comptonizing cloud in which soft photons are uniformly and isotropically injected with a multicolor accretion disk
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spectrum. The electron distribution of the comptonizing electrons is hybrid: at low energy the distribution of electrons is
Maxwelllian with a non-thermal quasi-powerlaw extension at
high energies. The Compton cloud is powered through two channels: 1) direct heating of the thermal electrons, 2) injection of
high-energy electrons with a power-law distribution. The steady
state particle and photon distributions in the cloud are then computed according to energy and electron/positron pair balance, as
a function of the power input in the corona, as well as other parameters, such as the temperature of the soft seed photons, size
of the emitting region or Thomson optical depth τ of the plasma.
The calculation is performed in the one-zone approximation and
radiative transfer is dealt with using an escape probability formalism.
From this analysis of the X-ray spectra of Cygnus X-3,
Hjalmarsdotter et al. (2009) infer that in the ultra-soft state,
about half of the coronal power is provided to the electrons in
the form of non-thermal electrons injected with a slope Γinj 
2.1. In principle, these non-thermal electrons could also be responsible for the gamma-ray emission detected by Fermi. This
would require that the coronal electrons are accelerated up to
a γmax > 104 . In the EQPAIR model the grids used to compute
the electron and photon energy distributions are fixed and cannot be extended to an energy high enough to simulate the Fermi
emission. In Hjalmarsdotter et al. (2009) the maximum Lorentz
factor of the injected electrons is γmax = 103 , clearly too low
to produce the gamma-ray emission. However, the exact value
of γmax is not constrained by the X-ray data and could be much
higher.
Below, we use the BELM code (Belmont et al. 2008) to estimate the gamma-ray flux predicted by this model. The BELM
code is very similar to EQPAIR (i.e. based on the resolution of the
kinetic equations in the one-zone, isotropic approximation) but
it oﬀers more flexibility regarding the maximum energy of the
electrons. BELM can also take into account synchrotron emission
and self-absorption (in addition to Compton, electron-proton
Bremsstrahlung emission, pair production/annihilation and the
internal electromagnetic cascade of pairs). We use exactly the
same parameters found by Hjalmarsdotter et al. (2009) in their
best-fit model of the ultra-soft state except that the maximum
Lorentz factor is now fixed at γmax = 2 × 105 to produce gammaray emission up to 100 GeV. The total power injected as nonthermal electrons is set to Lnth = 3 × 1037 erg s−1 .
We find that high-energy gamma rays are mostly produced
by inverse Compton scattering. However, gamma rays suffer from a strong absorption via pair production with noncomptonized disk photons (see Fig. 7). The gamma-ray flux
cannot be explained. The radiation from the cascade of pairs
in the corona is not suﬃcient to increase the gamma-ray flux
to an observable level. Pair production can be reduced if the
corona is more extended. The best-fit solution to the X-ray
data in the ultra-soft state corresponds to a corona of radius
Rc = 8×107 cm ≈ 30 rg (for a 20 M black hole). By keeping the
total bolometric luminosity constant (Lbol = 3.6 × 1038 erg s−1 ),
the level of emission and the spectrum in the Fermi energy band
can be reproduced if the radius of the corona Rc  1010 cm
(Fig. 7).
These results are consistent with the detailed calculation of
gamma-ray absorption above the disk (i.e. inhomogeneous in the
full isotropization limit, see Sect. 2.4). Some spectral changes
appear in X-rays because of the reduction in the compactness
of the corona. Figure 7 shows that it will be diﬃcult to reconcile the flat X-ray spectrum at 100 keV seen in very soft
states (produced by electrons when the compactness is high)

Fig. 7. Simulated high-energy spectrum from the corona in
Cygnus X-3 with BELM. The multicolor black-body spectrum from the
accretion disk (black dotted line) is comptonized by a population of
thermal and non-thermal electrons that are heated and accelerated in
the corona up to a maximum Lorentz factor γmax = 2 × 105 . The black
line shows the best-fit solution (not corrected from absorption of soft
X-rays by the ISM and the stellar wind) to the X-ray data (archive
RXTE data, pink crosses from Szostek et al. 2008) in the ultra-soft state
given in Hjalmarsdotter et al. (2009). This solution corresponds to a
corona of radius Rc = 8 × 107 cm and a total unabsorbed bolometric
luminosity Lbol = 3.6 × 1038 (at 9 kpc). This figure also shows the
spectra for Rc = 8 × 108 (green), 8 × 109 (blue) and 8 × 1010 cm (red),
assuming the same bolometric luminosity. The dashed lines are the
intrinsic spectra (without pair production) and the solid lines are the
absorbed spectra that reach the observer. The Fermi power-law taken
from Abdo et al. (2009) is overplotted for comparison.

with significant gamma-ray emission (which requires low compactness to avoid gamma-ray attenuation by pair production).
Note also that the spectrum could be changed by anisotropic effects and inhomogeneities that are not taken into account in this
model. It is diﬃcult to imagine a very extended corona since
most of the gravitational potential energy (90%) remains in the
region within 30 rg around the compact object.
The simulations in Fig. 7 assumes no magnetic field. For a
magnetic energy density that is at equipartition with the radiation in the corona, the magnetic field is about Beq ∼ 5 × 106 G
(for Rc = 8 × 107 cm). Synchrotron radiation becomes the dominant process at high energies, but the shape of the escaping highenergy spectrum changes only slightly. The energy of the absorption cut-oﬀ remains magnetic-field independent, hence the
constraints on the size of the corona are unchanged. In addition, the high-energy cut-oﬀ of the intrinsic synchrotron spectrum cannot exceed me c2 /αF ≈ 70 MeV (where αF is the fine
structure constant, see e.g. Guilbert et al. 1983) because of synchrotron losses, hence it remains too low to account for the highenergy emission. This limit is calculated assuming there is no
relativistic Doppler boosting and that the cooling timescale via
synchrotron emission tsyn equals the acceleration timescale of
particles in the corona, which cannot be shorter than the Larmor
timescale tL , an assumption that is usually made, e.g., in diffuse shock acceleration. This balance between acceleration and
cooling also implies that it is very diﬃcult to accelerate particles
at high energies (e.g. Hillas 1984; Aharonian et al. 2002). For
the equipartition magnetic field strength, the condition tsyn ≥ tacc
A120, page 7 of 11

A&A 529, A120 (2011)

gives γmax ≤ (9m2e c4 /4e3 Beq )1/2 = 5 × 104 , allowing gamma-ray
emission to a few tens of GeV only. To accelerate particles to
γmax = 2 × 105, the magnetic field should not exceed ∼3 × 105 G.
These estimates are based on the optimistic assumption that the
acceleration eﬃciency defined as η = Ės /eBc equals 1 (where
Ės is the synchrotron energy losses and e is the charge of the
electron). The constraint on the magnetic field strength in the
corona could be even more stringent than what is given here.
The magnetic field strength at equipartition is also suﬃciently
high to quench the development of pair cascade.
We conclude that the gamma-ray emission measured by
Fermi has probably not a coronal origin.

4. Conclusion
High-energy gamma-ray emission in Cygnus X-3 seems to be
related to the soft X-ray state, i.e. when the X-ray spectrum
is dominated by a bright accretion disk component. Gamma
rays should be significantly absorbed by soft X-rays emitted
by the inner (hottest) parts of the accretion disk, unless the
gamma-ray source lies far enough away from the disk. The apparent lack of an absorption feature in the spectrum measured
by Fermi indicates that high-energy gamma rays should be located at least ∼108 −1010 cm away from the accreting star, depending on the inclination of the system. These conclusions are
not aﬀected by absorption of X-rays in the stellar wind, since
this process becomes significant at larger distances 1010 cm.
Thomson scattering with free electrons in the wind could redistribute and isotropize the X-ray emission above the disk and affect the gamma-ray optical depth map above the accretion disk.
In the limit where X-rays from the disk are fully isotropized,
the gamma-ray photosphere is quasi-spherical and is located at
about 1010 cm from the compact object. A more detailed treatment of this eﬀect would require for instance Monte Carlo techniques to follow the multiple elastic scattering of X-rays in the
wind.
In addition to the bright black-body emission from the accretion disk, the X-ray spectrum contains a non-thermal tail in hard
X-rays that is probably related to a corona above the disk. We
modeled the corona as a spherical, isotropic, and homogeneous
cloud around the compact object. We showed that gamma-ray
absorption with non-thermal hard X-rays from the corona is too
small compared with the contribution from the disk. We also
presented a more precise modeling of the non-thermal radiation
from the corona in Cygnus X-3 with BELM. This code enables
one to extend the energy of the electrons in the high-energy domain. Using the best-fit solution to X-ray data of Hjalmarsdotter
et al. (2009), we found that gamma rays produced in the corona
suﬀer from strong absorption by non-comptonized photons from
the disk before they escape to the observer. The gamma-ray flux
seen by Fermi could be reproduced if the corona is unrealistically extended (Rc  1010 cm). The results of this study do not
favor a coronal origin of the observed gamma-ray emission.
At distances comparable to the orbital separation, the WolfRayet star photon density dominates over the accretion disk
X-ray density. The gamma-ray emission and the modulation are
likely to be produced by energetic electron-positron pairs that
are possibly located in the jet, and that upscatter the stellar radiation via inverse Compton scattering. In this case, the Fermi
spectrum is well fitted if pairs are injected with a power-law
energy distribution of index 4.4. The power-law cannot extend
below γmin  50 (assuming no Doppler boosting) or the observed hard X-ray flux below 100 keV would be overestimated.
Alternatively, the inverse Compton emission from the jet could
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also be responsible for the hard X-ray emission (instead of the
corona). This would require a spectral break in the electron energy distribution below γbrk  103 with a harder power-law of
index close to 3 with γmin  10 (to obtain a flat spectrum above
10 keV). The emerging picture is that high-energy gamma rays
are probably emitted far from the accretion disk, possibly in the
relativistic jet (Dubus et al. 2010).
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Appendix A: Calculation of the gamma-ray optical
depth in the radiation field of a standard
accretion disk
We give here the detailed calculation of the optical depth τγγ for
a gamma-ray photon of energy 1 propagating above an accretion disk. The disk is optically thick, geometrically thin, and flat
with an inner radius Rin and external radius Rout as depicted in
Fig. A.1. The compact object lies at the center of the disk at the
point O. We consider a point-like source of high-energy gamma
rays located at a radial distance r, at an altitude z above the accretion disk and with an angle φs with the x-axis in the plane of
the disk. A distant observer sees the disk with an angle ψ, this
direction is set in the (xOz) plane.
A.1. Total gamma-ray optical depth

The total gamma-ray optical depth τγγ integrated over the highenergy photon path length l and the target photon density from
the disk dn/ddΩ (in ph cm−3 erg−1 sr−1 ) yields
+∞

τγγ =
0

Ωdisk
0

+∞
min

dn
(1 − cos θ0 ) σγγ ddΩdl,
ddΩ

(A.1)

where  is the disk photon energy, θ0 the angle between the two
photons, σγγ the pair production cross section (see e.g. Gould
& Schréder 1967) and Ωdisk the total solid angle covered by the
accretion disk seen from the gamma ray. Equation (A.1) must
also satisfy the kinematic condition
 ≥ min =

2m2e c4
1 (1 − cos θ0 )

(A.2)

where me is the rest mass of the electron (or positron), otherwise
no pairs are produced i.e. τγγ = 0.
A.2. Geometrical aspects

To explicitly derive the gamma-ray optical depth in Eq. (A.1),
a few geometrical relations need to be established. First, we define the following unit vectors in Cartesian coordinates as (see
Fig. A.1)
eobs = (sin ψ, 0, cos ψ)

(A.3)

along the direction joining the source and the observer,
eR = (cos φ, sin φ, 0)

(A.4)

along the OM direction,


eρ = sin θ cos φρ , sin θ sin φρ , cos θ

(A.5)
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Fig. A.1. Diagram of a flat, geometrically thin accretion disk formed around the compact object in the center (point O). A source of energetic
gamma rays lies above the disk seen at an angle ψ by a distant observer. Gamma rays and photons from the unit surface of the disk dS (centered
around point M) interact at the point P with an angle θ0 . Point Q is the projection of point P in the disk plane. All the other geometrical quantities
referred to in the text for the calculation of the gamma-ray optical depth are also shown here.

along the OP direction and

where

edisk = (sin α cos ω, sin α sin ω, cos α)

(A.6)

in the MP direction. Elementary trigonometry gives
z + l cos ψ
cos θ =
,
ρ

sin θ =

y2 + (x + l sin ψ)2

1/2
,

ρ

(A.7)

where x = r cos φs and y = r sin φs are the coordinates of the
source in the plane of the disk. Combining the expressions given
in Eq. (A.7), we obtain
ρ = x + y + z + l + 2l (x sin ψ + z cos ψ) .
2

2

2

2

2

D2 = R2 + ρ2 − 2Rρ cos χ,

(A.9)

with
cos χ = eρ · eR = sin θ cos φρ cos φ + sin θ sin φρ sin φ,

y
sin φρ =
·
ρ sin θ

cos α =

ρ cos θ
,
D

sin α =

D − ρ cos θ
δ
=
D
D
2

dΩ =

edisk · ez dS
ρ cos θ
=
RdRdφ,
2
D
D3

(A.15)

ez is the unit vector along the z-axis.

2

(A.11)

(A.12)

The cosine of the scattering angle θ0 between the high-energy
gamma ray and the photons from the element surface of the disk
is
cos θ0 = eobs · edisk = sin ψ sin α cos ω + cos ψ cos α,

In the standard model, the accretion disk is formed by concentric
annuli in thermal equilibrium that emit a black-body spectrum
(see e.g. Pringle 1981). Hence, a surface element of the disk dS
generates the density

with h the Planck constant, k the Boltzmann constant and T (R)
the eﬀective temperature of the disk at the distance R from the
center. Using the temperature profile given in Eq. (1), the spectrum integrated over the disk is

1/2
·

A.3. Soft-photon density of the disk

dn
2
2
= 3 3
,
ddΩ h c exp [/kT (R)] − 1

The angle α between the direction MP and the axis of the disk z
introduced in Eq. (A.6) is defined as
2

The element solid angle dΩ covered by the surface dS = RdRdφ,
as seen by a gamma-ray photon along its way to the observer is
(see Fig. A.1)

(A.10)

where



(A.14)

(A.8)

The distance D ≡ MP between the element surface of the disk
dS and the point where both photons collide is

x + l sin ψ
,
cos φρ =
ρ sin θ

x + l sin ψ − R cos φ
cos ω = 
 ·
D2 − ρ2 cos2 θ 1/2

(A.13)

dn
=
d

Ωdisk
0

(A.16)

dn
dΩ,
ddΩ

(A.17)

where dΩ is given in Eq. (A.15). If the observer is located at a
distance L  R so that D ≈ ρ ≡ L and θ ≈ ψ, dΩ simplifies into
dΩ ≈ cos ψRdRdφ/L2. The isotropic apparent flux of the disk
seen by the observer L (in erg s−1 ) is then
L = 4πcL2  2

dn
= 8π2 c cos ψ  2
d

Rout
Rin

dn
RdR.
ddΩ

(A.18)
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In the limit Rin

R Rout , the flux can be expressed as
   
210/3 452/3 ζ 83 Γ 83 G2/3
2/3 2/3 4/3
L =
cos ψ Ṁacc
Mco  ,
(A.19)
3π2 hc2/3

a power-law of index 4/3 in energy. G is the gravitational constant. ζ and Γ are the Riemann and the gamma functions respectively, with ζ (8/3) ≈ 1.2842 and Γ (8/3) ≈ 1.5046.
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Appendix B: Calculation of the gamma-ray optical
depth with non-thermal hard X-rays from the
corona
B.1. Photon density of the corona

Hard X-rays are assumed to originate from the corona, a spherical region of radius Rc (see Fig. B.1). The density of non-thermal
X-rays follows
dn
= Kc  −p ,
d

(B.1)

where Kc is a normalization constant and p the spectral index.
For simplicity, we assume that X-rays are emitted radially outside the corona (if ρ > Rc ). If Lc is the total luminosity of the
corona, we have
Lc = 4πρ2 c

+
−



dn
d.
d

(B.2)

Hence the density of non-thermal X-rays outside the corona is
 2
dnext
Rc
(ρ) = K0
 −p ,
d
ρ

(B.3)

Outside the corona, X-ray photons are anisotropic and not homogeneous. The angle of interaction is related to the length path
l via
cos θ0 = eobs · eρ




z + (l0 + l) cos ψ
(l0 + l) sin ψ
, 0,
= (sin ψ, 0, cos ψ) ·
ρ
ρ
l0 + l + z cos ψ
,
(B.8)
=
ρ

where l0 is given in Eq. (B.6), l is the distance NP, and ρ is the
distance to the interaction point from the center OP such that
ρ2 = (l0 + l)2 + z2 + 2z (l0 + l) cos ψ.

where (if p  2)
K0 =

Fig. B.1. Corona approximated as an optically thin spherical region of
radius Rc (violet region) centered at the compact object (point O), and
emit hard X-rays. Inside the corona (ρ < Rc ), the density of hard X-rays
is uniform and isotropic. Outside (ρ > Rc ), photons propagate radially
outward. Gamma rays are injected on the disk axis with an inclination
ψ toward the observer.

(2 − p) Lc
 −p+2
 ·
4πc +
− −−p+2 R2c

The gamma-ray optical depth is then
(B.4)

+∞

τext (1 , z) =
l0

+
−

dnext
(ρ) (1 − cos θ0 ) σγγ ddl.
d

If X-ray photons are homogeneous and isotropic inside the
corona (ρ < Rc ), then

The total optical depth is τγγ = τint + τext .

dnint dnext
(ρ = Rc ) = K0  −p .
=
d
d

References

(B.5)

B.2. Optical depth

Gamma rays are injected on the axis of the accretion disk at an
altitude z. If z < Rc , gamma rays first cross the corona over a
distance l0 given by
1/2

l0 = R2c − z2 1 − cos2 ψ
− z cos ψ,

(B.6)

and escape at the point N (see Fig. B.1). We average over an
isotropic distribution of pitch angle between both photons θ0 .
The integral over the length path in the full expression of the total optical depth (Eq. (A.1)) is trivial because there is an invariance in l for homogeneous target photon density. The gamma-ray
opacity inside the corona is
τint (1 , z) =

l0
2

+
−
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dnint
(1 − cos θ0 ) σγγ sin θ0 dθ0 d. (B.7)
d
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