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Accretion and ejection in black-hole X-ray
transients

N. D. Kylafis and T. M. Belloni

Abstract A rich phenomenology has been accumulated over the years regarding
accretion and ejection in black-hole X-ray transients (BHTs). Here we summarize
the current observational picture of the outbursts of BHTs,based on the evolution
traced in a hardness - luminosity diagram (HLD), and we offera physical interpre-
tation with two assumptions, easily justifiable. The first isthat the mass-accretion
rate to the black hole in a BHT outburst has a generic bell-shaped form. This is
guaranteed by the observational fact that all BHTs start their outburst and end it at
the quiescent state, i.e., at very low accretion rate. The second assumption is that at
low accretion rates the accretion flow is geometrically thick, ADAF-like, while at
high accretion rates it is geometrically thin. Both, at the beginning and the end of an
outburst, a strong poloidal magnetic field develops locallyin the ADAF-like part of
the accretion flow, and this explains naturally why a jet is always present in the right
part of the HLD. “Memory” of the system explains naturally why BHTs traverse
the q-shaped curves in the HLD always in the counterclockwise direction and that
no BHT is expected to ever traverse the entire curve in the clockwise direction. The
only parameter in our picture is the accretion rate.

1 Introduction

The spectral evolution of black-hole X-ray transients (BHTs) has been presented
using a hardness - luminosity diagram (HLD), where the sources often exhibit a
q-shaped curve, complicated by small excursions (see Fig. 1, top curve; Homan et
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al. 2001; Belloni et al. 2005; Homan & Belloni 2005; Gierliński & Newton 2006;
Remillard & McClintock 2006; Fender et al. 2009; Motta et al.2009; Belloni 2010;
Munoz-Darias et al. 2011a; Stiele et al. 2011). Such a hysteresis was first noticed
by Miyamoto et al. (1995). Complementary to HLDs are the hardness - fractional-
rms-variability diagrams (HRDs) (Fig. 1, bottom curve; Belloni et al. 2005) and the
absolute-rms-variability - luminosity diagrams (RLDs) (Fig. 2; Munoz-Darias et al.
2011a; Munoz-Darias et al. 2011b). The last ones exhibit curves topologically sim-
ilar to the curves in HLDs. These three types of diagrams, especially the HRDs and
the RLDs, have shown that the BHTs exhibit some characteristic states (Belloni et
al. 2005; Belloni 2010; Belloni et al. 2011). These are the quiescent state (QS), the
hard state, which historically is called low/hard state (LHS) but the word “low” has
been proven inappropriate, the hard intermediate state (HIMS), the soft intermediate
state (SIMS), and the soft state, which historically is called high/soft state (HSS),
but again the word “high” has been proven inappropriate. A different classification
scheme, based on quantitative criteria regarding the energy spectrum and the vari-
ability, was introduced by Remillard & McClintock (2006) and McClintock et al.
(2009). A comparison between the two classification schemeshas been provided by
Motta et al. (2009). For the purposes of this paper, we will use the first classification.

A simple, generic model (see, e.g., Gilfanov 2010) assumes that, at all times
during an outburst, there is a hot corona near the black hole and further out an
accretion disk, which is geometrically thin, optically thick, relatively cool, and well
described by the work of Shakura & Sunyaev (1973). The relative sizes of the corona
and the accretion disk determine the spectral state. In the HSS the corona is small
and the accretion disk extends all the way to the inner stablecircular orbit (ISCO).
In the LHS, the corona is large and the accretion disk is restricted to the outer region.

A more realistic and quantitatively successful model for the various spectral
states was provided by Esin et al. (1997; see also Narayan et al. 1996; Narayan
et al. 1997; Esin et al. 1998, 2001), who identified the unphysical corona with a
physical Advection Dominated Accretion flow (ADAF). For theinterpretation of
the q-shaped curve (Fig. 1, top panel) we make use of the picture of Esin et al.
(1997), but we also improve it and expand it, taking into account the knowledge that
has been accumulated in the intervening years.

For the traversal of the q-shaped curve, we want to make the following remark.
Imagine taking a video of a BHT as it traverses the q-shaped curve (Fig. 1, top
curve) from quiescence (below point A), vertically to high luminosity (point B),
left to small hardness ratio at about constant luminosity (point C), vertically down
to a significantly lower luminosity (point D), horizontallyto large hardness ratio
(point E), and finally vertically to quiescence (below pointA). If the video is shown
backwards, then the left turn occurs at low luminosity (point E) and the rest of the q-
shaped curve is traversed in the clockwise direction. No lawseems to be violated in
this time-reversed video. Thus, some sources ought to be observed to traverse the q-
shaped curve clockwise and others counterclockwise. However, all BHTs and in all
their outbursts, if more than one outburst have been observed, traverse the q-shaped
curve in the counterclockwise direction. It is therefore important to understand what
breaks this time-reversal symmetry. In our interpretationof the q-shaped curve, we



Accretion and ejection in black-hole X-ray transients 3

Fig. 1 Schematic representation of the q-shaped curve in a hardness-luminosity diagram (top
curve) and a hardness - fractional-rms diagram (bottom curve)for black-hole X-ray binaries. The
dotted lines mark the transition between states.

address this point. We remark that not all sources exhibit a nice q-shaped curve
during their outbursts (see Belloni 2010). In this paper we will restrict ourselves to
sources exhibiting a nice q-shaped curve in a HLD, with GX 339-4 as the prototype.

Our work is based on two assumptions: 1) The accretion rate into BHTs as a
function of time has a generic bell-shaped curve. It starts from a very low accretion
rate, it increases steadily up to an accretion rate comparable to the Eddington rate,
and ends again with a very low accretion rate. This is justified by the fact that BHTs
start and end their outbursts at very low luminosity. 2) At high accretion rates, the
accretion disk is optically thick, geometrically thin, andit is described well by the
model of Shakura & Sunyaev (1973). At low accretion rates, the accretion flow is
ADAF (Narayan & Yi 1994, 1995; Abramowitz et al. 1995) or ADAF-like.
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Fig. 2 Schematic representation of the curve traversed by black-holeX-ray binaries in a luminosity
versus total-integrated-rms diagram. The dotted lines mark thetransition between states.

Both of these assumptions are well accepted, have been verified by numerical
simulations (Ohsuga et al. 2009), and have been applied quantitatively to observa-
tions many times in the past.

As mentioned above, our knowledge has increased significantly in recent years.
Thus, despite its success, the Esin et al. (1997) model has some shortcomings. In
particular, the very high state in their picture is now identified with the HIMS and
the SIMS transitions, which comebeforethe HSS, not after. A second shortcom-
ing is the fact that their picture is “one-dimensional”, i.e., in a hardness luminosity
diagram, the sources traverse the same curve forward and backward, they do not tra-
verse a loop (see their Fig. 1). Finally, jet formation and destruction is not addressed.
In our work, we extend the model of Esin et al. (1997) and subsequent work (for a
comprehensive recent review see Done et al. 2007) to accountfor: 1) The return
pathof the q-shaped curve (see Fig. 1, top panel, from point C to points D and E).
To our knowledge, the outburst decay has not been modeled theoretically, despite
the fact that it has been studied observationally in detail (Kalemci et al. 2001, 2003,
2004, 2005, 2006). 2) Jet formation, destruction, and re-formation. By taking into
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account a novel mechanism for magnetic field generation in the ADAF, we offer an
explanation for a) the formation and evolution of a compact jet as the sources move
from quiescence, to the hard, and then to the hard intermediate state, b) the eruptive
disappearance of the compact jet before the sources reach point C in Fig. 1 (HIMS
to SIMS transition) and c) the smooth re-appearance of the compact jet before the
sources reach point E. As we will show in detail below, the only parameter in our
model is the mass-accretion rate.

An inferred quantity, which is a function of the accretion rate, is the transition ra-
diusRtr (Esin et al. 1997) between the outer thin disk and the inner ADAF. Work on
Rtr , taking into account evaporation, has been done by Liu et al.(1999; see also
Meyer et al. 2000; Meyer-Hofmeister & Meyer 2001; Qian et al.2007; Meyer-
Hofmeister et al. 2009). According to this work, we show in Fig. 3 a schematic
of Rtr versus mass-accretion ratėM. In quiescence,̇M is small andRtr is large. In
the LHS, say at points between A and B,Ṁ increases andRtr decreases. In the
HIMS and the SIMS, i.e., at points between B and C,Ṁ keeps increasing until it
reaches its maximum value (here we have allowed for three different maximum val-
ues), whileRtr keeps decreasing until it reaches the innermost stable circular orbit at
RISCO. Then,Ṁ decreases, butRtr remains atRISCO until point D is reached. There,
the inner part of the accretion disk becomes radiatively inefficient and puffs up (Das
& Sharma 2013). AsṀ keeps decreasing, an increasing part of the inner flow be-
comes ADAF-like and thereforeRtr increases. Finally, at point E the sources reach
the LHS.

Fig. 3 Schematic representation of the transition radiusRtr between the inner ADAF and the outer
thin disk as a function of mass-accretion rateṀ. The points A, B, C, D, and E reflect the same
points in Figs. 1 and 2.
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Our presentation is qualitative, but it relies on well-accepted theoretical ideas and
calculations. We concentrate on the “zeroth order effects”, while for the “first order
ones” we either speculate and say so or leave them unexplained. In many respects,
especially jet formation and destruction, our picture is applicable to neutron-star and
white-dwarf X-ray binaries (Kylafis et al. 2012).

In § 2 we describe our main ideas and explain the “zeroth order” phenomenology,
in § 3 we make some remarks, and in§ 4 we present our conclusions.

2 Following BHTs along an outburst

BHTs spend most of their time in the QS (see Levine et al. 2006), where the X-ray
luminosity is very low and the sources are usually undetected within short observing
times. Then, a significant amount of matter begins accretinginto the black hole
and an outburst occurs. The fact that BHTs start their outbursts in the QS, increase
their luminosity, and come back to the QS means that the mass-accretion rate has,
to “zeroth order”, the form of a bell-shaped curve, beginning and ending at the
accretion rate of the QS. This does not mean a Gaussian, but rather any curve that
starts at low values, increases, reaches a maximum or a plateau or multiple local
maxima and minima, and returns to low values.

Using multi-wavelength observations, it has been demonstrated (McClintock et
al. 2003; see also Marsh et al. 1994; Orosz et al. 1994) that inquiescence the matter
that leaves the companion star forms a thin disk at large radii (r >

∼2×104Rg), where
Rg = GM/c2 is the gravitational radius andM is the mass of the black hole. At
radii interior to this disk, and for the relatively small amount of matter that accretes
into the black hole in quiescence, the flow is according to oursecond assumption
ADAF-like.

It is generally considered that, matter accumulates in the above thin disk and,
through the ionization instability (Meyer & Meyer-Hofmeister 1981; Smak 1984;
for a review see Lasota 2001), matter is released, falls intothe black hole, and pow-
ers the X-ray outburst.

Before proceeding to a discussion of the outburst, we will comment on the for-
mation of the hard and the soft X-ray spectra in BHTs and on their observed time
variability.

2.1 X-ray spectra of BHTs

The soft X-ray spectra of BHTs (i.e., below a few keV) are generally believed to be
multi-temperature blackbody spectra emitted by a geometrically thin and optically
thick accretion disk, of the type proposed by Shakura and Sunyaev (1973).

For the hard X-ray power-law spectra of BHTs, observed in theLHS, there is no
general agreement for their formation, though a consensus is forming (see below).
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In models where a corona is assumed (see Gilfanov 2010 for a review), the hard X-
ray spectra are produced by inverse Comptonization of soft seed photons by thermal
or non-thermal electrons in the corona. In view of the fact that simple corona models
cannot explain the time-reversal asymmetry, discussed in the Introduction, we will
not consider them further.

Since all BHTs exhibit a compact radio jet when they are in theLHS or in the
HIMS, and the jet originates in an advection dominated accretion flow (ADAF;
Narayan & Yi 1994, 1995; Abramowicz et al. 1995), it is natural to assume that
the jet and/or the ADAF play a significant role in the formation of the hard X-ray
spectrum. The ADAF always plays a role. On the other hand, thejet clearly has the
potential to play a role. It has been demonstrated (Reig et al. 2003) that a simple
jet model can easily explain the hard X-ray spectra of BHTs inthe LHS and the
HIMS. The same is true for ADAF models (for a review see Done etal. 2007).
Thus, there is no need to invoke a thermal or non-thermal corona, when an ADAF
and a jet are present, which can explain observational factsthat corona models do
not ever address (Giannios et al. 2004; Giannios 2005; Kylafis et al. 2008; Ingram
et al. 2009; Ingram & Done 2011; 2012).

Markoff et al. (2005) proposed that the upscattering of softphotons, to create
the hard spectrum, takes placeat the baseof the jet. However, if the seed photons
enter the base of the jet, there is nothing to prevent them from “exploring” the entire
body of the compact jet. Indeed, Compton upscattering of soft seed photonsin the
entire body of the jetfits nicely the observed spectra from radio to hard X-rays
and explains in a natural way many other observational facts(Giannios et al. 2004;
Giannios 2005). Thus, we will assume that the hard X-ray spectrum in the LHS and
the HIMS is produced by inverse Compton scattering of soft seed photons mainly
in the ADAF and possibly in the compact jet. After all, there is hardly any energetic
difference if the Comptonization takes place in the ADAF or the jet, since it is the
ADAF that creates the jet and one expects that, to “zeroth order”, the mean electron
energy in the jet and the ADAF is about the same.

Before closing, we remark that the steep power-law, high-energy spectra ob-
served in the HSS of BHTs constitute only a small fraction of the total luminosity.
Thus, a limited attention has been paid to them and a possibleexplanation is that
these spectra are formed by inverse Compton scattering in non-thermal flares above
and below the thin accretion disk (Poutanen et al. 1997; Gierli ński et al. 1999). If a
jet is ever detected in the HSS, then the above interpretation must be re-considered.

2.2 Time variability of BHTs

The properties of fast (< 1 s) time variability change regularly during an outburst,
following a well repeated pattern (see Belloni 2010; Belloni et al. 2011). These
variations can be best followed by producing in addition to the HLD, two more dia-
grams: the HRD (Fig. 1, bottom curve) and the RLD (Fig. 2). As already mentioned,
the HRD shows the total fractional rms variability integrated over a broad frequency
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range, as a function of hardness. Here, to “zeroth order”, one can notice the absence
of hysteresis: all observations of a source lie along a line which goes from 40% rms
in the LHS, down to∼ 1% in the HSS, and back up to 40% when the source re-
turns to the LHS. The SIMS points occupy a separate “cloud” atlower % rms than
the main line. The power density spectra (PDS) in the LHS showlarge variability
in the form of band-limited noise components, usually fittedwith broad Lorentzian
models (see Belloni et al. 2002). As the source brightens andslightly softens, the
total rms decreases and the characteristic frequencies of all Lorentzian components
increase (see, e.g., Belloni et al. 2005). In the HIMS, when the source experiences a
fast and strong softening (see below), the rms further decreases down to 10%, while
all Lorentzians continue increasing their frequency. In this state, quasi-periodic os-
cillations (QPOs) appear together with the noise. This typeof QPO is called type-C
(Casella et al. 2005). The transition to the SIMS is very fast, it can take place on
time scales below one hour (see Nespoli et al. 2003. Also, Casella et al. 2004, Bel-
loni et al. 2005, and Motta et al. 2011 show fast transitions), and is characterized
by a radical change in the timing properties: the broad-bandnoise disappears to be
replaced by a weaker power-law component, while the type-C QPO is replaced by
a so-called type-B QPO, whose properties are radically different (see Motta et al.
2011). Minor transitions between HIMS and SIMS are often observed later, and the
timing properties change accordingly. As the source moves to the HSS, weak QPOs
of yet another type (type-A) (see Motta et al. 2011 and references therein) and re-
duced noise level in the form of a power law are observed. In the bottom branch, the
sequence is reversed and there is little evidence for hysteresis in the HRD.

Complementary to the HRD is the RLD (Fig. 2), where the horizontal axis shows
the total (not the fractional) integrated rms, and the vertical axis the luminosity.
All transitions described above are clearly visible in thisdiagram, which has the
advantage of not requiring any spectral resolution. Minor transitions between HIMS
and SIMS can be seen in such a diagram also (see Muñoz-Darias, et al. 2011).

2.3 Quiescent state

In the HLD (Fig. 1), we are now at a point well below point A (seealso Fig. 3). The
accretion rate in the QS is very low and the accretion flow insideRtr is radiatively
inefficient, hot, geometrically thick, and optically thin.Such flows are described
very well by advection dominated accretion flows (ADAF, Narayan & Yi 1994,
1995; Abramowicz et al. 1995). As a rule, when BHTs are in the QS, they exhibit
a radio jet. Soft, cyclotron photons from the jet are upscattered by the electrons in
the jet (Giannios 2005) or the ADAF (Done et al. 2007) and produce the observed
power-law, hard X-ray spectrum. Since the thin disk outsideRtr emits optical and
infrared radiation, a fraction of it will also be upscattered, but the majority of the soft
seed photons is expected to come from the jet, which is directly above and below
the ADAF.
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Three-dimensional magnetohydrodynamic simulations of astrophysical accret-
ing systems (Machida et al. 2006; Hawley 2009; Romanova et al. 2009; Mignone et
al. 2010) have shown that jet formation is due to one of two types of physical mech-
anisms: either plasma gun/magnetic tower (Contopoulos 1995; Lynden-Bell 1996)
or centrifugal driving (Blandford & Payne 1982). In either case, a strong, large-scale
magnetic field is absolutely necessary. Such strong magnetic fields can either come
from far away, in which case the flow, via advection, brings them in and amplifies
them (Igumenshchev 2008; Lovelace et al. 2009; Tchekhovskoy et al. 2011) or they
are producedlocally. We favor the second possibility because we consider it simple
and elegant. It produces astrong, poloidalmagnetic field where it is needed and
when it is needed (see below). We find it awkward to rely on a random process
rather than a direct one to create an ordered magnetic field.

The mechanism for the formation of a strong, poloidal magnetic field is the
Poynting-Robertson Cosmic Battery (PRCB, Contopoulos & Kazanas 1998; see
also Contopoulos et al. 2006; Christodoulou et al. 2008). The battery works very
efficiently, because the inner part of the flow is geometrically thick. Thus, most of
the radiation emitted near the ISCO participates in the mechanism of the battery.
The formation timescale of the magnetic field, in the variousstates of a BHT, is
discussed in Kylafis et al. (2012). Since BHTs spend most of their time in the QS,
there is ample time for the formation of the strong, poloidalmagnetic field needed
for the jet.

The efficiency of the Cosmic Battery is proportional to the luminosity of the
source. Thus, an increase in the luminosity, as the source moves from quiescence to
the hard state, results in the PRCB producing a stronger magnetic field, which can
support a stronger jet, with an increased radio emission (e.g., Giannios 2005). Thus,
it is natural to expect the radio luminosity to be positivelycorrelated with the X-ray
luminosity (see Gallo et al. 2006).

2.4 Hard state

In the HLD (Fig. 1, top panel), we are now at point A (see also Fig. 3). As the
mass-accretion rate increases, the accretion flow remains ADAF-like, the X-ray lu-
minosity increases, the PRCB works more efficiently, the jetbecomes stronger, but
the X-ray spectrum (power law in the 2−20 keV band with a photon-number spec-
tral indexΓ ∼ 1.5) remains almost the same (almost the same hardness ratio).Thus,
in the HLD, the track that the BHTs follow is an almost vertical line (upwards from
point A in Fig. 1, top panel). There is some softening as the source brightens, but
it is much less compared to that in the HIMS, see Motta et al. 2009). Since the jet
produces the radio spectrum and also provides seed photons for the hard X-rays, it is
natural that the two are correlated (see Gallo 2010 and references therein). Further-
more, since the up-scattering of the seed photons steals energy from the jet and/or
the ADAF (Compton cooling; Done et al. 2007), the high-energy cutoff Ec of the
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X-ray spectrum should decrease. This is exactly what has been observed by Motta
et al. (2009).

With increasing mass-transfer rate, the transition radiusRtr moves inward (Esin
et al. 1997; Liu et al. 1999; Das & Sharma 2013). The thin, outer part of the accretion
flow has no direct contribution to the hard X-ray spectrum, though it has an indirect
one, because it provides a fraction of the soft seed photons for Comptonization
(Sobolewska et al. 2011). The ADAF-like flow atr < Rtr is permeated by a poloidal
magnetic filed, which is very strong, near equipartition, atthe ISCO (Kylafis et al.
2012) and drops off with radius. This poloidal magnetic fieldnot only supports
the jet, but alsoincreasesthe strength of the magneto-rotational instability (Bai &
Stone 2013). As a result, there is efficient transport of matter inwards, which keeps
the density low. Thus, the source goes upwards in the q-diagram (from point A to
point B in the upper panel of Fig. 1) anddoes not turn left, i.e., towards points E
and D. In other words, the poloidal magnetic field, which is created by the PRCB
forcesthe source to remain in the hard state and, until something changes, there is
no transition to the soft state.

As the source moves from point A to point B (Fig. 1, top panel),the luminosity
increases, the cutoff of the power-law X-ray spectrum decreases significantly (Motta
et al. 2009), the photon-number spectral index increases slightly, and the thin disk
begins to contribute to the band measured by RXTE (typically3− 20 keV). As a
result, the hardness ratio decreases abruptly and the source turns left (point B in
the upper panel of Fig. 1) in the HLD (see also Fig. 3). The source then enters the
HIMS.

It has been suggested (Miller et al. 2006a; Miller et al. 2006b) that in the LHS
the thin disk is not truncated at several tensRg, but it extends all the way in, to the
ISCO. However, the derived thin-disk inner radius in the LHSis quite sensitive to
the assumed continuum shape. Thus, the above suggestion hasbeen challenged by
Done et al. (2007). There are recent claims (Reis et al. 2010;Reynolds & Miller
2013) insisting that in the LHS the thin disk extends all the way to the ISCO, but
also work with the opposite conclusion (Plant et al. 2013). In our view, the fact that
the truncated thin-disk model explains physically not onlythe X-ray spectra and the
observed time variability (Done et al. 2007; Ingram et al. 2009; Ingram & Done
2011; 2012), but also the formation and destruction of jets (Kylafis et al. 2012),
makes it more favorable.

During the LHS, the PDS is fitted with a small number (typically 3 to 4) of very
broad Lorentzians plus, in some cases, a low-frequency type-C QPO peak (e.g., Cui
et al. 1999). The thin-disk emission can only vary on a viscous timescale, which
is of order hundreds seconds. This has been confirmed by Uttley et al. (2011; see
also Wilkinson & Uttley 2009). Therefore, the above variability comes from the
component that produces the hard X-rays, i.e., from the ADAFand/or the jet. This
has been confirmed by Axelsson et al. (2013).
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2.5 Hard intermediate state

In the HLD (Fig. 1, top panel), we are now at a point to the left of B, say, halfway
between points B and C (see also Fig. 3). In the HIMS, and as time progresses,̇M
increases,Rtr decreases, the ADAF part of the accretion flow shrinks, and the thin
disk extends to progressively smaller radii. This means that if x is the fraction of
the power-law, hard X-ray luminosity in the RXTE band, then 1− x is the fraction
of the soft X-ray luminosity produced by the thin accretion disk, andx decreases
monotonically with time. This is exactly what is observed byMunoz-Darias et al.
(2011b) for MAXI J1659-152.

As the ADAF part of the accretion flow shrinks, there is an additional reason
for the decrease of the power-law luminosity. The smaller the transition radiusRtr ,
the narrower the jet becomes, the smaller its optical depth,the less efficient the
Comptonization becomes, and the steeper the high-energy power law (Γ increases
to ∼ 2, Kylafis et al. 2008). A similar argument can be made if the Comptonization
takes place in the ADAF. In addition, as the ADAF shrinks to smaller and smaller
radii, a point is reached where the disk cannot sustain the magnetic field produced
by the PRCB (Kylafis et al. 2012), the jet becomes eruptive, emitting discrete blobs
with Lorentz factorsγ > 2 (Fender et al. 2004). As the sources reach the so-called
jet line (Fender et al. 2004; Fig. 1), the thin disk extends all the way to the ISCO.

Since the thin disk may support energetic flares (Poutanen etal. 1997; Gierlínski
et al. 1999), the high-energy cutoffEc is no longer determined by the electrons in
the jet or the ADAF, but rather by the non-thermal electrons in the flares. This may
explain the increase ofEc in the HIMS (Motta et al. 2009). It is a different spectrum,
and therefore a differentEc in the HIMS than that in the LHS.

The PDS in the HIMS can be viewed as a high-frequency extension of the PDS
in the LHS. It can be decomposed into a number of broad Lorentzian components,
which correspond to those found in the LHS (e.g. Belloni et al. 2011), only they have
higher frequencies. The characteristic frequencies of allthese components vary in
unison (see Belloni et al. 2005; in Cyg X-1, not a transient system, an additional
Lorentzian component remains fixed, see Pottschmidt et al. 2003), so they are re-
ally one frequency! The total fractional rms variability islower (10−20%) than in
the LHS. The most prominent feature in the PDS is a type-C QPO (e.g., Motta et
al. 2011), with centroid frequency varying between∼ 0.2 and∼ 20 Hz. As in the
LHS, the Lorentzian components and the QPO vary together (Belloni et al. 2005;
Belloni et al. 2011). However, in the HIMS they are strongly correlated with hard-
ness. Softer spectra correspond to higher frequencies and to lower integrated rms
variability. These two correlations are explained naturally in our picture. The spec-
trum becomes softer, because the thin disk occupies an increasingly larger part of
the accretion flow. Since the rms variability of the thin diskis very small (Gilfanov
2010), the total rms variability decreases. Furthermore, since the variability (at least
the high-frequency one) appears to come from the jet/ADAF, the higher the energy
of observation, the larger the variability, as it is observed (see e.g. Gilfanov 2010;
Belloni et al. 2011). We remark here that at high energies we have two contributions
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to the spectrum: one from the jet/ADAF and one from the energetic flares discussed
above.

In addition to the X-ray spectra, an accretion flow consisting of an inner ADAF
part and an outer part of the Shakura-Sunyaev type (the so-called truncated disk
model) explains very well the broad-band noise and the type-C QPO. Ingram &
Done (2012, see also Ingram & Done 2011; Ingram et al. 2009) have demostrated
that the type-C QPO can be explained as Lense-Thirring precession of the inner,
ADAF part of the accretion flow. It is therefore natural to expect a correlation be-
tween the high-energy power-law spectrum and the QPO frequency, as they are
both produced in the same region, the ADAF. If the high-energy power-law X-ray
spectrum is produced in the jet, the characteristic frequency of the QPO has been
interpreted in the case of Cyg X-1 (Kylafis et al. 2008) as the inverse of the ejec-
tion timescale of the jet, which could be related to the Lense-Thirrring precession
frequency.

The broad-band noise spectrum has been interpreted by Ingram & Done (2011;
2012) as propagating mass-accretion rate fluctuations in the ADAF part of the ac-
cretion flow. This explains the fact that the features in the power spectrum and the
QPO vary in unison.

Our picture makes the prediction that in the upper branch of the q-shaped curve
(between points B and C in Fig. 1, top panel), the average timelag of the hard X-rays
with respect to the soft X-rays shoulddercreaseas the hardness ratio decreases. This
is because the ADAF shrinks in size in the HIMS and therefore the light-travel time
of the upscattered photons is reduced.

2.6 First jet-line crossing

The jet line (Fig. 1, top panel) is a sharp transition betweenthe HIMS and the SIMS.
It marks the end of a detectable compact jet. For a detailed study of this transition
see Miller-Jones et al. (2012). As discussed above, the thindisk cannot sustain the
magnetic field produced by the PRCB or any other mechanism andit is expelled.
The transition between HIMS and SIMS is marked only by the timing properties
(Belloni 2010). The spectrum shows no noticeable change during the transition,
apart from a minor softening. At this time of the outburst, the accretion disk is
geometrically thin, the energy spectrum is soft, and the hardness ratio is rather low.
The observed variability is detected only at high energies,so it must come from
the invoked magnetic flaring activity above and below the thin accretion disk. The
characteristic values of the hardness ratio of the jet line depend on the energy bands
used for the definition of the hardness ratio.
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2.7 Soft intermediate state

Before our discussion of the soft intermediate state, it is important to point out that
the HIMS and the SIMS are what was called very high state (VHS)in the Ginga
era (see Miyamoto et al. 1993; Takizawa et al. 1997). However, now we know that
these two states are reachedbeforethe soft state is entered, which has tremendous
implications for our understanding of the physical picture. TheGingacoverage was
not sufficient to show this and the Esin et al. (1997) model wasaffected by this
interchange of states.

In the HLD (Fig. 1, top panel), we are now just to the left of thejet line. The
energy spectrum in the SIMS is nearly the same as in the HIMS, only slightly softer.
On the other hand, significant changes occur in the PDS. A type-B QPO is now
present in the power spectrum, whichis not an evolution of the type-C QPO ob-
served in the SIMS (see Motta et al. 2011 and references therein). The characteristic
frequency of the type-B QPO is in the narrow (compared to the type-C) range of
1−6 Hz (see Motta et al. 2011 and references therein) while at high-flux intervals
the range becomes even narrower (4−6 Hz) (Casella et al. 2004; Motta et al. 2011).

Unlike type-C QPOs, which are fitted with Lorentzians, type-B QPOs are fitted
with Gaussians. This is due to the fact that type-B QPOs jitter in time on short
timescales. Thus, in the average PDS, which is the usual thatis fitted, the peak is
broadened (Nespoli et al. 2003). As in the HIMS, the fractional rms increases with
energy. This can be understood, if we invoke that most of the rms variability comes
from the flares above and below the disk.

In view of the qualitative differences between type-B and type-C QPOs, and
taking into account that the type-B QPOs are seen only duringthe SIMS, we are
tempted to speculate that the type-B QPO is associated with the last “gasps” of the
jet.

2.8 Soft state

In the HLD (Fig. 1, top panel), we are now at point C (see also Fig. 3). In outbursts
like those of GX 339-4, our prototype source, the HSS marks the highest reached
accretion rate, which then starts to decrease. There are sources where the accretion
rate keeps increasing after the HSS is entered. Those are theones that enter the
anomalous state (Belloni 2010). We do not address this state, because it is not seen
in GX 339-4 and we consider it as a “first-order effect”. We stress, however, that
this anomalous stateis notthe VHS of Esin et al. (1997).

In the soft state, the BHTs are characterized by a dominant soft X-ray spec-
trum and an energetically negligible (about 5% of the total X-ray luminosity) steep
power-law spectrum (Γ > 2.2) extending to more than 1 MeV (see Grove et al.
1998). As it was mentioned in§2.1 above, it is generally accepted that the soft X-
ray spectrum comes from the thin accretion disk and the power-law spectrum comes
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from Comptonization of the soft disk photons by the non-thermal electrons in the
flares above and below the thin disk.

As the mass-accretion rate decreases, the X-ray luminositydecreases and the
entire accretion disk remains geometrically thin, emitting progressively less lumi-
nosity. Since luminosity decreases, its temperature will also decrease, resulting in a
decrease in hardness, which is observed (see Motta et al. 2010; Stiele et al. 2012).
This brings the BHTs to point D (Fig. 1, top panel, and Fig. 3).

Fourier-resolved energy spectra in the HSS (see Churazov etal. 2001) show that
the observed variability comes from the power-law spectrumand not from the multi-
temperature blackbody of the thin disk. This is consistent with our interpretation
that the power-law spectrum comes from magnetic flaring above and below the thin
accretion disk. Sometimes, a type-A QPO is observed (see Motta et al. 2011).

2.9 Soft intermediate state again

In the HLD (Fig. 1, top panel), we are now at a point to the rightof point D (see
also Fig. 3). As the mass-accretion rate decreases further,a point is reached (point
D in Fig. 1, top panel, and Fig. 3) where the inner part of the accretion disk becomes
radiatively inefficient and puffs up (Das & Sharma 2013). Evaporation also plays a
role (Liu et al. 1999). In any case, the simulations of Das & Sharma (2013) have
shown that the transition from a geometrically thick inner flow to a geometrically
thin outer disk movesoutwardas the accretion rate decreases. In other words, in
the lower branch of the q-shaped curve (i.e., from point D to point E in Fig. 1, top
panel, and Fig. 3) we have thereverseof what we had in the upper branch (from
point B to point C in Fig. 1, top panel, and Fig. 3). The transition radiusRtr now
movesoutwardswith time (Fig. 3).

We remark here that, according to the above, the source willalwaysturn right at
point D (i.e., at a specific accretion rate), independent of how high the luminosity
was in the upper branch of the q-shaped curve (points B and C inFig. 1, top panel).
This is exactly what has been seen in the multiple outbursts of GX 339-4 (Motta et
al. 2011).

With the establishment of an ADAF-like structure at the inner part of the accre-
tion flow, the PRCB operates efficiently and creates the magnetic field needed for
the establishment of a jet. Type-B QPOs are seen once again (Stiele et al. 2011;
Motta et al. 2011). Extending our previous speculation (Sect. 2.7), we propose that
the type-B QPOs observed in this part of the HLD are again due to the jet, at itsfirst
appearence. We note here that a compact jet is formed much later, when thesource
has approached the hard state and the jet has become strong enough to be detected
as such. This gradual development of the jet was recently observed in detail (Corbel
et al. 2013).
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2.10 Hard intermediate state again

In the HLD (Fig. 1, top panel), we are now at a point, say, halfway between points
D and E (see also Fig. 3). The transition from the SIMS to the HIMS in the lower
branch of the q-shaped curve is uneventful. No eruptive jet,similar to those in the
upper branch, has ever been seen and, our prediction is that,one will never be seen.
This is because the ADAF-like part of the accretion flow increases continuously, the
PRCB continues working, and the jet builds up smoothly. No instability occurs in
the lower branch of the q-shaped curve, though variability is naturally expected as
the jet forms.

The thick and hot part of the flow insideRtr introduces a hard component in the
X-ray spectrum. This comes from up-scattering of soft photons from the thin disk
in the hot, thick, inner part of the flow or the forming jet. Thus, the hardness ratio
increases with time. As in the HIMS at higher luminosity, ifx′ is the fraction of
the power-law, hard X-ray luminosity in the RXTE band, then 1−x′ is the fraction
of the soft X-ray luminosity produced by the thin accretion disk, andx′ increases
monotonically with time. This is exactly what is observed byMunoz-Darias et al.
(2011b) for MAXI J1659-152.

Type-C QPOs are seen in this HIMS also (Motta et al. 2011). Their explanation
is naturally provided by Lense-Thirring precession of the inner ADAF-like part of
the accretion flow (Ingram et al. 2009; Ingram & Done 2011; 2012).

Our picture makes the prediction that in the lower branch of the q-shaped curve
(between points D and E in Fig. 1, top panel), the average timelag of the hard X-rays
with respect to the soft X-rays shouldincreaseas the hardness ratioincreases. This
is because the ADAF, where the upscattering of the soft photons occurs, moves to
progressively larger radii in the HIMS (Rtr increases; Das & Sharma 2013) and the
light travel time of the upscattered photons increases.

2.11 Second jet-line crossing

In the HLD (Fig. 1, top panel), we are now at a point, say, a bit to the left of point
E. As we discussed above, the jet line in the hard to soft transition (transition from
HIMS to SIMS) has no counterpart in the soft to hard transition (SIMS to HIMS).
Thus, in the “return” track, we define the jet line as the line indicating the estab-
lishment of acompactradio jet. This line occurs before the sources reach the LHS
(Miller-Jones et al. 2012).

By this time, the major part of the accretion flow is geometricaly thick andRtr

has increased to tens or hundreds of gravitational radii. Thus, the hardness ratio at
this jet line is significantly larger than the one at the jet line at higher luminosity. As
a result, the line joing the disappearence of the compact jet(upper branch) and the
appearence of a compact jet (lower branch) is slanted (Fig. 1, top panel).
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2.12 Hard state again

When the geometrically thick accretion flow occupies most of the accretion flow,
the sources reach the LHS (point E in Fig. 1, top panel). As at the beginning of the
outburst, the soft seed photons are mainly cyclotron photons from the jet and the up-
scattering occurs in the ADAF and/or the jet. The thin disk has a small contribution
of soft photons.

2.13 Return to the quiescent state

As the mass-accretion rate continues to decrease, the flow remains ADAF like, the
magnetic field produced by the PRCB weakens, the jet also weakens, but the hard
X-ray spectrum (power law) remains approximately the same.Thus, the sources
trace a nearly vertical path from point E downwards (Fig. 1, top panel). To “zeroth
order”, this path is identical to the one at the beginning of the outburst, because in
both cases the accretion flow insideRtr is ADAF-like.

3 Remarks

The q-shaped curve exhibited by BHTs in a hardness - luminosity diagram is a hys-
teresis curve, like those seen in many branches of science. Such curves are exhibited
when the system’s future development depends not only on itscurrent state, but also
on its past history.

In our case, the poloidal magnetic field that is created by thePRCB in the ADAF
during the quiescent state and persists in the hard state, “reminds” the flow that
it should remain ADAF-like, despite the fact that the accretion rate has increased
significantly. Only at accretion rates near the Eddington limit the thin accretion disk
prevails everywhere.

In view of the above, we can describe the stability of the two main spectral states
(soft and hard) at the same luminosity as follows. Consider an accretion rate such
that the observed luminosity is between the upper and lower branches of the q-
shaped curve, i.e., between points D and C or points E and B in Fig. 1, top panel.
For such an accretion rate, the accretion flow is happy to be either ADAF-like (points
between E and B in Fig. 1) or Shakura-Sunyaev - type (points between D and C in
Fig. 1).Which of the two it will be, depends on its previous history. In going from
point A to point B in Fig. 1, the system is “reminded” by the poloidal magnetic field
that it is on an ADAF-like solution and that it should remain on it. Similarly, in going
from point C to point D in Fig. 1, the system is happy with the Shakura-Sunyaev -
type solution that it is on and continues on it.

In summary, “memory” of the system plus one parameter, the accretion rate, are
enough to explain the q-shaped curve in BHTs.
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We remark however that astrophysical models and ideas do notexplain all the
observational details. Our proposed picture here is no exception. Thus, we leave it to
future work by us or others to address “first order” observations, like the anomalous
state (Belloni 2010), the fact that the loops in the HLD traversed by GX 339-4 in its
four recent outbursts are one inside the other, the repeatedcrossings of the first jet
line, and so on.

4 Conclusions

By making two rather obvious and generally accepted assumptions, we have been
able to explain the major effects observed in the HLD of BHTs.The assumptions
are the following:

1) The accretion rate onto BHTs as a function of time has a generic bell-shaped
curve. It starts from a very low accretion rate, it increasessteadily up to an accretion
rate comparable to the Eddington rate, and ends again with a very low accretion
rate. This is justified by the fact that BHTs start and end their outbursts at very low
luminosity, where the sources are usually undetected within short observing times.
About midway into the outburst, the luminosity reaches an approximate plateau and
has a value comparable to the Eddington luminosity.

2) At high accretion rates, the accretion disk is optically thick, geometrically thin,
and it is described well by the model of Shakura & Sunyaev (1973). At low accretion
rates, the accretion flow is radiatively inefficient, geometrically thick, optically thin,
and advection dominated (ADAF; Narayan & Yi 1994, 1995; Abramowitz et al.
1995). Both of these pictures are well accepted and have beenverified by numerical
simulations (Ohsuga et al. 2009).

According to Kylafis et al. (2012), when the accretion flow hasan inner ADAF-
like part, the PRCB works efficiently. Thus, a strong, poloidal magnetic field is
established and a jet forms within hours or days, depending on the luminosity. This
is exactly what is observed in a HLD. In the right part of the q-shaped curve in a
HLD, the accretion rate is relatively low, part or all of the accretion flow is ADAF-
like, and a jet is always present.

At high accretion rates, the accretion disk is of the Shakura-Sunyaev (1973) type,
the PRCB works inefficiently, and a strong, poloidal magnetic field that would form
a jet is not established. This is consistent with our currentknowledge. No jet has
ever been detected in the soft state.

Because of the above, it is natural to expect a flaring jet in the first jet-line cross-
ing, but not in the second one. As the sources approach the first jet line, the ADAF
part of the accretion flow, that feeds the jet, shrinks. On theother hand, since the
thin accretion disk cannot sustain the existing magnetic field, the thin disk becomes
unstable to Rayleigh-Taylor-type instability modes, and the accumulated magnetic
field escapes to the outer disk in the form of magnetic “strands” (Kylafis et al. 2012).
Magnetic reconnection then produces the flare. This is not the case though in the
second jet-line crossing. There, due to the low luminosity,the magnetic field builds
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up slowly in the ADAF part of the accretion flow, and continuesincreasing as the
ADAF part of the flow grows outwards and eventually occupies most of the flow.

In summary, we have shown that the main phenomena observed inthe q-shaped
curve in a HLD of BHTs can be explained with only one parameter, the accretion
rate. Furthermore, we have shown that the q-shaped curved will always be traversed
in the counterclockwise direction and we predict that no source will ever be seen to
traverse the entire q-shaped curve in the clockwise direction. In addition, we predict
that the average timelag of the hard X-rays with respect to the soft X-rays will
decrease with time in the upper branch and increase with timein the lower branch
of the q-shaped curve.

Regarding jet formation and destruction, our picture is applicable to neutron-star
and white-dwarf X-ray binaries as well (Kylafis et al. 2012).
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