
A&A 519, A109 (2010)
DOI: 10.1051/0004-6361/200913663
©ESO 2010

Astronomy 
Astrophysics

Non-thermal processes around accreting galactic black holes
G. E. Romero1,2’*,  F. L. Vieyro1’**,  and G. S. Vila1’**

* Member of CONICET. Argentina.
** Fellow of CONICET. Argentina.

1 Instituto Argentino de Radioastronomía (IAR, OCT La Plata. CONICET), CC5, 1984 Villa Elisa. Buenos Aires. Argentina 
e-mail: fvieyro@iar-conicet.gov.ar

2 Facultad de Ciencias Astronómicas y Geofísicas. Universidad Nacional de La Plata. Paseo del Bosque s/n. 1900 La Plata. Argentina

Received 13 November 2009 / Accepted 28 May 2010

ABSTRACT

Context. Accreting black holes in galactic X-ray sources are surrounded by hot plasma. The innermost part of these systems is likely a 
corona with different temperatures for ions and electrons. In the so-called low-hard state, hot electrons Comptonize soft X-ray photons 
from the disk that partially penetrates the corona, producing emission up to ~ 150 keV. well beyond the expectations for an optically 
thick disk of maximum temperature ~ I O' K. However, sources such as Cygnus X-l produce steady emission up to a few MeV. which 
is indicative of a non-thermal contribution to the spectral energy distribution.
Aims. We study the radiative output produced by the injection of non-thermal (both electron and proton) particles in a magnetized 
corona around a black hole.
Methods. Energy losses and maximum energies are estimated for all types of particles in a variety of models, characterized by different 
kinds of advection and relativistic proton content. Transport equations are solved for primary and secondary particles, and spectral 
energy distributions are determined and corrected by internal absorption.
Results. We show that a local injection of non-thermal particles can account for the high energy excess observed in some sources, 
and we predict the existence of a high-energy bump at energies above 1 TeV, and typical luminosities of ~1033 erg s 1.
Conclusions. High-energy instruments such as the future Cherenkov Telescope Array (CTA) can be used to probe the relativistic 
particle content of the coronae around galactic black holes.
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1. Introduction
Disks around galactic black holes are formed by the accretion 
of matter with angular momentum. These disks are opaque and 
emit locally thermal radiation of temperatures up to ~107 K 
(Shakura & Sunyaev 1973). These disks cannot be responsi
ble for the hard X-ray emission extending up to a few MeV 
detected from Cygnus X-l and similar X-ray binaries and mi
croquasars in the low-hard state. This finding and the presence 
in the spectrum of features like a broad iron Ka line and a hard 
X-ray bump, led to the idea that a corona of hot plasma might 
surround the black hole and part of the disk. Two-temperature 
models for this plasma were first suggested by Shapiro et al. 
(1976). In these types of models protons are much hotter than 
electrons (T; » Te). Since the pressure is dominated by the 
protons, the disk inflates, the density drops, and there is a low 
rate of Coulomb energy exchange between protons and elec
trons, allowing the existence of a two-temperature plasma in 
a self-consistent way. The Comptonization of soft photons re
sults in a hard X-ray spectrum. The model, however, is unstable 
to small perturbations in the ion temperature T\ (Pringle 1976; 
Piran 1978).

When the plasma density is very low, the protons are un
able to transfer energy to the electrons. If matter is advected into 
the black hole (Ichimaru 1977; Narayan & Yi 1995a,b) or re
moved outward as a hot wind (Blandford & Begelman 1999), 
thermally stable solutions can be found. The geometry of the re
gion with the hot plasma is not well-constrained, but a spherical 

region around the black hole is usually considered (e.g., Esin 
et al. 1997, 1998). The two-temperature plasma then forms a 
hot corona around the blackhole. In the different spectral states, 
the cold disk penetrates to different distances from the black 
hole. In the very high-soft state it goes all the way down to the 
last stable orbit (see Narayan et al. 1998; Narayan & McClintock 
1998, for comprehensive reviews).

The general view of a relatively low density hot corona and 
a cold accretion disk was presented by Bisnovatyi-Kogan & 
Blinnikov (1977). The mechanism for heating the corona may 
be magnetic reconnection of field loops emerging from the disk 
(Galeev et al. 1979). Violent reconnection may lead to plasma 
motions and collisions, with shock formation. A non-thermal 
particle population might then arise in the corona as the result 
of diffusive shock acceleration (e.g., Spruit 1988).

The effects of a non-thermal population of electrons in a hot 
corona were considered by Kusunose & Mineshige (1995) and 
more recently by Belmont et al. (2008) and Vurm & Poutanen 
(2009). The results of the injection of non-thermal protons and 
secondary pions and muons in a magnetized corona has not been 
comprehensively studied so far. The contributions from the tran
sient particles can be important at high energies. The emerging 
emission from all non-thermal processes may in principle be de
tectable by future Cherenkov telescope arrays such as CTA or 
AGIS. Hence, high-energy gamma-ray astronomy can provide 
a tool to probe the non-thermal particle content of hot coronae 
around blackholes.

In this paper, we present detailed calculations of the radiative 
output of non-thermal particles in a simplified model of magne
tized corona. The existence of the corona is assumed and the
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Fig. 1. Schematic representation of the compo
nents of the system discussed in the text. In the 
spherical corona, the thermal and non-thermal 
components are co-spatial. Not to scale.

effect of injection of both relativistic protons and electrons are 
considered. The distributions of all relevant secondary particles 
are estimated and their radiative output computed. The coro
nal matter and radiative fields are considered as targets for the 
populations of relativistic particles. The internal absorption of 
gamma-rays is calculated and the spectral energy distributions 
of different models are presented. The result is a self-consistent 
treatment of the non-thermal processes in the sense that once the 
medium is fixed in each model, we solve the transport equations 
for all type of particles and use the obtained particle distributions 
to estimate the non-thermal radiation.

The structure of the paper is as follows. In Sect. 2. we outline 
the basic scenario that is discussed in the paper. Section 3 deals 
with particle acceleration and losses in the coronal environment. 
The maximum energy for the different particles is determined. In 
Sect. 4, the radiation is calculated and the spectral energy distri
butions are presented, for different sets of parameters. Section 5 
presents an application to Cygnus X-l. We close with a brief 
discussion and conclusions in Sects. 6 and 7, respectively.

X-ray binaries with well-formed coronae in the low-hard 
stale produce relativistic jets. In these systems the power of 
the jet is understood to be related to the magnetic field, since 
the jet launching mechanism is likely of magnetic origin (e.g.. 
Spruit 1988). For Cygnus X-l and similar systems, the jet kinetic 
power is of approximately the same luminosity as the corona. 
Hence, the value of the mean magnetic field B can be estimated 
by equipartition between the magnetic energy density and the 
bolometric photon density of the corona Lc (e.g., Bcdnarck & 
Giovannelli 2007, and references therein).

B- _ Lc
8æ 4æ#2c ’ (1)

which implies a value B = 5.7 x 10s G.
It is assumed that the corona consists of a two-temperature 

plasma, with an electron temperature Te = 102 * * * * * * 9 * * K and an ion tem
perature 7) = 1012 K (e.g.. Narayan & Yi 1995a,b). The physical 
conditions in which this assumption is valid were extensively 
discussed by Narayan & Yi (1995a,b) and Narayan et al. (1998). 
The corona and the base of the jet are thought to be a region 
with similar properties in the standard jet-disk symbiosis model 
(Malzac et al. 2009). We assume a spherical corona where ther
mal and non-thermal components are co-spatial. If the magnetic 
field launches the plasma into a jet, equipartition between mag
netic and kinetic energy densities is a reasonable assumption that 
allows us to estimate the plasma density (e.g.. Zdziarski 1998; 
Narayan & Yi 1995a,b) to be

2. Basic scenario
The low-hard state of accreting black holes is characterized by
the presence of a hot corona around the compact object. The ex
istence of this component is strongly implied by the X-ray spec
trum of Cygnus X-l (see Dove 1997; Esin el al. 1998). Figure 1
shows a sketch of the main components of this system. We as
sume a spherical corona with a radius Rc and an accretion disk 
that penetrates the corona up to Rp < Re. For simplicity, we con
sider the corona to be homogeneous and in a steady state.

In our model, we assume that the luminosity of the corona
is 1% of the Eddington luminosity of a 10 M0 black hole. In 
Table 1. we present the values of the main parameters adopted
and derived for the system (they are the typical values of the
hard X-ray luminosity of Cygnus X-l. see Poutanen et al. 1997). 
The resulting corona has a luminosity Lc = 1.3 x 1037 erg s_1.
in accordance with observations.

B-
8æ

(2)

where m and n, are the ion and electron densities, respectively. 
For a corona mainly composed of hydrogen, this implies that 
n, ~ ne - 6.2 x 1013 cm-3.

The hard X-ray emission of the corona is characterized 
by a powerlaw with an exponential cutoff at high energies, as
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Table 1. Model parameters.

Parameter Value
Mbh: black hole mass [M;J 10°

: corona radius [cm] 5.2 x 107 aJ’
Rp/Rc: ratio of inner disk to corona radius 0.9°
D( 1 + 5 ): Covering fraction of the corona 0.08°
around thermal disk times the seed
photon correction factor
Te: electron temperature [K] 109
7): ion temperature [K] 1012
Ec: X-ray spectrum cutoff [keV] 150
a: X-ray spectrum power-law index 1.6
q: acceleration efficiency 10~2
Bc: magnetic field [G] 5.7 x 10s
Hi. ne: plasma density |cirT 6.2 x 1013
Aph: normalization constant [erg3/s cirT 2.6 x 1012
a: hadron-to-lepton energy ratio 1-100
kT: disk characteristic temperature [keV] 0.1
v: advection velocity [c] 0.1

Notes.101 Typical value for Cygnus X-l in the low-hard state (Poutanen 
etal. 1997). 161 35 Rc. Rc =

observed in several X-ray binaries in the low-hard state (e.g., 
Romero et al. 2002) for which

nph(E) = AphE~ae~E/E<: erg“1 cm“3. (3)

In accordance with the well-studied case of Cygnus X-l (e.g., 
Poutanen et al. 1997), we adopt a = 1.6 and Ec = 150 keV. The 
normalization constant Aph can be obtained from Lc,

Z-c

47rR“C
Enph(E)dE = Tp|1/3“''e“/;//;d£. (4)

3. Particle acceleration and losses

Here e is the energy of the incident photon, is the energy of 
the scattered photon, and

(7)

where wph(e) is the density of target photons, r0 the classical ra
dius of the electron, and

1 (Ta)2
E(q) = 2q Inq + (1 + 24(1 - q) + -(1 - q}-^~,

2 i + Tc/
T = 4eEe/(mec2)2,
q = ei!\V(Ee - ei)]. (8)

We consider two target photon fields: the power-law photon field 
of the corona and the field from the disk. The latter can be 
represented by a black body with temperature kT = 0.1 keV 
(Poutanen et al. 1997). The radiation field in the corona is di
luted to account for the solid angle subtended by the disk as seen 
from the corona. This is performed by means of a parameter D 
that indicates the fraction of the light emitted by the thermal re
gion, that passes through the corona, and the parameter S that is 
the ratio of intrinsic seed photon production in the corona to the 
seed photon luminosity injected from outside. Since we apply 
our model to Cygnus X-l, we follow the estimates of Poutanen 
et al. (1997) for this source that are based on the analytic scaling 
approximations for the thermal Comptonization spectrum given 
by Pietrini & Krolik (1995). We consider the value of the differ
ent parameters that are relevant to the low-hard state. In partic
ular, £>(1 + S) = 0.08, and the ratio of the disk inner radius to 
the corona radius is taken to be *0.9.  For additional details, the 
reader is referred to Poutanen et al. (1997). For a general pic
ture of the Comptonization process, Done et al. (2007) is a very 
useful reference.

For a completely ionized plasma, the Bremsstrahlung cool
ing rate is (e.g., Berezinskii 1990)

We now consider the interaction of locally injected relativistic 
particles with the matter, photons, and magnetic fields of the 
corona and the disk, which are taken as background components.

There are three relevant processes of interaction of rel
ativistic electrons and muons with these fields: synchrotron 
radiation, inverse Compton (IC) scattering, and relativistic 
Bremsstrahlung. For protons and charged pions, there are also 
three important processes: synchrotron radiation, proton-proton 
(or pion-proton) inelastic collisions, and photohadronic interac
tions. The neutral pions have a short mean lifetime of 8.4 x 
10“17 s, and they therefore decay before interacting.

We also estimated the energy losses caused by magnetic 
Bremsstrahlung. This contribution mainly falls at intermediate 
energies. Since this energy range is completely dominated by 
the thermal emission from the star and the accretion disk, we do 
not show the magnetic Bremsstrahlung luminosity in the SEDs 
shown below.

The synchrotron cooling rate for a particle of mass m, 
charge e, and energy E in a region of magnetic energy den
sity Ub is

i 4 ime\3 co-tUb E 
synchr-^^^J w/ef2 w/f2’

The cooling rate for inelastic collisions of protons with nuclei of 
the corona is given by:

Zpp = fii^^ppEpp, (10)

where Kpp is the total inelasticity of the process, of value ~0.5. 
The total cross-section app can be approximated by (Kelner et al. 
2006)

crinei(Ep) = (34.3 + 1.88L + 0.25Z?) (ID

where

L = In
\1 TeV/

(12)

In both Thomson and Klein-Nishina regimes, the IC cooling rate 
for an electron is given by (Blumenthal & Gould 1970)

(61 - 6)
dN 

didei
dei. (6)

The proton threshold kinetic energy for tt" production is E’^j” ~ 
280 MeV.

The photomeson production takes place for photon energies 
above eth ~ 145 MeV (measured in the rest-frame of the proton). 
Near the threshold, a single pion is produced per interaction; at 
higher energies, the production of multiple pions dominates. In 
our model, the relevant photons come from the corona and, to a 
lesser extent, from the accretion disk.
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The cooling rate due to photopion production for a proton of 
energy Ep in an isotropic photon field of density nph(e) is given 
by (Stecker 1968)

, m~c5 wph(e) f2'A
i;i(Ep) = -^ de-^-7— de'Crw(e')^y(e')e', (13)

2AP e- J,lh

where e' is the photon energy in the rest-frame of the proton 
and Kpy is the inelasticity of the interaction. Atoyan & Dermer 
(2003) introduced a simplified approach to treat the cross-section 
and the inelasticity, which can be written as

, J 340 /¿barn 200 MeV < e' < 500 MeV
2 58 | 120 /¿barn e' > 500 MeV,

and

, J 0.2 200MeV < e' < 500 MeV 
a^V)~|0.6 e'> 500MeV.

At energies below the threshold for photomeson production, the 
main channel of proton-photon interaction is the direct produc
tion of electrons or positrons. The cooling rate is also given by 
Eq. (13), and the corresponding cross-section and inelasticity. 
The cross-section for this channel - also known as the Bethe- 
Heitler cross-section - increases with the energy of the pho
ton. Both the cross-section and inelasticity approximations in the 
limits of low and high energies can be found in Begelman et al. 
(1990) (see Appendix A).

The mean lifetime of charged pions in their rest-frame is ly = 
2.6 x 10“8 s, and then they decay into muons and neutrinos; 
the mean lifetime of muons is rfl = 2.2 x 10-6 s. They decay 
yielding neutrinos/anti-neutrinos and electrons/positrons. In the 
observer rest-frame, the decay rate is

Figure 2 shows the cooling rates for different energy-loss 
processes, together with the acceleration and escape rates, for 
each type of particle considered. Under the physical conditions 
previously described, the main channel of energy loss for elec
trons is synchrotron radiation. Only for low-energy electrons IC 
losses are significant. For protons, both pp and py interactions 
are relevant. While diffusion has almost no effect on particle dis
tributions, advection plays a decisive role in the behavior of pro
tons: in the model with advection, most protons fall onto the 
black hole before radiating their energy.

It is possible to estimate the maximum energy achieved by 
the electrons equating

r1‘'acc
-1 
synchrt

whereas for protons

r1 = r1 + r1 + r1‘'acc Ppp py ‘'esc’

(18)

(19)

(14)

where ieSc is the timescale during which the relativistic particles 
escape from the system. This timescale is given by Eq. (15) for 
models with convection, and by Eq. (16) for models with diffu
sion. The maximum energies obtained by electrons and protons 
are « 7.9 x 109 eV and E^x ~ 8.0 x 1014 eV, respectively. 
These values are compatible with the Hillas criterion, given the 
size of the corona.

For pions, the main channel of energy loss is the ny inter
action, but an important fraction of these pions decay before 
cooling (those of lower energies). Muons with energies above 
~1013 eV cool mostly by synchrotron radiation in models with a 
static corona. The most energetic muons fall into the blackhole, 
in all models with dominant convection.

The steady state particle distributions N(E) can be de
rived from the solution to the transport equation (Ginzburg & 
Syrovatskii 1964)

We consider two types of corona. One is an ADAF-like corona, 
where matter is advected to the black hole. This model was dis
cussed in detail for Cygnus X-l by Dove (1997) and Esin et al. 
(1998). In this case, particles fall onto the compact object at a 
mean radial velocity v = 0.1 c, the free-fall velocity (Begelman 
et al. 1990). Therefore, the convection rate is

(20)

where Q(E) is the injection function. The corresponding solu
tion is

t-1conv
V

Re
(15)

where

N(E) = Q(E')e~T{E,E}dE', (21)

The other model considered here is a static corona (e.g., sup
ported by magnetic fields, see Beloborodov 1999) where the 
relativistic particles can be removed by diffusion. In the Bohm 
regime, the diffusion coefficient is D(E) = rgc/3, where rg = 
EI(eB) is the giroradius of the particle. The diffusion rate is

T(E,E')= r dE" 1 (U + id(!c).
Je Qi loss

(22)

,_i _ 2D(E)
'diff - R2

-■c
(16)

The maximum energy that a relativistic particle can attain de
pends on the acceleration mechanism and the different processes 
of energy loss. The acceleration rate t~^c = E~1dE/dt for a parti
cle of energy E in a magnetic field B, in a region where diffusive 
shock acceleration takes place, is given by

.-i
'acc (17)

where 77 < 1 is a parameter that characterizes the efficiency of 
the acceleration. We fix 7/ = 10“2, which describes the efficient 
acceleration by shocks with ns ~ 0.1 c in the Bohm regime.

The injection function for non-thermal protons and electrons is a 
powerlaw of the energy of the particles Q(E) = Q0E~ae~E/Erm, 
as a consequence of the diffusive particle acceleration by shock 
waves. Following Drury (1983), we adopt a standard index 
a = 2.2. The normalization constant Qo can be obtained from 
the total power injected in relativistic protons and electrons, 
Lrei = ¿p + Ee- This power is assumed to be a fraction of the lu
minosity of the corona, Lrei = ihe\Lc, with qK\ = 10“2 ( Blandford 
& Eichler 1987). The way in which energy is divided between 
hadrons and leptons is unknown, but different scenarios can be 
taken into account by setting Lp = aLe. We consider models 
with a = 100 (proton-dominated scenario, as for Galactic cos
mic rays) and a = 1 (equipartition between both species).

To obtain the pion distribution, we use the pion injection 
due to pp collisions (Fletcher et al. 1994) and py interactions 
( Atoyan & Dermer 2003). The injection of muons is calculated
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Fig-2. Radiative losses in a corona characterized by the parameters of Table 1.

using the expressions from Lipari et al. (2007). The target fields 
are those of the corona in the case of matter, and the corona- 
plus-disk for photons. Once the dominant energy loss process 
is identified, the transport equations can be decoupled without a 
significant loss of accuracy (say less than ~10%). This approxi
mation simplifies considerably the calculations. A full treatment 
is being developed by the authors and preliminary results have 
been used for comparison and accuracy estimates. 

where T^s/sfi) is a modified Bessel function and the characteris
tic energy is

Ee
3 e/iB sin a/ E \2

--------------- 1------1
4æ me \mc~ )

(24)

For a particle distribution N(E) and a volume of the emission 
region V, the total luminosity is

f
/'i’max

d3r I dEA(E)Psynchr(E,Ey). (25)
Vc '^£’min

4. Spectral energy distributions

4.1. Radiative processes

Expressions to calculate the synchrotron spectrum can be found, 
for example, in Blumenthal & Gould (1970). The power radiated 
by a single particle of energy E and pitch angle a is given by

x/lc1 P si n /A f* 00
Psynehr(E, Ey) = —~ KS/3(^, (23)

According to Blumenthal & Gould (1970), the spectrum of pho- 
tons scattered by an electron of energy E,. = yemec2 in a target 
radiation field of density nph(e) is

Pic(Ee, Ey, e) =
3crTC(meC2)2 Wph(e)

4E2 6
F(q), (26)

where F(q), q, and T are given by Eq. (8) (in this case ei = Ey). 
The allowed range of energies for the scattered photons is

e < Ey < J + J. Ee ■ (27)
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The total luminosity can then be obtained from

r d3f dEe,Ve(Ee)
Je„,„

x dePic- (28)

This equation takes into account the Klein-Nishina effect on the 
cross-section with energy.

The most important products of py interactions at high en
ergies are pions. Neutral /r-mesons decay with a probability of 
98.8% into two gamma rays

7rIJ —> y + y. (29)

To estimate the spectrum from the decay of tt", the ¿'-functional 
formalism can be applied (Atoyan & Dermer 2003). The emis
sivity of neutral pions in this approximation is

e^7)(^) = 5Vp(5E,)mw(5E,)«X5E,), (30)

where cjpy is the collision rate given by

m2c5 f“ wph(e) r2</T>'p 
mw(Ep) = —r de-— de'^e'je', (31)

and ny> is the mean number of neutral pions created per collision. 
For more details, we refer to Atoyan & Dermer (2003).

Taking into account that each tt" decays into two photons, 
the photon emissivity is given by 

qy(Ey) = 2 J Q^(E^(Ey - 0.5E,)dE,

= 20Ap(10Ey)wWPT10Ey)wX10£y). (32)

It is possible to estimate the injection function of pions pro
duced by pp interactions also using the ¿-functional formalism 
(Aharonian & Atoyan 2000). In this approximation, the emissiv
ity of tt" is

= ent J'¿(E„ - ^EfanjcrppCEpjNpCEpjdEp

= —<Tppifflpc2 +— |Ap(mpc2 +—V (33)
k. pp\ p kJ p\ K„j

For proton energies in the GeV-TeV range, k v 0.17 (Gaisser 
1990) and the total cross-section app can be approximated by 
Eq. (11) for Enn > 1 GeV, and app = 0 for Eklll < 1 GeV.

Once the pion injection Q^E^) is known, the gamma-ray 
emissivity qy(Ey') (erg-1 cm"3 s_1) can be obtained from

where Emin = Ey + m2c4/4Ey.

4.2. Secondary pair injection

Two channels for secondary pair production were taken into ac
count: pairs produced in photon-photon interactions and electron 
and positron production as a result of muon decay.

The energy spectrum of pairs produced in photon-photon in
teractions was studied, for example, by Aharonian et al. (1983). 
Under the conditions e « mec2 < Ey, the pair injection Qe(ye)

(in units of erg 1 s 1 cm 3) can be approximated by the 
expression

(35)

where ye = Eelmec2 is the Lorentz factor of the electron, 
€y = Ey/mJ, and = e/mec2 are the dimensionless photon 
energies.

The second production mechanism of secondary elec- 
trons/positrons is the decay of charged pions, given by

p*  e± + ~p(Vp) + Ve(Ve).

(36)

(37)

This process has been extensively studied by several authors. 
Given a muon distribution Np(yp), it is possible to obtain the 
pair injection Qe(yej as a result of this process using (Ramaty 
1974)'

where j/max = 104, 

yP = yey'e ± 7^ -1

and the electron distribution in the rest-frame of muon is

P(/e) =
2y'2
max 3 3- - j max

/e

4.3. Spectral energy distributions

(38)

(39)

(40)

Figure 3 shows all contributions to the total luminosity for differ
ent advection regimes and for different values of the parameter a. 
On the one hand, it can be seen that the luminosities produced by 
primary electrons are higher in models with a = 1. On the other 
hand, luminosities produced by hadrons and muons are higher 
in models with a static corona and diffusion of the relativistic 
particles. This is because in models with advection an impor
tant fraction of protons and pions are swallowed by the black 
hole, while with diffusion these particles are able to lose their 
energy before falling onto the compact object or escaping from 
the system. In models with a = 100, the non-thermal emission 
at Ey > 1 MeV is dominated by synchrotron and IC radiation 
of secondary pairs. At very high energies, the main contribu
tions to the spectrum are due to photo-meson production in all 
models. We note that below ~ 150 keV the source will be totally 
dominated by thermal Comptonization (not shown in the figures 
for clarity).

From Fig. 3, we conclude that there are two parameters that 
determine the relevant radiative processes: the hadronic content 
in the plasma and the advection velocity. If the hadronic con
tent is high, then a large number of secondary particles are ex
pected to increase the emission at high energies. This is precisely
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Log(Ey/eV)
(c) Case a = 100, diffusion.

Fig. 3. Spectral energy distributions obtained for different sets of parameters. Internal absorption not included.

what happens in our model for a high value of the parameter a. 
However, the advection also has an important role, because in a 
corona with convection a significant part of the proton content 
will be engulfed by the black hole reducing the emission. The 
overall SED predicted by a particular model is then the result of 
the specific balance between the two main free parameters.

There are other physical quantities that are important to our 
model, such as the magnetic field and the background thermal 
luminosity, but the values of these parameters are restricted by 
observations of sources, such as Cygnus X-l.

4.4. Absorption

Gamma-rays created in astrophysical sources can be absorbed 
by different mechanisms. The absorption can be quantified by 
the absorption coefficient or opacity r. If the original gamma-ray 
luminosity is Ly(Ey), the attenuated luminosity Ly(Ey) after the 
photon travels a distance I is

Ly(Ey) = Loy(Ey)e~T^ (41) 

The opacity depends on the absorption process. In the model 
presented here, the main mechanism of absorption is photon
photon pair production. This interaction takes place between 
gamma-rays and thermal X-rays photons from the corona. This 
process is possible only above a kinematic energy threshold 
given by
Eye > (mec2)2, (42) 

in a frontal collision.
For a photon created at a distance r from the center of the 

corona, the opacity caused by photon-photon pair production can 
be obtained from (Romero & Vila 2008)

Tyy(Ey, f)- I l »ph( E, E )CFyy( £, E y)dE tiS, (43)
''Entia Jr

where e is the energy of the X-ray photons and Mph their den
sity. The total cross-section is given by the expression (e.g., 
Aharonianet al. 1985)

ayy = ^(1 -P-) (3-J84)ln(^j + 2J8(J82-2) (44)

Page 7 of 10



A&A5I9. AI09 (2010)

Log (Ey/eV)

(c) Case a = 100, diffusion.
Log (Ey/eV)

(d) Case a = 100, advection.

Fig-4. Produced luminosity and attenuated luminosity for different sets of parameters.

where

Figure 4 shows the difference between the produced luminosity 
and the attenuated luminosity. For 10 MeV < Ey < 1 TeV, almost 
all photons are absorbed.

Although the gamma-ray distribution depends on the elec- 
tron/positron distributions and viceversa, we treat each popu
lation independently. This assumption is justified because the 
strong magnetic field is understood to prevent the development 
of cascades (Pellizza et al. 2010).

The main cooling channel for high-energy elec- 
trons/positrons is synchrotron radiation, since the 1C interaction 
occurs mainly in the Klein-Nishina regime. This can be clearly 
seen from the first panel of Fig. 2. The synchrotron cooling then 
halts the development of high-energy cascades in the corona 
(see Bosch-Ramon & Khangulyan 2009). Only at low energies 
(Ey <100 MeV) may a third generation of pairs be produced 
( Vieyro et al., in prep.).

5. Application to Cygnus X-1
We applied the model discussed in the previous sections to the 
well-known binary system Cygnus X-1. Cygnus X-1 is a very 
bright X-ray binary consisting of a compact object of ~10.1 Mo 
and a companion 09.7 lab star of ~17.8 Mo (Herrero et al. 
1995), at an estimated distance of ~2 kpc (e.g., Gierliriski et al. 
1997, and references therein). The X-ray emission alternates be
tween soft and hard states. The spectrum in both states can be 
approximately represented as the sum of a black body and a 
powerlaw with exponential cutoff (e.g., Poutanen et al. 1997). 
During the soft state, the black body component is dominant and 
the powerlaw is steep, with a photon spectral index ~2.8 (e.g., 
Frontera et al. 2001). During the hard state, more energy is in 
the powerlaw component, which is even hardened, with photon 
indices ~1.6 (e.g., Gierliriski et al. 1997).

McConnell et al. (2000) reported a high-energy tail in the 
low X-ray state of the source, extending from 50 keV to ~5 MeV. 
The data at MeV energies, collected with the COMPTEL in
strument of the Compton Gamma-Ray Observatory, can be de
scribed as a powerlaw with a photon spectral index of 3.2. 
Observations with the INTEGRAL satellite have confirmed the
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existence of a supra-thermal tail in the spectrum (Cadolle Bel 
et al. 2006). So-called hybrid thermal/non-thermal models from 
Poutanen & Svensson (1996) and Coppi (1999) have been used 
to fit the observed spectrum (McConnell et al. 2000; Cadolle Bel 
et al. 2006). These models consider a hybrid pair plasma with a 
non-thermal component. In particular, using the EQPAIR code, 
McConnell et al. (2000) concluded that either the magnetic 
field in Cyg X-l is substantially below equipartition (at least 
to within an order of magnitude) or the observed photon tail 
has a different origin than that related to locally accelerated 
electrons.

We applied our lepto-hadronic model to Cygnus X-l. In 
Fig. 5, we show the predictions of the models discussed in 
the previous sections (equipartition and proton dominance) to 
Cygnus X-l. All our models assume equipartition magnetic 
fields. As expected, the emission in the MeV range is dominated 
by products of hadronic interactions and secondary pairs. The 
best fits are for a model with a = 100 and little or null advection, 
with absorption playing a major role in shaping the spectrum. At 
high-energies Ey > 1 TeV, a bump produced mainly by photo
meson production appears. It might be easily detectable by the 
future Cherenkov Telescope Array, if Cygnus X-l is within its 
declination range. In Fig. 5 we indicate the sensitivity of differ
ent instruments, including MAGIC, Fermi, and CTA.

MAGIC detected a high-energy flare from Cygnus X-l 
(Albert et al. 2007), which, however, was likely produced in 
the jet of the object (e.g., Bosch-Ramon et al. 2008). Similar 
considerations apply to the flare detected by the AGIEE satellite 
(Sabatini et al. 2010). In our model, even if large magnetic re
connection events were to modify the non-thermal population 
on short timescales, the GeV emission would be totally sup
pressed by photon annihilation in the thermal bath of the corona. 
Gamma-ray flaring events at GeV energies, then, cannot arise 
from a strongly magnetized corona.

6. Discussion
Proton-proton interactions in a purely thermal non-magnetized 
corona were considered by Eilek & Kafatos (1983) and 
Mahadevan et al. (1997). The latter authors also considered the 
effects of a non-thermal population of protons, but without tak
ing into account pair production in the soft photon field, which 
was considered by Jourdain & Roques (1994) and independently 
by Bhattacharyya et al. (2003,2006). The effects of the magnetic 
field were not considered by any of these authors.

The role of the magnetic field in the cooling of the differ
ent types of relativistic particles in the corona is very impor
tant and cannot be ignored, as it can be clearly seen in Fig. 2. 
Electrons are cooled almost immediately by synchrotron losses 
in fields of ~105 G, truncating the development of IC cascades. 
Photo-meson and photo-pair production in models with large 
values of the parameter a can produce significant high-energy 
gamma-ray emission and secondary pair injection. The high- 
energy emission may be detectable in the future from different 
sources. Since it is of hadronic origin, detections or upper lim
its can be used to place constraints on the number of relativistic 
protons in the corona.

Emission in the range 100 MeV to 1 TeV is not expected 
because of absorption in the soft photon field. All emission de
tected in this range should be produced in the jet (e.g., Romero 
et al. 2002, 2003; Bosch-Ramon et al. 2008). However, if a sud
den injection of relativistic protons occurs, for instance as a con
sequence of major reconnection events, a neutrino burst may be 
produced. This possibility will be explored in detail in a forth
coming paper (Vieyro & Romero, in prep.)

7. Conclusions

We have developed a model to predict the radiative output of 
a two-temperature magnetized corona with a mixed population
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of non-thermal electrons and protons. All radiative processes 
have been calculated in this scenario. The contribution of sec
ondary pairs and transient particles such as muons and charged 
pions has been shown to be important. The complexity of the 
spectral energy distributions calculated reflects the variety of 
the physical processes involved. We have applied our model to 
the case of Cygnus X-l and obtained a good agreement with 
the observed soft gamma-ray tail observed by COMPTEL and 
INTEGRAL. We have also predicted a high-energy bump at 
E > 1 TeV that might be detectable with future giant telescope 
arrays. Additional research into the inhomogeneous coronae is 
in progress.
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Appendix A: Bethe-Heitler process and relevant 
approximations

The cross-section for proton-photon pair production is also 
known as the Bethe-Heitler cross-section. This function in
creases monotonically with photon energy. In the limits of low 
and high energy, the analytical approximations are given by 
(Begelman et al. 1990) 

(A.l)

for 2 > y ¿ 4, and 

cr(e’(.r') ~ 5.8 x 10“28[3.1 ln(2.V) - 8.1

+ ^2.71n(2x') -ln2(2x')

+ 0.71n3(2x') + 0.5)1 cm2, (A.2)

for x' > 4. The variable .T is such that e' = x!mec2 is the photon 
energy measured in the proton rest-frame and x7^’ = 2 is the 
threshold energy. The inelasticity of this process has a maximum 
at y^’, and decreases monotonically with photon energy. The 
low and high energy approximations are

x(e’(.y) = 4—y-4i + o.4in(.y - i) + o.iin(.y - if 
M?p I

+ 0.00781n(.y - l)3 J (A.3)

for y < 1000, and

x(e’(.y) = 4—y-1
fflp 
/ -8.8 + 5.6 In y - l.ólnx2 + 0.71nx/3\

x I----------------------------------------------- 1
\ 3.11n2x'-8.1 /

(A.4)

for.y > 1000.
The resulting pairs are then considered as a secondary source 

of leptons when estimating the spectral energy distribution. This 
contribution is, in general, negligible compared to other sources 
of secondary pairs in the context discussed in this paper.
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