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Cygnus X-1 is probably the best studied black hole in the ensi®. The wealth of accurate
data may be used to constrain the models of black hole agoratid ejection. | show that the
current estimates for the jet power of Cygnus X-1 set a lowt bn the jet bulk velocity. These
estimates also suggest that the X-ray emission does netiatise jet, as was proposed by several
authors. However the jet could contribute at higher energy/lze responsible for the emission
reported at a TeV energies by MAGIC. Regarding the X-ray &mgitcorona, it is well known
that the temperature and optical depth of the Comptonisiagtrens can be measured using
spectroscopy in the 1 keV-1 MeV energy band. | will show thtato physical parameters of the
corona, such as the strength of magnetic field, or the terhperaf the ions can be constrained
as well. In the prototypical source Cynus X-1, the resulisesp to challenge current accretion
models.
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1. Introduction

Black hole binaries are observed in two main X-ray spectetés, namely the Hard State (HS)
and the Soft State (SS; see Done, Gierlinski and Kubota 20@ hard X-ray emission in both
spectral states is well represented by Comptonisation Qyyarid thermal/non-thermal electron
distribution. In the HS the temperature and optical deptthefthermal electrons are higher, and
the slope of the non-thermal tail seem steeper than in th€8$&equently, the X-ray emission is
dominated by thermal Comptonisation in the HS and by nomitae Comptonisation in the SS.
The HS is known to be associated with the presence of a comgdictjet which is not observed
in the SS. Here we focus on the prototypical black hole soGraeX-1. In section 2, we present a
relatively simple coupled kinetic-radiation model thdbals us to understand the origin of the very
different spectral shapes observed in the two spectra atatvell as the spectral evolution during
state transitions (see e.g. Del Santo et al. 2008). A thdraogestigation of the model and its
discussion in the context of the observations can be fouMhbizac & Belmont (2009), the present
paper summarises our main results. Then in section 3, | suisenthe arguments developed by
Malzac, Belmont and Fabian (2009) showing that the presimhates of the jet power of Cygnus
X-1 imply that the jet has a relativistic velocity, that theceetion proceeds efficiently in the hard
state and that the X-ray emission is unlikely to be producdtie jet.

2. Magnetic field and ion temperature in the corona

The code of Belmont et al. (2008) solves the kinetic equatimm photons, electrons and
positrons in the one-zone approximation. It accounts fan@ton scattering (using the full Klein-
Nishima cross sectiong"-e~ pair production and annihilation, Coulomb interactionle¢&on-
electron and electron-proton), synchrotron emission drsdrption ande-p bremsstrahlung. Ra-
diative transfer is dealt using a usual escape probabiitgnélism. We model the Comptonising
region as a sphere with radiiof fully ionised proton-electron magnetised plasma indyestate.
The Thomson optical depth of the sphera+s= 1; + 15, wheret; = njorRis the optical depth of
ionisation electrons (associated with protons of dengityand 75 = 2n.: oTR is the optical depth
of electrons and positrons due to pair productiog (s the positron number densityyrr is the
Thomson cross section. The radiated power is quantifiedighrthe usual compactness parameter
| = R';TZES, whereL is the luminosity of the Comptonising cloud the electron rest mass acd
the speed of light. We consider three possible channelshioehergy injection in our coupled
electron-photon system: (i) Non-thermal electron acedien with a compactnesgy. We model
the acceleration process by assuming electrons are conshuinjected with a power-law distri-
bution of indexT"iy;. (ii) Coulomb heating with a compactnédgsElectrons are supposed to interact
by Coulomb collisions with a distribution of thermal iorg:> 0 if the ions of the plasma have a
larger temperature than the electrons. (iii) External sadiation coming from the geometrically
thin accretion disc and entering the corona with a compastide Since, in this model, all the
injected power ends up into radiation we have: |, + Ic + |5 in steady state. In addtition the
magnetic fieldB is parametrized through the usual magnetic compactmgss:% Rg—;. We find
that a pure non-thermal injection model (i.e. assunming 0) provides a good description of the
high energy spectra of Cygnus X-1 in both spectral statesKi&pl). According to our models, the
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Figure 1: A comparison of the average CGRO spectra for the SS (blueH&(ted) of Cygnus X-1 (data
from McConnell et al., 2002), with models involving only é&gtion of non-thermal particles as sole heating
mechanism. At low energy the CGRO data are complemented pgpd®AX. The thick purple line shows
our absorbed SS model while the orange line shows the HS rbtlet same table. Reflection components
were added to both spectra and are shown by the thin dot-diasttedashed curves for the SS model and
the HS model respectively.

non-thermal compactness of the corona is comparéhle<5) in both spectral states. As expected
most of the differences between HS and SS are due to a chatige soft photon compactnés
that we assumed to be 0 and abolyt,dn the HS and SS respectively. We find the magnetic field
must be relatively low in the HS (while it is not very well cdraned in the SS). In fact if we
compare the magnetic to radiation energy density in bothetsosle find théJg /Ur ~ 3 in the SS
while in the HSUg/Ugr ~ 0.3. In any case, the magnetic field inferred from our model enHts

is probably an upper limit on the actual magnetic field in therse. The presence of external soft
photons (neglected in this fit) would imply a lowto keep the coronal temperature high. The fact
that this maximum magnetic field appears significantly betgwipartition with radiation suggests
that the emission of the corona is not powered by the magfielit; as assumed in most accretion
disc corona models (e.g. di Matteo, Celotti & Fabian 1997rldte & Fabian 2001). Alternatively,
models with heating by hot protons (ilg.>> 0) also provide a very good description of the spectra
of Cygnus X-1. However even in these models some level ofthermal acceleration is required
in order to reproduce the non-thermal MeV tails. In our 'dé@smodels about 25 % of the heating
power is provided in the form of non-thermal acceleratiorthe HS while this fraction rises to
about 2/3 in the SS. We infer ion temperature of about 50 Methé&SS versus only 1.3 MeV
in the HS. We note that in the HS the proton temperature apgnificantly lower than what
predicted by standard 2-temperature accretion flow solstfthe 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 indiseovery of a shell-like nebula
which is aligned with the resolved radio jet (Gallo et al. 20T his large-scale (5 pc in diameter)



The jet and X-ray corona of Cygnus X-1 Julien Malzac

structure appears to be inflated by the inner radio jet. Gallal. (2005) estimate that in order
to sustain the observed emission of the shell, the jet of Cyighas to carry a kinetic power that
is comparable to the bolometric X-ray luminosity of the inaystem. Russell et al. (2007)
refined this estimate and found that the total kinetic powedhe double sided jet it ;=(0.9-3)
x10%" erg s'1. If we adoptLp=2 x 10°” erg s'! as the typical X-ray luminosity in the HS then
j =Ly/Lpis in the range 0.45-1.5. Malzac, Belmont & Fabian (2009sti@t this estimate of
the jet power sets some constraints on the physics of thetamtrand 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 accretiongaae through a geometrically thin
optically thick accretion disc. Therefore the accretioefificient. Assuming that there is no jet in
the SS, the efficiency can be defined as:

Ns= LS/MSCZ, (3.1)

whereLs is the source luminosity in the SBls the mass accretion rate. According to the theory of
general relativityns is in the range 0.06-0.4 depending on the spin of the blaak holthe HS, the
accretion probably does not proceeds through a standardlitt and the efficiency is essentially
unknown. Depending on the nature of the accretion flow, itdcbe close to that of the SS or much
smaller (as e.g. in an advection dominated accretion fldwyeltake into account the presence of
the energetically important jet, the efficiency in the HS barformaly writen as:

Ly+Ln

= 7 3.2
Mh (1= )M (3.2)

where f; represents the fraction of the accreting material whicljésted and cannot be used to
release energy. Observationally we know that L, and thals/Ly < 4. Moreover in Cygnus X-1
the spectral transition is believed to be triggered by aremse in the accretion rate and therefore
Ms > My. Combining this with equations (3.1) and (3.2), it follovistny, > ns/2. This shows
that accretion is quite efficient in the HS and cannot be gtyoadvection dominated.

The jet kinetic power can be written as:

Ly = fiMn(y — 1)c?, (3.3)

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

Vo= A —— 5 (3.4)
Ad+j)pe

wherej = Lj/Lp~ 1 andA = I':—:M—: < 4 For typical parameters (e.d. ~ 3 andns ~ np ~ 0.1),
this gives estimates of the terminal jet velocity in the @ig3—0.8&. Such mildly relativistic
velocities are in agreement with independent estimatesdbais radio observations (see Gleissner
et al. 2004; Ibragimov et al. 2007). An absolute lower limittbe jet velocityBs. = Ve /C > 0.1 is
obtained in the extreme cagg = 1, ns = 0.06, A =4 andj = 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 actuallgriduced by the jet (e.g.
Markoff et al. 2001; Georganopoulos, Aharonian & Kirk 20@iannos et al. 2004; Kylafis et
al. 2008). The jet energetics shows however that this ikelyli Indeed, mass flux is conserved
along the jet, and therefore the rate at which mass is ejectede written as:

L;

m(2)°n(2)B(2)y(zmc < 6.6x 10 g s (3.5)
wherer, n, § andy represent the jet section, density, bulk velocity and Ltrdactor at a given
heightz above the black hole. The upper limit of 6:610'® g s comes from the constraints
B > 0.1 andLj < 3x 10°7 erg s'1. Spectral fits with Comptonisation models of the HS spectra
of Cynus X-1 require a Thomson optical degthin the range 1-3. Now let us assume that this
Comptonised emission is produced somewhere in the jet & beightzy. This gives the additional
constraint:

T ~Nn(2)orr(20) > 1 (3.6)

whereor is the Thomson cross section. Combining this with the cairgs from equation (3.5),
we find that for any reasonable jet section (i 10Rs) the velocity of the X-ray emiting region
must be non relativistiq3(zp) < 0.1. In fact this upper limit is very conservative and for rezedale
parameters we actually expect the velocity to be much lolager 0.1c. The part of the jet producing
the X-rays should be very slow and most of the jet bulk vejosibuld have to be acquired at larger
distances from the black hole. However, most X-ray jet modedjuire or assume both > 1 and
initial velocity of the X-ray emitting region that is largénan 0.1c. As long as the estimates of
Russell et al. (2007) are correct, these models can be ruked bis conclusion however does not
apply to the jet model of Markoff et al. (2001, 2005 heraftedl Indeed, in this model the X-ray
emission is produced through synchrotron self-Comptorssiom of very energetic electrons of
temperature of a few MeV and optical defth~ 103 — 10-2. The low Thomson depth makes it
energetically possible to have a mildly relativistic ialtjet velocity. We note however that such a
combination of small size, very low optical depth and lamgmperature is physically impossible.
Indeed in Cyg X-1, the large luminosity and small emittingiom make the compactness larger
than unity and electron positron production can be significdor a compactness of order of a
few (like in Cyg X-1), the optical depth must be at least 10as@targer than in this jet model (see
discussion in Malzac et al. 2009). The parameters of the hufd@05 are therefore inconsistent
with the constraints from pair equilibrium. Finally we ndteat although the jet is unlikely to
contribute significantly to the hard X-ray emission of Cygi+1, it may nevertheless be at the
origin of the gamma-ray emission that was detected by the MA@lescope (Albert et al. 2007;
Malzac et al. 2008; Zdziarski et al. 2009).

4. Discussion

In both spectral states of black hole binaries the coronaé®aon can be powered by a sim-
ilar non-thermal acceleration mechanism. In the HS the layiiion ande-e Coulomb boilers
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redistribute the energy of the non-thermal particles tonfand keep a quasi-thermal electron dis-
tribution at a relatively high temperature, so that moshefluminosity is released through quasi-
thermal comptonisation. In the SS, the soft photon flux froengccretion disc becomes very strong
and cools down the electrons, reducing the thermal Comptiasé/ity. This change in the soft
photon flux could be caused either because the inner radthe tfuncated disc moves inward into
the central hot accretion flow, or, in the framework of adoredisc corona models, because the
disc temperature increases dramatically. Then most ofiieséon is produced by disc photons
up-scattered by the non-thermal cooling electrons. Ourpawison of simulations with the high
energy spectra of Cygnus X-1 in the HS allowed us to set uppéision the magnetic field and
the proton temperature. Our results indicates that in théhgSnagnetic field is below equipati-
tion with radiation (unlike what is assumed in most accretitisc corona models). The proton
temperature is found to be significantly lower than predidig standard 2-temperature accretion
flow models kT; <2 MeV). We also note that such accretion flows are usuallyatagily innefi-
cient while the jet energetics suggests efficient accretidghe HS. The present estimates of the jet
power also suggest that the jet is Thomson thin with a mildlgtivistic velocity, which does not
make it a favoured location for the production of the obsg¥eray emission.
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