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Accretion disc coronae in black hole binaries
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Abstract. Most of the luminosity of accreting black hole is emitted fre tX-ray band.
This radiation is believed to emerge, through inverse Comptocess, from a hofl{ ~
10° -10° K) optically thin (rr ~ 1) plasma probably located in the immediate vicinity of
the black hole. The mechanisms at work in this so called Compbrona can be unveiled
through hard X-ray observations which have revealed a ritnpmenology. Depending
on luminosity diferent spectral states are observed suggesting that the aaiigeometry
of the corona depends on mass accretion rate. In many iestaine spectral behaviour as
a function of luminosity shows some degree of hysteresis. Mkchanisms triggering the
transition between spectral states is very unclear altdugpuld be related to an evapo-
ratiorycondensation equilibrium in an accretion disc corona systerom the observation
of correlation between the X-ray and radio band , it appeaas the Compton corona is
intimately related to the formation of compact jets and piaf constitute the base of the
jet.

Key words. Radiation mechanisms: non-thermal — Black hole physicserétmon, accre-
tion disks — Magnetic fields — Stars: coronae — X-rays: bagari

1. Spectral states and the structure of distribution of electrons. Since in this state the
the accretion flow source is bright in soft X-rays and soft in hard
X-raysitis called the High Soft State (hereafter

Accreting black holes are observed in two maiHSS)'

spectral states (see e.g. Zdziarski & Girelinski At lower luminosities (l< 0.01Lgqq) , the
2004). At luminosities exceeding a few perappearance of the accretion flow is verffeki-
cent of Eddingtonl(gqq), the spectrum is dom- ent: the spectrum can be modelled as a hard
inated by a thermal component peaking at power-lawI" ~ 1.5 — 1.9 with a cut-df at
few keV which is believed to be the signa~ 100 keV. ThevF,, spectrum then peaks
ture of a geometrically thin optically thick discaround a hundred keV. Since the soft X-ray lu-
(Shakura & Sunyaev 1974). At higher enerminosity is faint and the spectrum is hard, this
gies the spectrum is non-thermal and usualstate is called the Low Hard State (hereafter
present a weak steep power-law componehHS). LHS spectra are generally very well fit-
(photon indeX” ~ 2.3- 3) extending at least to ted by Comptonisation (i.e. multiple Compton
MeV energies, without any hint for a high en-up-scattering) of soft photons by a Maxwellian
ergy cut-df. This soft power law is generally distribution of electrons in a hok{e ~ 100
interpreted as inverse Compton up-scatteririgeV) plasma of Thomson optical depth of

of soft photons (UV, soft X) by a non-thermalorder unity. As it will be discussed below the
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LHS is associated with the presence of a contive coronal regions located above an below
pact radio jet that seem to be absent in thihe disc. Through magnetic buoyancy the mag-
HSS. In addition to the dominant comptoninetic field lines rise above the accretion disc,
sation spectrum there are other less prominemansporting a significant fraction of the accre-
spectral features: a weak soft component asstion power into the corona where it is then

ciated to the thermal emission of a geometrdissipated in through magnetic reconnection
cally thin optically thick disk is occasionally (Galeev et al. 1977). In the corona particles
detected below 1 keV as observed for instanage accelerated. A population of high energy
in Cygnus X-1 (Balucinska-Church et al. 1995glectrons is formed which then cool down by

orin XTE J1118480 (McClintock et al. 2001, up scattering the soft photons coming from
Chaty et al. 2003). Finally in both states, rethe disc. This produces the high energy non-
flection features are generally detected in thtaermal emission which in turn illuminates the

form of a Fe kx line peaking at 6.4 keV and adisc forming strong reflection features (see e.g.
Compton reflection bump peaking-aB0 keV. Zdziarski & Gierlihski 2004)

These components are _bel_ieved to be produ_ced In the LHS, the standard geometrically thin
when the hard X-ray emission of the corona ingjsc does not extend to the last stable orbit,
teracts and is reflected by the cold thick aCClastead, the weakness of the thermal features
tion disc. They often appears to be broadeneggqest that it is truncated at distances rang-
j[hrou_gh special a_nd gelneral relativistiteets, ing from a few hundreds to a few thousands
in which case their origin must be very close tQ,avitational radii from the black hole (typi-
the black hole. These reflection features appe, lly 200010000 km). In these inner parts the
to be weaker in the LHS than in the HSS.  5¢cretion flow takes the form of a hot geomet-
To summarize, at high luminosities therically thick, optically thin disc. A solution of
accretion flow is in the HSS characterizeduch hot accretion flow was first discovered
by a strong thermal disc and reflection compy Shapiro, Lightman and Eardley (1976). In
ponent and a weak non-thermal (or hybrighese hot acccretion flow the gravitational en-
thermajnon-thermal) comptonising corona. Atergy is converted in the process of viscous dis-
lower luminosity the disc blackbody andsjpation into the thermal energy of ions. The
reflection features are weaker, while thenain coupling between the electrons and the
corona is dominant and emits through thermabns is Coulomb collision which is rather weak
Comptonisation. Beside the LHS and HSSp the hot thin plasma. Since radiative cooling
there are several other spectral states that @fthe ions is much longer than that of the elec-
ten appear, but not always, when the source fgns, the ions temperature is much higher than
about to switch from one of the two main stateghe electron temperature. This two temperature
to the other. Those states are more compl@fasma solution is thermally unstable (Pringle
and dificult to define. We refer the reader t01976) but can be stabilized if advection of the
McClintock & Remillard (2006) and Belloni et hot gas into the black hole, or alternatively into
al. (2005) for two diferent spectral classifica-an outflow, dominates the energy transfered for
tions based on X-ray temporal as well as spegons (Ichimaru 1977; Rees et al. 1982; Narayan
tral criteria and radio emission (Fender 2006), Yi 1994, Abramowicz et al. 1995; Blandford
In general their spectral properties are interme; Begelman 1999; Yuan 2001, 2003). In these
diate between those of the LHS and HSS.  different models of advection dominated ac-
The diferent spectral states are usually urcretion flows (ADAF) most of the power is
derstood in terms of changes in the geometnpot radiated, they are therefore radiatively in-
of the accretion flow. The standard picture igfficent. The electron have a thermal distribu-
that in the HSS there is a standard geometition and cool down by Comptonisation of the
cally thin disc extending down to the last stasoft photons coming from the external geo-
ble orbit and responsible for the dominant themetrically thin disc, and IR-optical photons in-
mal emission. This disc is the source of softernally generated through self-absorbed syn-
seed photons for Comptonisation in small achrotron radiation. The balance between heat-
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ing and cooling determines the electron tenthe form of hard X-ray photons, impinge on
perature which are found to be of order of10the cold disc where it is absorbed, heating the
K as required to fit the spectrum. The weakold disc, and finally reemited in the form of
reflection features of the LHS are producethermal soft photons. A fraction of those soft
through illumination of the cold outer disc byphoton re-enters the corona providing the ma-
the central source. By extension, the hot accr@r cooling dfect to the corona trough inverse
tion flow of the LHS is frequently designed asCompton. As a consequence the cooling rate
"corona” despite the lack of a direct physicabf the corona scales like the heating rate. The
analogy with the rarefied gaseous envelope abronal temperature is determined only by the
the sun and other stars. geometry of the accretion disc corona (that
control the fraction of coronal power that re-
. turns to the corona in the form of soft pho-
2. An alternative model for the LHS: tons). For instance an extended corona sand-
accretion disc corona wiching the cold accretion disc, would inter-

The presence of the hot accretion disc is not tHggPt more cooling photons from the accretion
only possibility to explain the LHS. It was sug-diSC than a patchy corona made of a few com-
gested long ago that instead, a real accreti®)fiCt active regions covering a small fraction of
disc corona system similar to that of the HS&1€ disc, and therefore would have a lower tem-

may reproduce the spectra as well (BisnovatyRerature and hence a harder comptonised X-
Kogan & Blinikov 1976: Liang & Price 1977) '@y spectra. During the nineties several group
. This would imply a cold geometrically thin (Haardt & Maraschi 1993; Stern et al. 1995 ;

disc extending down very close to the blackoutanen etal. 1996) performed detailed com-
hole in the LHS. Unlike in the HSS, this discPutations of the resulting equilibrium spectra
does not produce a strong thermal componef@f various geometries. They concluded that
in the X-ray spectrum because it is to0 coldhe corona has to be patchy in order to produce
It is cold because most of the accretion powéiP€ctra that hare hard enough (Haardt et al.
is not dissipated in the disc, rather it is transt994; Stern et al. 1995) even when ttEeets
ported away to power a strong corona and t disc ionisation are account.ed fqr (Malzac
compact jet. This, at least in principle, coulf! al 2005). Yet, those accretlon.d|sc corona
be achieved either through transport via buynedels had an important problem: the produc-
onancy of the magnetic field (Miller & Stone!ion 0f an unobserved strong thermal compo-
2000; Merloni & Fabian 2002) or through thehent (_:iue to reprocessing of the rad|at|o_n illu-
torque exerted on the accretion disc by a strofginating the disc. In the case of an active re-
magnetic field threading the disc and drivin%‘?n emitting isotropically, about half of the lu-
the jet (Ferreira 1997). inosity intercepts the disc and the thermal re-
Due to the complexity of the accretion disd"0¢€SSing component is comparable in lumi-
corona physics it is not possible to obtain sim20Sity to the primary emission, while in LHS
ple analytical solutions giving the main prop_spectra the thermal component from thg discis
erties of the corona unless some parameteriZ3grely detectable. Moreover, the amplitude of
tion of the energy transfered between the didhe reflection feafcures observed in the_ LHS are
and the corona is used (see e.g. Svenssonl@ver than what is expected from an isotropic
Zdziarski 1994). However, from an observefOrona by at least a factor of 3, in some cases
perspective it does not really matter becaudB€y are so weak that they are not even de-

the appearence of the accretion disc corofgcted- This led to consider models where the
does not depend on the details of the ener ronal emission is not isotropic. Beloborodov

transport and dissipation mechanisms. Indeed-299) suggested that the coronais unlikely to
Haardt & Maraschi (1991) realised the exisStay at rest with respect to the accretion disc.

tence of a strong radiative feedback betwedRU€ 10 the anisotropy of the dissipation process
the cold disc and the hot corona. A fixed fracO" SimPply to radiation pressure from the disc,
tion of the power dissipated in the corona iih® hot plasma s likely to be moving at midly
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Fig. 1. The black curve show the typical path followed by a black holey transient in the hardness vs
intensity diagram during an outburst. The various sketdhestrate the standard scenario for the evolution
of the geometry of the corona-disc-jet system along thib fste text).

relativistic velocities. Then, due to Doppler ef-Cygnus X-1. Moreover since the velocity of
fects, the X-ray emission is strongly beamed ithe coronal plasma controls both the strength
the direction of the plasma velocity. In the casef the reflection features and the feedback of
of a velocity directed away from the accretiorsoft cooling photons from the disc, it predicts
disc, (outflowing corona) , the reprocessing correlation between the slope of the the hard
features (both reflection and thermalised radias-ray spectrum and the amplitude of the reflec-
tion) are strongly suppressed. Moreover, due tioon component. Such a correlation is indeed
the reduced feedback from the disc, the corortbserved in several sources (Zdziarski et al.
is hotter, and harder spectra can be producel®99, 2003) and is well matched by this model.
Malzac, Beloborodov & Poutanen (2001) per- Recently the accretion disc corona mod-
formed detailled non-linear Monte-Carlo sim-els for the LHS obtained more observational
ulation of this dynamic accretion disc coronaupport, with the discovery of relativistically
equilibrium, and compared the results with thiéroadened iron line in the LHS of GX339-
observations. They found that compact activé (Miller et al., 2006). Such relativistically
regions of aspect ratio of order unity, outflowbroadened lines require that disc illumination
ing with a velocity of 30 percent of the speeds taking place very close to the black hole.
of light could reproduce the LHS spectrum ofT his observation suggests that, at least in some
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cases, a thin disc is present at or close to tlntext of accretion disc coronaet disc mod-
last stable orbit in the LHS. els the correlation between X-ray and radio
emission, tells us that the corona and the com-
. ) pact jet of the LHS are intimately connected.
3. The jet corona connection A strong corona may be necessary to launch a

Recent multi-wavelength observations of adtandor could be the physical location where
creting black holes in the LHS have shown thé€ jet is accelerated or launched (Merloni &
presence of an ubiquitous flat-spectrum radigaPian 2002). Koerding et al. (2006) show that
emission (see e.g Fender 2006), that may ethe observe_d X-radio correlation can b_e repro-
tend up to infrared and optical wavelength<luced provided that the hot flgeorona is ra-
The properties the radio emission indicate it idiatively ingficient (i.e. luminosity scales like
likely produced by synchrotron emission fronfl€ square of mass accretion rate) and that a
relativistic electrons in compact, self-absorbegonstant fraction of the accretion power goes
jets (Blandford & Konigl, 1979; Hijellming mto_the jet (i.e. jet power scales like mass ac-
& Johnston 1988). This idea was confirmegretion rate). However there is presen_tly no de-
by the discovery of a continuous and stead{@iled model to explain how the physical con-
milliarcsecond compact jet around Cygnus X0€ction between jet and corona works. A pos-
1 (Sirling 2001). Moreover, in LHS sourcesSiPle basic explanation was proposed by Meier
a tight correlation has been found betweeff001) for ADAF like accretion flows and later
the hard X-ray and radio luminosities, holg£xtended to the case of accretion disc coronae
ing over more than three decades in lumino&y Merloni and Fabian (2002). It goes as fol-
ity (Corbel et al. 2003; Gallo, Fender & Pooley©W: Sincé models and simulations of jet pro-
2003). In contrast, during HSS episodes thguction (Blandford & Znajek 1977; Blandford
sources appear to be radio weak (Tananbadfr’ayne 1982, Ferreira 1997) indicate that jets
et al. 1972; Fender et al. 1999; Corbel 2000f® driven by the poloidal component of the
suggesting that the Comptonising medium dpagrjetlcfleld. If we assume that the magnetic
the lowhard state is closely linked to the confi€ld is generated by dynamo processes in the
tinuous ejection of matter in the form of a smalflisgcorona, the strength of the poloidal com-
scale jet. ponentis I_|m_|ted by _the scale helght_of the flow
When the importance of the connection belbvio, Ogilvie & Pringle 1999; Meier 2001;
tween radio and X-ray emission was realised//€rloni & Fabian 2002). Therefore geometri-
It was proposed that the hard X-ray emissioR@y thlck accretion flqw s_hould be naturally
could be in fact synchrotron emission in thénore éficient at launching jets.
jet, rather than comptonisation in a hot accre-
tion flow/corona (Markd, Falke, Fender 2001;
Markoff et al. 2003). This model is able to ex-
plain quantitatively the correlation between the Despite this strong link between the corona
X-ray and radio emission, it is also able to reand outflow in the LHS, there are indications
produce at least roughly the shape of the LH®at in Intermediate States (IS) the jet is con-
X-ray spectrum of several sources. Howevenected to the accretion disc rather than the
it seems that synchrotron emission alone isorona. For instance Malzac et al. (2006) re-
not enough to reproduce the details of the Xport the results of an observation of Cygnus X-
ray spectra. In the most recent version of thi$ during a mini state transition. The data indi-
model a thermal Comptonisation componerdate that the jet power is anti-correlated with
was added which appears to provide a domihe disc luminosity and unrelated to the coro-
nant contribution to the hard X-ray spectrunmal power. This is in sharp contrast with previ-
(Markoff et al., 2005). This component is sup-ous results obtained for the LHS, and suggests
posedly formed in the base of the jet whicla different mode of coupling between the jet,
forms a hot plasma that present strong simthe cold disc, and the corona in Intermediate
larities with an accretion disc corona. In theStates.
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4. Evolution of the geometry during hanced soft photon flux from the disk tends
outburst: the hysteresis problem to cool down the hot phase, leading to softer

) o spectra. The source therefore move from the
Transient black hole binaries are a class of Xight toward the left hand side at almost con-

ray binaries that are detected only occasionallyfsnt luminosity. During this hard to soft state
when they show some period of intense activityansition the sources usually show a strong
(outbursts) lasting for a few month (Tanaka & qronal activity (both the disc and corona are
Levin 1995). These outbursts have recurrencgong), this is also during this transition that
times ranging from years to dozens of yeargtically thin radio flares associated with rel-
Between two episodes of activity the source igtjyistic and sometimes superluminal ejections
in an extremely faint quiescent state. During agre observed. This region of the hardness in-
outburst, the source luminosity varies by Manynsity diagram is often called the Very High
or<_:iers of magnitude. The s_tudy of spectral eVG5ate (VHS). Once a source has reached the
lution of the sources during the outbursts igpner eft hand corner of the hardness intensity
perfectly suited to understand how the StruGgiagram, it never gets back to the LHS follow-
ture of the corona depends on the mass accigy the same path. Instead when the luminosity
tion rate. The spectral evolgt|on dqnng an outgecreases, it stays in the HSS and when lumi-
burst is conveniently described using hardnegg,sity decreases, goes down vertically and the
intensity diagrams. Those diagrams show thgrength of the non-thermal corona decreases,
evolution of the source luminosity as a funcieaying a bare multiblackbody disc spectrum.
tion of spectral hardness (defined as the rgyjs goes on until the luminosity reaches 0.02
tio of the observed count rates in a high t@ercent of Eddington. Then it moves horizon-
a lower energy band). Typically, during outyaly to the right, back to the LHS, and then

bursts the sources follow a Q-shaped path own vertically back to quiescence.
the hardness intensity diagram (see Fidlre 1).

Initially in quiescence with a very low lumi-
nosity, they are in the LHS with a high hard
ness. In the standard scenfithe cold disc is
truncated very far away from the black hole
and the emission is dominated by the hot a

Itis to be noted that the luminosity of state
transition from soft to hard seems to be rela-
tively fixed around 0.02 percent of Eddington
(Maccaronne et al. 2003). On the the other
1and the hard to soft transition can vary, even

cretion flow. Then, as luminosity increases by’ tg]e sar(?e_ s_ourcl:e, by i(_avr?ral (r)]rderr(])f mafg-
several orders of magnitude the hardness r '-tl;] edan It is always 9 ?I'Lt an the soft
mains constant. The structure of the accretidff Nard transition luminosity. The question o
flow is stable, the cold disc inner radius prob¥hat controls the dierent transitions luminos-
ably moving slowly inward. During this rise ity Is St'l.l open. Indeed, such_ a co_mple.x be-
in X-ray luminosity a compact jet is presenp"’“/'ou_r IS not expected_ a priori, since in all
and its radio emission correlates with the X_razccrenon models, there is only one relevant ex-

emission. At a luminosity that is always abov ernally imposed parameter: the mass accretion

a few percent of Eddington, the inner radiu&ate. It was not anticipated that for the same lu-

of the cold accretion disk decreases quickiyninosity the accretion flow could be infter-
This reduction of the inner disc radius is asent States. It was recently suggested that this
omplex behaviour could be explained by the

sociated with either the cold disk penetrating . f d h Id b
inside the hot inner flow, or the later collapsEXIStence of a second parameter that could be

ing into an optically thick accretion disk with & magnetic flux advected with the accreting

small active regions of hot plasma on top of jmaterial Spruit & Uzdensky (2005). But the

(Zdziarski et al. 2002). In both cases the erjnost detailed explanations so far are based on
' ' the idea that this second parameter is nothing

1 We note that a dierent geometrical interpreta- €/S€ than the history of the system. In other
tion of the outburst cycle in terms of a jet dominatedvord the accretion flow would present an hys-
accretion flow was recently proposed by Ferreira éeresis behaviour because going from LHS to
al. (2006). HSS is not the same thing as going from HSS
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to LHS. Within this line of reasoning, the mostpossibly impacting on the disc corona equi-
promising idea so-far was proposed by Meyetibrium are completely ignored. Moreover this
Hofmeister et al. (2005) who suggested thahodel does not explain why the transition LHS
the hysteresis could be linked to a condens& HSS can occurs atffiérent luminosities (the
tion/evaporation equilibrium in the accretiontransition luminosity is quite constrained in
disc corona system. They assume an advectithés model) and a second independent param-
corona on top of a thin optically thick accre-eter may still be required.

tion disc and allowing for mass exchange be-
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