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Cygnus X-1 is probably the best studied black hole in the universe. The wealth of accurate

data may be used to constrain the models of black hole accretion and ejection. I show that the

current estimates for the jet power of Cygnus X-1 set a lower limit on the jet bulk velocity. These

estimates also suggest that the X-ray emission does not arise in the jet, as was proposed by several

authors. However the jet could contribute at higher energy and be responsible for the emission

reported at a TeV energies by MAGIC. Regarding the X-ray emitting corona, it is well known

that the temperature and optical depth of the Comptonising electrons can be measured using

spectroscopy in the 1 keV-1 MeV energy band. I will show that other physical parameters of the

corona, such as the strength of magnetic field, or the temperature of the ions can be constrained

as well. In the prototypical source Cynus X-1, the results appear to challenge current accretion

models.
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1. Introduction

Black hole binaries are observed in two main X-ray spectral states, namely the Hard State (HS)
and the Soft State (SS; see Done, Gierlinski and Kubota 2007). The hard X-ray emission in both
spectral states is well represented by Comptonisation by anhybrid thermal/non-thermal electron
distribution. In the HS the temperature and optical depth ofthe thermal electrons are higher, and
the slope of the non-thermal tail seem steeper than in the SS.Consequently, the X-ray emission is
dominated by thermal Comptonisation in the HS and by non-thermal Comptonisation in the SS.
The HS is known to be associated with the presence of a compactradio jet which is not observed
in the SS. Here we focus on the prototypical black hole sourceCyg X-1. In section 2, we present a
relatively simple coupled kinetic-radiation model that allows us to understand the origin of the very
different spectral shapes observed in the two spectral state as well as the spectral evolution during
state transitions (see e.g. Del Santo et al. 2008). A thorough investigation of the model and its
discussion in the context of the observations can be found inMalzac & Belmont (2009), the present
paper summarises our main results. Then in section 3, I summarise the arguments developed by
Malzac, Belmont and Fabian (2009) showing that the present estimates of the jet power of Cygnus
X-1 imply that the jet has a relativistic velocity, that the accretion proceeds efficiently in the hard
state and that the X-ray emission is unlikely to be produced in the jet.

2. Magnetic field and ion temperature in the corona

The code of Belmont et al. (2008) solves the kinetic equations for photons, electrons and
positrons in the one-zone approximation. It accounts for Compton scattering (using the full Klein-
Nishima cross section),e+-e− pair production and annihilation, Coulomb interactions (electron-
electron and electron-proton), synchrotron emission and absorption ande-p bremsstrahlung. Ra-
diative transfer is dealt using a usual escape probability formalism. We model the Comptonising
region as a sphere with radiusR of fully ionised proton-electron magnetised plasma in steady state.
The Thomson optical depth of the sphere isτT = τi + τs, whereτi = niσTR is the optical depth of
ionisation electrons (associated with protons of densityni) andτs = 2ne+σTR is the optical depth
of electrons and positrons due to pair production (ne+ is the positron number density).σT is the
Thomson cross section. The radiated power is quantified through the usual compactness parameter
l = LσT

Rmec3 , whereL is the luminosity of the Comptonising cloud,me the electron rest mass andc
the speed of light. We consider three possible channels for the energy injection in our coupled
electron-photon system: (i) Non-thermal electron acceleration with a compactnesslnth. We model
the acceleration process by assuming electrons are continuously injected with a power-law distri-
bution of indexΓinj . (ii) Coulomb heating with a compactnesslc. Electrons are supposed to interact
by Coulomb collisions with a distribution of thermal ions:lc > 0 if the ions of the plasma have a
larger temperature than the electrons. (iii) External softradiation coming from the geometrically
thin accretion disc and entering the corona with a compactness ls. Since, in this model, all the
injected power ends up into radiation we have:l = lnth + lc + ls in steady state. In addtition the
magnetic fieldB is parametrized through the usual magnetic compactness:lB = σT

mec2 R B2

8π . We find
that a pure non-thermal injection model (i.e. assuminglc = 0) provides a good description of the
high energy spectra of Cygnus X-1 in both spectral states (see Fig 1). According to our models, the
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Figure 1: A comparison of the average CGRO spectra for the SS (blue) andHS (red) of Cygnus X-1 (data
from McConnell et al., 2002), with models involving only injection of non-thermal particles as sole heating
mechanism. At low energy the CGRO data are complemented by BeppoSAX. The thick purple line shows
our absorbed SS model while the orange line shows the HS modelof the same table. Reflection components
were added to both spectra and are shown by the thin dot-dashed and dashed curves for the SS model and
the HS model respectively.

non-thermal compactness of the corona is comparable (lnth≃ 5) in both spectral states. As expected
most of the differences between HS and SS are due to a change inthe soft photon compactnesls
that we assumed to be 0 and about 3lnth in the HS and SS respectively. We find the magnetic field
must be relatively low in the HS (while it is not very well constrained in the SS). In fact if we
compare the magnetic to radiation energy density in both models we find theUB/UR ≃ 3 in the SS
while in the HS,UB/UR ≃ 0.3. In any case, the magnetic field inferred from our model in the HS
is probably an upper limit on the actual magnetic field in the source. The presence of external soft
photons (neglected in this fit) would imply a lowerB to keep the coronal temperature high. The fact
that this maximum magnetic field appears significantly belowequipartition with radiation suggests
that the emission of the corona is not powered by the magneticfield, as assumed in most accretion
disc corona models (e.g. di Matteo, Celotti & Fabian 1997; Merloni & Fabian 2001). Alternatively,
models with heating by hot protons (i.e.lc > 0) also provide a very good description of the spectra
of Cygnus X-1. However even in these models some level of non-thermal acceleration is required
in order to reproduce the non-thermal MeV tails. In our ’bestfit’ models about 25 % of the heating
power is provided in the form of non-thermal acceleration inthe HS while this fraction rises to
about 2/3 in the SS. We infer ion temperature of about 50 MeV inthe SS versus only 1.3 MeV
in the HS. We note that in the HS the proton temperature appears significantly lower than what
predicted by standard 2-temperature accretion flow solutions (the temperature of the hot protons in
typical ADAF models is in the range 10–100 MeV).

3. Constraints from the jet power

Deep radio observations of the field of Cyg X-1 resulted in thediscovery of a shell-like nebula
which is aligned with the resolved radio jet (Gallo et al. 2005). This large-scale (5 pc in diameter)
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structure appears to be inflated by the inner radio jet. Galloet al. (2005) estimate that in order
to sustain the observed emission of the shell, the jet of Cyg X-1 has to carry a kinetic power that
is comparable to the bolometric X-ray luminosity of the binary system. Russell et al. (2007)
refined this estimate and found that the total kinetic power of the double sided jet isLJ=(0.9–3)
×1037 erg s−1. If we adoptLh=2 × 1037 erg s−1 as the typical X-ray luminosity in the HS then
j = LJ/Lh is in the range 0.45–1.5. Malzac, Belmont & Fabian (2009) show that this estimate of
the jet power sets some constraints on the physics of the accretion and ejection in Cyg X-1 that we
sumarise below.

3.1 The accretion efficiency and jet velocity

In the SS there is overwhelming evidence that accretion proceeds through a geometrically thin
optically thick accretion disc. Therefore the accretion isefficient. Assuming that there is no jet in
the SS, the efficiency can be defined as:

ηs = Ls/Ṁsc
2, (3.1)

whereLs is the source luminosity in the SS,Ṁs the mass accretion rate. According to the theory of
general relativityηs is in the range 0.06–0.4 depending on the spin of the black hole. In the HS, the
accretion probably does not proceeds through a standard thin disc and the efficiency is essentially
unknown. Depending on the nature of the accretion flow, it could be close to that of the SS or much
smaller (as e.g. in an advection dominated accretion flow). If we take into account the presence of
the energetically important jet, the efficiency in the HS canbe formaly writen as:

ηh =
LJ+ Lh

(1− fj)Ṁhc2
, (3.2)

where fj represents the fraction of the accreting material which is ejected and cannot be used to
release energy. Observationally we know thatLj ≃ Lh and thatLs/Lh < 4. Moreover in Cygnus X-1
the spectral transition is believed to be triggered by an increase in the accretion rate and therefore
Ṁs > Ṁh. Combining this with equations (3.1) and (3.2), it follows that ηh > ηs/2. This shows
that accretion is quite efficient in the HS and cannot be strongly advection dominated.

The jet kinetic power can be written as:

LJ = fjṀh(γ∞ −1)c2, (3.3)

combining this with equations (3.2) and (3.1) we get an estimate of the terminal bulk Lorentz factor
of the jet:

γ∞ = 1+
jηs

λ (1+ j) ηs
ηh

(3.4)

where j = Lj/Lh ≃ 1 andλ = Ls
Lh

Ṁh
Ṁh

< 4 For typical parameters (e.g.λ ≃ 3 andηs ≃ ηh ≃ 0.1),
this gives estimates of the terminal jet velocity in the range 0.3c–0.8c. Such mildly relativistic
velocities are in agreement with independent estimates based on radio observations (see Gleissner
et al. 2004; Ibragimov et al. 2007). An absolute lower limit on the jet velocityβ∞ = v∞/c > 0.1 is
obtained in the extreme caseηh = 1, ηs = 0.06, λ = 4 and j = 0.45. The jet velocity is therefore
at least mildly relativistic.
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3.2 Does the X-ray emission originate in the jet ?

Several authors have suggested that the X-ray may actually be produced by the jet (e.g.
Markoff et al. 2001; Georganopoulos, Aharonian & Kirk 2002;Giannos et al. 2004; Kylafis et
al. 2008). The jet energetics shows however that this is unlikely. Indeed, mass flux is conserved
along the jet, and therefore the rate at which mass is ejectedcan be written as:

ṀJ =
LJ

(γ∞ −1)c2 = πr(z)2n(z)β (z)γ(z)mpc < 6.6×1018 g s−1, (3.5)

wherer, n, β andγ represent the jet section, density, bulk velocity and Lorentz factor at a given
height z above the black hole. The upper limit of 6.6× 1018 g s−1 comes from the constraints
β∞ > 0.1 andLJ < 3×1037 erg s−1. Spectral fits with Comptonisation models of the HS spectra
of Cynus X-1 require a Thomson optical depthτT in the range 1–3. Now let us assume that this
Comptonised emission is produced somewhere in the jet at some heightz0. This gives the additional
constraint:

τT ≃ n(z0)σT r(z0) > 1 (3.6)

whereσT is the Thomson cross section. Combining this with the constraints from equation (3.5),
we find that for any reasonable jet section (i.e.> 10RG) the velocity of the X-ray emiting region
must be non relativistic,β (z0) < 0.1. In fact this upper limit is very conservative and for reasonable
parameters we actually expect the velocity to be much lower than 0.1c. The part of the jet producing
the X-rays should be very slow and most of the jet bulk velocity would have to be acquired at larger
distances from the black hole. However, most X-ray jet models require or assume bothτT > 1 and
initial velocity of the X-ray emitting region that is largerthan 0.1c. As long as the estimates of
Russell et al. (2007) are correct, these models can be ruled out. This conclusion however does not
apply to the jet model of Markoff et al. (2001, 2005 herafter M05). Indeed, in this model the X-ray
emission is produced through synchrotron self-Compton emission of very energetic electrons of
temperature of a few MeV and optical depthτT ∼ 10−3

−10−2. The low Thomson depth makes it
energetically possible to have a mildly relativistic initial jet velocity. We note however that such a
combination of small size, very low optical depth and large temperature is physically impossible.
Indeed in Cyg X-1, the large luminosity and small emitting region make the compactness larger
than unity and electron positron production can be significant. For a compactness of order of a
few (like in Cyg X-1), the optical depth must be at least 10 times larger than in this jet model (see
discussion in Malzac et al. 2009). The parameters of the model of M05 are therefore inconsistent
with the constraints from pair equilibrium. Finally we notethat although the jet is unlikely to
contribute significantly to the hard X-ray emission of Cygnus X-1, it may nevertheless be at the
origin of the gamma-ray emission that was detected by the MAGIC telescope (Albert et al. 2007;
Malzac et al. 2008; Zdziarski et al. 2009).

4. Discussion

In both spectral states of black hole binaries the coronal emission can be powered by a sim-
ilar non-thermal acceleration mechanism. In the HS the synchrotron ande-e Coulomb boilers
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redistribute the energy of the non-thermal particles to form and keep a quasi-thermal electron dis-
tribution at a relatively high temperature, so that most of the luminosity is released through quasi-
thermal comptonisation. In the SS, the soft photon flux from the accretion disc becomes very strong
and cools down the electrons, reducing the thermal Compton emissivity. This change in the soft
photon flux could be caused either because the inner radius ofthe truncated disc moves inward into
the central hot accretion flow, or, in the framework of accretion disc corona models, because the
disc temperature increases dramatically. Then most of the emission is produced by disc photons
up-scattered by the non-thermal cooling electrons. Our comparison of simulations with the high
energy spectra of Cygnus X-1 in the HS allowed us to set upper limits on the magnetic field and
the proton temperature. Our results indicates that in the HSthe magnetic field is below equipati-
tion with radiation (unlike what is assumed in most accretion disc corona models). The proton
temperature is found to be significantly lower than predicted by standard 2-temperature accretion
flow models (kTi <2 MeV). We also note that such accretion flows are usually radiatively innefi-
cient while the jet energetics suggests efficient accretionin the HS. The present estimates of the jet
power also suggest that the jet is Thomson thin with a mildly relativistic velocity, which does not
make it a favoured location for the production of the observed X-ray emission.
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