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Accretion and g ection in black-hole X-ray
transients

N. D. Kylafis and T. M. Belloni

Abstract A rich phenomenology has been accumulated over the yeaasdiag
accretion and ejection in black-hole X-ray transients (BHHere we summarize
the current observational picture of the outbursts of BHiEsed on the evolution
traced in a hardness - luminosity diagram (HLD), and we ddfphysical interpre-
tation with two assumptions, easily justifiable. The firsthat the mass-accretion
rate to the black hole in a BHT outburst has a generic belpstidorm. This is
guaranteed by the observational fact that all BHTs stait theburst and end it at
the quiescent state, i.e., at very low accretion rate. Thersbassumption is that at
low accretion rates the accretion flow is geometrically KhikDAF-like, while at
high accretion rates it is geometrically thin. Both, at tlegibning and the end of an
outburst, a strong poloidal magnetic field develops locallthe ADAF-like part of
the accretion flow, and this explains naturally why a jetveasls present in the right
part of the HLD. “Memory” of the system explains naturally wBHTs traverse
the g-shaped curves in the HLD always in the counterclogkwigection and that
no BHT is expected to ever traverse the entire curve in thekelse direction. The
only parameter in our picture is the accretion rate.

1 Introduction

The spectral evolution of black-hole X-ray transients (Bifihas been presented
using a hardness - luminosity diagram (HLD), where the smften exhibit a
g-shaped curve, complicated by small excursions (see Figplcurve; Homan et
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al. 2001; Belloni et al. 2005; Homan & Belloni 2005; Giéski & Newton 2006;
Remillard & McClintock 2006; Fender et al. 2009; Motta et2009; Belloni 2010;
Munoz-Darias et al. 2011a; Stiele et al. 2011). Such a hgsigmwas first noticed
by Miyamoto et al. (1995). Complementary to HLDs are the hass - fractional-
rms-variability diagrams (HRDs) (Fig. 1, bottom curve; Beli et al. 2005) and the
absolute-rms-variability - luminosity diagrams (RLDs)dF2; Munoz-Darias et al.
2011a; Munoz-Darias et al. 2011b). The last ones exhibitasutopologically sim-
ilar to the curves in HLDs. These three types of diagramsaaply the HRDs and
the RLDs, have shown that the BHTs exhibit some charadtestites (Belloni et
al. 2005; Belloni 2010; Belloni et al. 2011). These are thigsgent state (QS), the
hard state, which historically is called low/hard state §)Hbut the word “low” has
been proven inappropriate, the hard intermediate statd §ilthe soft intermediate
state (SIMS), and the soft state, which historically isadlhigh/soft state (HSS),
but again the word “high” has been proven inappropriate.ffeint classification
scheme, based on quantitative criteria regarding the grsgrgctrum and the vari-
ability, was introduced by Remillard & McClintock (2006) cdumcClintock et al.
(2009). A comparison between the two classification schdras®een provided by
Motta et al. (2009). For the purposes of this paper, we walthe first classification.

A simple, generic model (see, e.g., Gilfanov 2010) assutnas &t all times
during an outburst, there is a hot corona near the black haodefarther out an
accretion disk, which is geometrically thin, opticallyc¢kj relatively cool, and well
described by the work of Shakura & Sunyaev (1973). The k&aizes of the corona
and the accretion disk determine the spectral state. In 8@ tHe corona is small
and the accretion disk extends all the way to the inner stldalar orbit (ISCO).
Inthe LHS, the corona is large and the accretion disk isiotstf to the outer region.

A more realistic and quantitatively successful model fag trarious spectral
states was provided by Esin et al. (1997; see also Narayah #936; Narayan
et al. 1997; Esin et al. 1998, 2001), who identified the ungays<orona with a
physical Advection Dominated Accretion flow (ADAF). For thgerpretation of
the g-shaped curve (Fig. 1, top panel) we make use of therpicuEsin et al.
(1997), but we also improve it and expand it, taking into atdhe knowledge that
has been accumulated in the intervening years.

For the traversal of the g-shaped curve, we want to make flewiog remark.
Imagine taking a video of a BHT as it traverses the g-shapedec{Fig. 1, top
curve) from quiescence (below point A), vertically to highrinosity (point B),
left to small hardness ratio at about constant luminositinipC), vertically down
to a significantly lower luminosity (point D), horizontallp large hardness ratio
(point E), and finally vertically to quiescence (below poMt If the video is shown
backwards, then the left turn occurs at low luminosity (p&jand the rest of the g-
shaped curve is traversed in the clockwise direction. Nos@ams to be violated in
this time-reversed video. Thus, some sources ought to lnabto traverse the g-
shaped curve clockwise and others counterclockwise. Hexvall BHTs and in all
their outbursts, if more than one outburst have been obdgeinaverse the g-shaped
curve in the counterclockwise direction. It is thereforg@ortant to understand what
breaks this time-reversal symmetry. In our interpretatibthe g-shaped curve, we
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Fig. 1 Schematic representation of the g-shaped curve in a hardnessskityidiagram (top
curve) and a hardness - fractional-rms diagram (bottom ctiovedlack-hole X-ray binaries. The
dotted lines mark the transition between states.

address this point. We remark that not all sources exhibica g-shaped curve
during their outbursts (see Belloni 2010). In this paper vilerestrict ourselves to
sources exhibiting a nice g-shaped curve in a HLD, with GX-82% the prototype.

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

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

As mentioned above, our knowledge has increased signiffjcantecent years.
Thus, despite its success, the Esin et al. (1997) model e shortcomings. In
particular, the very high state in their picture is now idieed with the HIMS and
the SIMS transitions, which commeforethe HSS, not after. A second shortcom-
ing is the fact that their picture is “one-dimensional”, ji@ a hardness luminosity
diagram, the sources traverse the same curve forward aka/aat; they do not tra-
verse a loop (see their Fig. 1). Finally, jet formation anstdection is not addressed.
In our work, we extend the model of Esin et al. (1997) and sybset work (for a
comprehensive recent review see Done et al. 2007) to acéourtt) Thereturn
path of the g-shaped curve (see Fig. 1, top panel, from point C totp® and E).
To our knowledge, the outburst decay has not been modeledetially, despite
the fact that it has been studied observationally in defalémci et al. 2001, 2003,
2004, 2005, 2006). 2) Jet formation, destruction, and rexéion. By taking into
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account a novel mechanism for magnetic field generationaiM\DAF, we offer an
explanation for a) the formation and evolution of a compatap the sources move
from quiescence, to the hard, and then to the hard interrteestiate, b) the eruptive
disappearance of the compact jet before the sources reauhpm Fig. 1 (HIMS
to SIMS transition) and c) the smooth re-appearance of thgect jet before the
sources reach point E. As we will show in detail below, theyqrdrameter in our
model is the mass-accretion rate.

An inferred quantity, which is a function of the accretioteras the transition ra-
diusR; (Esin et al. 1997) between the outer thin disk and the inneARDVork on
Rir, taking into account evaporation, has been done by Liu €t18P9; see also
Meyer et al. 2000; Meyer-Hofmeister & Meyer 2001; Qian et2007; Meyer-
Hofmeister et al. 2009). According to this work, we show ig.F8 a schematic
of R, versus mass-accretion rdé In quiescencel}'/l is small andR; is large. In
the LHS, say at points between A and B, increases an® decreases. In the
HIMS and the SIMS, i.e., at points between B and\Ckeeps increasing until it
reaches its maximum value (here we have allowed for thréerdift maximum val-
ues), whileR;; keeps decreasing until it reaches the innermost stablalairarbit at
Risco. Then,M decreases, bR, remains aRsco until point D is reached. There,
the inner part of the accretion disk becomes radiativelffitzient and puffs up (Das
& Sharma 2013). AM keeps decreasing, an increasing part of the inner flow be-
comes ADAF-like and thereforig; increases. Finally, at point E the sources reach
the LHS.

Rer

Risco

Fig. 3 Schematic representation of the transition rafRusetween the inner ADAF and the outer

thin disk as a function of mass-accretion réde 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-guteel theoretical ideas and
calculations. We concentrate on the “zeroth order effegthile for the “first order
ones” we either speculate and say so or leave them unexgldmenany respects,
especially jet formation and destruction, our picture igleable to neutron-star and
white-dwarf X-ray binaries (Kylafis et al. 2012).

In § 2 we describe our main ideas and explain the “zeroth ordezipimenology,
in § 3 we make some remarks, andiid we present our conclusions.

2 Following BHTsalong an outbur st

BHTs spend most of their time in the QS (see Levine et al. 2006¢re the X-ray
luminosity is very low and the sources are usually undetiwithin short observing
times. Then, a significant amount of matter begins accretit@ the black hole
and an outburst occurs. The fact that BHTs start their oatbun the QS, increase
their luminosity, and come back to the QS means that the mes®tion rate has,
to “zeroth order”, the form of a bell-shaped curve, begignand ending at the
accretion rate of the QS. This does not mean a Gaussian,thet &y curve that
starts at low values, increases, reaches a maximum or aplatemultiple local
maxima and minima, and returns to low values.

Using multi-wavelength observations, it has been dematestr(McClintock et
al. 2003; see also Marsh et al. 1994; Orosz et al. 1994) tlratiescence the matter
that leaves the companion star forms a thin disk at large (agi2 x 1O4Rg), where
Ry = GM/c? is the gravitational radius anil is the mass of the black hole. At
radii interior to this disk, and for the relatively small aomt of matter that accretes
into the black hole in quiescence, the flow is according tosmoond assumption
ADAF-like.

It is generally considered that, matter accumulates in bove thin disk and,
through the ionization instability (Meyer & Meyer-Hofméds 1981; Smak 1984;
for a review see Lasota 2001), matter is released, fallgh@dlack hole, and pow-
ers the X-ray outburst.

Before proceeding to a discussion of the outburst, we withe@nt on the for-
mation of the hard and the soft X-ray spectra in BHTs and oir tieserved time
variability.

2.1 X-ray spectraof BHTs

The soft X-ray spectra of BHTSs (i.e., below a few keV) are gathg believed to be
multi-temperature blackbody spectra emitted by a geonadlyithin and optically
thick accretion disk, of the type proposed by Shakura ang&n(1973).

For the hard X-ray power-law spectra of BHTs, observed inti8, there is no
general agreement for their formation, though a conserssigsming (see below).
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In models where a corona is assumed (see Gilfanov 2010 feiewk the hard X-
ray spectra are produced by inverse Comptonization of seft photons by thermal
or non-thermal electrons in the corona. In view of the faat #imple corona models
cannot explain the time-reversal asymmetry, discusselgeinrttroduction, we will
not consider them further.

Since all BHTs exhibit a compact radio jet when they are inltH& or in the
HIMS, and the jet originates in an advection dominated direflow (ADAF;
Narayan & Yi 1994, 1995; Abramowicz et al. 1995), it is natumassume that
the jet and/or the ADAF play a significant role in the formatiof the hard X-ray
spectrum. The ADAF always plays a role. On the other handgetheearly has the
potential to play a role. It has been demonstrated (Reig. &0413) that a simple
jet model can easily explain the hard X-ray spectra of BHTtha LHS and the
HIMS. The same is true for ADAF models (for a review see Donale2007).
Thus, there is no need to invoke a thermal or non-thermalnegrehen an ADAF
and a jet are present, which can explain observational thatscorona models do
not ever address (Giannios et al. 2004; Giannios 2005; kyédfal. 2008; Ingram
et al. 2009; Ingram & Done 2011; 2012).

Markoff et al. (2005) proposed that the upscattering of pbfttons, to create
the hard spectrum, takes plaaethe baseof the jet. However, if the seed photons
enter the base of the jet, there is nothing to prevent them fexploring” the entire
body of the compact jet. Indeed, Compton upscattering dfssefd photong the
entire body of the jefits nicely the observed spectra from radio to hard X-rays
and explains in a natural way many other observational {&i@nnios et al. 2004;
Giannios 2005). Thus, we will assume that the hard X-raytspecin the LHS and
the HIMS is produced by inverse Compton scattering of satigghotons mainly
in the ADAF and possibly in the compact jet. After all, thesénardly any energetic
difference if the Comptonization takes place in the ADAFIwe jet, since it is the
ADAF that creates the jet and one expects that, to “zerotardrthe mean electron
energy in the jet and the ADAF is about the same.

Before closing, we remark that the steep power-law, higérgyn spectra ob-
served in the HSS of BHTSs constitute only a small fractionhef total luminosity.
Thus, a limited attention has been paid to them and a possiplanation is that
these spectra are formed by inverse Compton scatteringitiresmal flares above
and below the thin accretion disk (Poutanen et al. 1997;li@G&ki et al. 1999). If a
jetis ever detected in the HSS, then the above interpretatigst be re-considered.

2.2 Timevariability of BHTs

The properties of fast{ 1 s) time variability change regularly during an outburst,
following a well repeated pattern (see Belloni 2010; Bellenal. 2011). These
variations can be best followed by producing in additiorh@ HLD, two more dia-
grams: the HRD (Fig. 1, bottom curve) and the RLD (Fig. 2). lksady mentioned,
the HRD shows the total fractional rms variability integ@bver a broad frequency
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range, as a function of hardness. Here, to “zeroth ordeg ,cam notice the absence
of hysteresis: all observations of a source lie along a lihielwgoes 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 “clouddwér % rms than
the main line. The power density spectra (PDS) in the LHS slaoge variability
in the form of band-limited noise components, usually fitiéth broad Lorentzian
models (see Belloni et al. 2002). As the source brightensséightly softens, the
total rms decreases and the characteristic frequencidblafrantzian components
increase (see, e.g., Belloni et al. 2005). In the HIMS, wihersburce experiences a
fast and strong softening (see below), the rms further dsesedown to 10%, while
all Lorentzians continue increasing their frequency. is #tate, quasi-periodic os-
cillations (QPOs) appear together with the noise. This bfg@PO is called type-C
(Casella et al. 2005). The transition to the SIMS is very,fistan take place on
time scales below one hour (see Nespoli et al. 2003. Alscel@ast al. 2004, Bel-
loni et al. 2005, and Motta et al. 2011 show fast transitipasyl is characterized
by a radical change in the timing properties: the broad-banise disappears to be
replaced by a weaker power-law component, while the typePO replaced by
a so-called type-B QPO, whose properties are radicalledifit (see Motta et al.
2011). Minor transitions between HIMS and SIMS are oftereobsd later, and the
timing properties change accordingly. As the source mav#isg HSS, weak QPOs
of yet another type (type-A) (see Motta et al. 2011 and refegs therein) and re-
duced noise level in the form of a power law are observed.dibtiitom branch, the
sequence is reversed and there is little evidence for lgstein the HRD.

Complementary to the HRD is the RLD (Fig. 2), where the hariabaxis shows
the total ot the fractiondl integrated rms, and the vertical axis the luminosity.
All transitions described above are clearly visible in tdiagram, which has the
advantage of not requiring any spectral resolution. Minamsitions between HIMS
and SIMS can be seen in such a diagram also (sg@kHDarias, et al. 2011).

2.3 Quiescent state

In the HLD (Fig. 1), we are now at a point well below point A (sdso Fig. 3). The
accretion rate in the QS is very low and the accretion flond@B; is radiatively
inefficient, hot, geometrically thick, and optically thiBuch flows are described
very well by advection dominated accretion flows (ADAF, Nama & Yi 1994,
1995; Abramowicz et al. 1995). As a rule, when BHTs are in ti$ ey exhibit
a radio jet. Soft, cyclotron photons from the jet are upscatt by the electrons in
the jet (Giannios 2005) or the ADAF (Done et al. 2007) and poedthe observed
power-law, hard X-ray spectrum. Since the thin disk out$tdeemits optical and
infrared radiation, a fraction of it will also be upscati#rbut the majority of the soft
seed photons is expected to come from the jet, which is dirabbve and below
the ADAF.
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Three-dimensional magnetohydrodynamic simulations tbphysical accret-
ing systems (Machida et al. 2006; Hawley 2009; Romanova 208R; Mignone et
al. 2010) have shown that jet formation is due to one of twes$ypf physical mech-
anisms: either plasma gun/magnetic tower (Contopoulo$;119thden-Bell 1996)
or centrifugal driving (Blandford & Payne 1982). In eitherse, a strong, large-scale
magnetic field is absolutely necessary. Such strong maygiietls can either come
from far away, in which case the flow, via advection, bringsnthin and amplifies
them (Igumenshchev 2008; Lovelace et al. 2009; Tchekhgvskal. 2011) or they
are producedtbcally. We favor the second possibility because we consider itlsimp
and elegant. It producessirong, poloidalmagnetic field where it is needed and
when it is needed (see below). We find it awkward to rely on aoam process
rather than a direct one to create an ordered magnetic field.

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

The efficiency of the Cosmic Battery is proportional to theninosity of the
source. Thus, an increase in the luminosity, as the sourgesrftom quiescence to
the hard state, results in the PRCB producing a stronger etiagield, which can
support a stronger jet, with an increased radio emissign, @iannios 2005). Thus,
it is natural to expect the radio luminosity to be positivetyrelated 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 alsg. B). As the
mass-accretion rate increases, the accretion flow remawg-Aike, the X-ray lu-
minosity increases, the PRCB works more efficiently, thd@tomes stronger, but
the X-ray spectrum (power law in the-220 keV band with a photon-number spec-
tral indexI” ~ 1.5) remains almost the same (almost the same hardness Téui),
in the HLD, the track that the BHTSs follow is an almost vertiliae (upwards from
point A in Fig. 1, top panel). There is some softening as thebrightens, but
it is much less compared to that in the HIMS, see Motta et @920Since the jet
produces the radio spectrum and also provides seed phatathethard X-rays, it is
natural that the two are correlated (see Gallo 2010 anderdes therein). Further-
more, since the up-scattering of the seed photons steaigyeinem the jet and/or
the ADAF (Compton cooling; Done et al. 2007), the high-egeargtoff E. of the
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X-ray spectrum should decrease. This is exactly what has bleserved by Motta
et al. (2009).

With increasing mass-transfer rate, the transition raBjusnoves inward (Esin
etal. 1997; Liu et al. 1999; Das & Sharma 2013). The thin, opéet of the accretion
flow has no direct contribution to the hard X-ray spectruropth it has an indirect
one, because it provides a fraction of the soft seed photmn€dmptonization
(Sobolewska et al. 2011). The ADAF-like flowrak Ry, is permeated by a poloidal
magnetic filed, which is very strong, near equipartitionthat ISCO (Kylafis et al.
2012) and drops off with radius. This poloidal magnetic fialat only supports
the jet, but alsancreaseghe strength of the magneto-rotational instability (Bai &
Stone 2013). As a result, there is efficient transport of endtivwards, which keeps
the density low. Thus, the source goes upwards in the galiagfrom point A to
point B in the upper panel of Fig. 1) amtbes not turn lefti.e., towards points E
and D. In other words, the poloidal magnetic field, which isated by the PRCB
forcesthe source to remain in the hard state and, until somethiagg#s, there is
no transition to the soft state.

As the source moves from point A to point B (Fig. 1, top pantig, luminosity
increases, the cutoff of the power-law X-ray spectrum desee significantly (Motta
et al. 2009), the photon-number spectral index increasgistlyi and the thin disk
begins to contribute to the band measured by RXTE (typicay20 keV). As a
result, the hardness ratio decreases abruptly and theestunrts left (point B in
the upper panel of Fig. 1) in the HLD (see also Fig. 3). The satinen enters the
HIMS.

It has been suggested (Miller et al. 2006a; Miller et al. 2f)d6at in the LHS
the thin disk is not truncated at several tés but it extends all the way in, to the
ISCO. However, the derived thin-disk inner radius in the Lid§uite sensitive to
the assumed continuum shape. Thus, the above suggestibedmshallenged by
Done et al. (2007). There are recent claims (Reis et al. 2B&9nolds & Miller
2013) insisting that in the LHS the thin disk extends all theywo the 1ISCO, but
also work with the opposite conclusion (Plant et al. 2013pur view, the fact that
the truncated thin-disk model explains physically not c¢hky X-ray spectra and the
observed time variability (Done et al. 2007; Ingram et al020Ingram & Done
2011; 2012), but also the formation and destruction of jKidafis et al. 2012),
makes it more favorable.

During the LHS, the PDS is fitted with a small number (typig&lto 4) of very
broad Lorentzians plus, in some cases, a low-frequency®/Q&0O peak (e.g., Cui
et al. 1999). The thin-disk emission can only vary on a visctimescale, which
is of order hundreds seconds. This has been confirmed byyldttlal. (2011; see
also Wilkinson & Uttley 2009). Therefore, the above varidpicomes from the
component that produces the hard X-rays, i.e., from the ARA& 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 IéfBpsay, halfway
between points B and C (see also Fig. 3). In the HIMS, and as piragressesyl
increasesR;; decreases, the ADAF part of the accretion flow shrinks, aadHmm
disk extends to progressively smaller radii. This meansithais the fraction of
the power-law, hard X-ray luminosity in the RXTE band, then Ris the fraction
of the soft X-ray luminosity produced by the thin accretiaskd andx decreases
monotonically with time. This is exactly what is observedMynoz-Darias et al.
(2011b) for MAXI J1659-152.

As the ADAF part of the accretion flow shrinks, there is an &ddal reason
for the decrease of the power-law luminosity. The smallerttansition radiug;,
the narrower the jet becomes, the smaller its optical dapthless efficient the
Comptonization becomes, and the steeper the high-enewgrpaw (~ increases
to ~ 2, Kylafis et al. 2008). A similar argument can be made if thenBtonization
takes place in the ADAF. In addition, as the ADAF shrinks tcaier and smaller
radii, a point is reached where the disk cannot sustain ttgneti field produced
by the PRCB (Kylafis et al. 2012), the jet becomes eruptivettienp discrete blobs
with Lorentz factorsy > 2 (Fender et al. 2004). As the sources reach the so-called
jet line (Fender et al. 2004; Fig. 1), the thin disk extendithel way to the ISCO.

Since the thin disk may support energetic flares (Poutanain £997; Gierlhski
et al. 1999), the high-energy cutdi is no longer determined by the electrons in
the jet or the ADAF, but rather by the non-thermal electranthe flares. This may
explain the increase &; in the HIMS (Motta et al. 2009). It is a different spectrum,
and therefore a differeifi; in the HIMS than that in the LHS.

The PDS in the HIMS can be viewed as a high-frequency extartdithe PDS
in the LHS. It can be decomposed into a number of broad Loi@mtzomponents,
which correspond to those found in the LHS (e.g. Belloni €2@11), only they have
higher frequencies. The characteristic frequencies dhake components vary in
unison (see Belloni et al. 2005; in Cyg X-1, not a transierstesy, an additional
Lorentzian component remains fixed, see Pottschmidt et08I3)2 so they are re-
ally one frequency! The total fractional rms variabilitylisver (10— 20%) than in
the LHS. The most prominent feature in the PDS is a type-C QR@,(Motta et
al. 2011), with centroid frequency varying betweerd.2 and~ 20 Hz. As in the
LHS, the Lorentzian components and the QPO vary togethdlofBest al. 2005;
Belloni et al. 2011). However, in the HIMS they are strongtyrelated with hard-
ness. Softer spectra correspond to higher frequenciesoalogvér integrated rms
variability. These two correlations are explained natyrial our picture. The spec-
trum becomes softer, because the thin disk occupies arasiogly larger part of
the accretion flow. Since the rms variability of the thin diskery small (Gilfanov
2010), the total rms variability decreases. Furthermanegsthe variability (at least
the high-frequency one) appears to come from the jet/ ADB&Higher the energy
of observation, the larger the variability, as it is obsér¢eee e.g. Gilfanov 2010;
Belloni et al. 2011). We remark here that at high energiesave fwo contributions
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to the spectrum: one from the jet/ADAF and one from the enardjares discussed
above.

In addition to the X-ray spectra, an accretion flow consgstihan inner ADAF
part and an outer part of the Shakura-Sunyaev type (the IEmdauncated disk
model) explains very well the broad-band noise and the @E@PO. Ingram &
Done (2012, see also Ingram & Done 2011; Ingram et al. 2008 Hamostrated
that the type-C QPO can be explained as Lense-Thirring pséme of the inner,
ADAF part of the accretion flow. It is therefore natural to egpa correlation be-
tween the high-energy power-law spectrum and the QPO freyu@s they are
both produced in the same region, the ADAF. If the high-ep@awer-law X-ray
spectrum is produced in the jet, the characteristic frequef the QPO has been
interpreted in the case of Cyg X-1 (Kylafis et al. 2008) as tivelise of the ejec-
tion timescale of the jet, which could be related to the LeRlsirring precession
frequency.

The broad-band noise spectrum has been interpreted bynin§rBone (2011;
2012) as propagating mass-accretion rate fluctuationsei\[PAF part of the ac-
cretion flow. This explains the fact that the features in tbevgr spectrum and the
QPO vary in unison.

Our picture makes the prediction that in the upper branchefjtshaped curve
(between points B and C in Fig. 1, top panel), the averagddigraf the hard X-rays
with respect to the soft X-rays shoulércreaseas the hardness ratio decreases. This
is because the ADAF shrinks in size in the HIMS and therefoedight-travel time
of the upscattered photons is reduced.

2.6 First jet-linecrossing

The jetline (Fig. 1, top panel) is a sharp transition betwtberHIMS and the SIMS.
It marks the end of a detectable compact jet. For a detailety/ gif this transition
see Miller-Jones et al. (2012). As discussed above, thediBincannot sustain the
magnetic field produced by the PRCB or any other mechanisnitas@xpelled.
The transition between HIMS and SIMS is marked only by thdrtgrproperties
(Belloni 2010). The spectrum shows no noticeable changagluhe transition,
apart from a minor softening. At this time of the outbursg thccretion disk is
geometrically thin, the energy spectrum is soft, and theliess ratio is rather low.
The observed variability is detected only at high energsesit must come from
the invoked magnetic flaring activity above and below the tiicretion disk. The
characteristic values of the hardness ratio of the jet leygedd 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, itnjgdrtant to point out that
the HIMS and the SIMS are what was called very high state (VidShe Ginga
era (see Miyamoto et al. 1993; Takizawa et al. 1997). Howewax we know that
these two states are reachmeforethe soft state is entered, which has tremendous
implications for our understanding of the physical pictiree Gingacoverage was
not sufficient to show this and the Esin et al. (1997) model affected by this
interchange of states.

In the HLD (Fig. 1, top panel), we are now just to the left of feline. The
energy spectrum in the SIMS is nearly the same as in the HIMIg slightly softer.
On the other hand, significant changes occur in the PDS. ABy@#O is now
present in the power spectrum, whishnotan evolution of the type-C QPO ob-
served in the SIMS (see Motta et al. 2011 and referencedsithefée characteristic
frequency of the type-B QPO is in the narrow (compared to yipe-C) range of
1-6 Hz (see Motta et al. 2011 and references therein) whilegit-fiux intervals
the range becomes even narrower-@Hz) (Casella et al. 2004; Motta et al. 2011).

Unlike type-C QPOs, which are fitted with Lorentzians, typ&POs are fitted
with Gaussians. This is due to the fact that type-B QPOg jitidime on short
timescales. Thus, in the average PDS, which is the usualdfiidted, the peak is
broadened (Nespoli et al. 2003). As in the HIMS, the fraalams increases with
energy. This can be understood, if we invoke that most ofrtewariability comes
from the flares above and below the disk.

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

2.8 Soft state

In the HLD (Fig. 1, top panel), we are now at point C (see algp 8). In outbursts
like those of GX 339-4, our prototype source, the HSS markshighest reached
accretion rate, which then starts to decrease. There areesowhere the accretion
rate keeps increasing after the HSS is entered. Those amn#sethat enter the
anomalous state (Belloni 2010). We do not address this, ffatause it is not seen
in GX 339-4 and we consider it as a “first-order effect”. Wees#, however, that
this anomalous staie notthe VHS of Esin et al. (1997).

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

As the mass-accretion rate decreases, the X-ray lumindsityeases and the
entire accretion disk remains geometrically thin, emgtprogressively less lumi-
nosity. Since luminosity decreases, its temperature \gd decrease, resulting in a
decrease in hardness, which is observed (see Motta et d; 3digle 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 Churazdy2201) show that
the observed variability comes from the power-law spectauahnot from the multi-
temperature blackbody of the thin disk. This is consisteitih wur interpretation
that the power-law spectrum comes from magnetic flaring @laon below the thin
accretion disk. Sometimes, a type-A QPO is observed (setaMbal. 2011).

2.9 Soft intermediate state again

In the HLD (Fig. 1, top panel), we are now at a point to the righpoint D (see
also Fig. 3). As the mass-accretion rate decreases fughpaint is reached (point
D in Fig. 1, top panel, and Fig. 3) where the inner part of treretton disk becomes
radiatively inefficient and puffs up (Das & Sharma 2013). fiuation also plays a
role (Liu et al. 1999). In any case, the simulations of Das &&tma (2013) have
shown that the transition from a geometrically thick innemflto a geometrically
thin outer disk movesutwardas the accretion rate decreases. In other words, in
the lower branch of the g-shaped curve (i.e., from point DdmpE in Fig. 1, top
panel, and Fig. 3) we have theverseof what we had in the upper branch (from
point B to point C in Fig. 1, top panel, and Fig. 3). The traiositradiusR;, now
movesoutwardswith time (Fig. 3).

We remark here that, according to the above, the sourcaliflysturn right at
point D (i.e., at a specific accretion rate), independentasf high the luminosity
was in the upper branch of the g-shaped curve (points B and=@irl, top panel).
This is exactly what has been seen in the multiple outbufsgxo339-4 (Motta et
al. 2011).

With the establishment of an ADAF-like structure at the inpart of the accre-
tion flow, the PRCB operates efficiently and creates the ntagfield needed for
the establishment of a jet. Type-B QPOs are seen once agiéte(st al. 2011,
Motta et al. 2011). Extending our previous speculation {S&&), we propose that
the type-B QPOs observed in this part of the HLD are again dtiet jet, at itirst
appearenceWe note here that a compact jet is formed much later, wheadbece
has approached the hard state and the jet has become stmmghdn be detected
as such. This gradual development of the jet was recentlgreed 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, hajfilsetween points
D and E (see also Fig. 3). The transition from the SIMS to thEl&lin the lower
branch of the g-shaped curve is uneventful. No eruptivesjgtilar to those in the
upper branch, has ever been seen and, our prediction idtieatyill never be seen.
This is because the ADAF-like part of the accretion flow is®s continuously, the
PRCB continues working, and the jet builds up smoothly. Nstahility occurs in
the lower branch of the g-shaped curve, though variab#itydturally expected as
the jet forms.

The thick and hot part of the flow insid®; introduces a hard component in the
X-ray spectrum. This comes from up-scattering of soft phstivom the thin disk
in the hot, thick, inner part of the flow or the forming jet. Bhuhe hardness ratio
increases with time. As in the HIMS at higher luminosityxifis the fraction of
the power-law, hard X-ray luminosity in the RXTE band, then # is the fraction
of the soft X-ray luminosity produced by the thin accretidskg andx’ increases
monotonically with time. This is exactly what is observedMynoz-Darias et al.
(2011b) for MAXI J1659-152.

Type-C QPOs are seen in this HIMS also (Motta et al. 2011)irhelanation
is naturally provided by Lense-Thirring precession of thieer ADAF-like part of
the accretion flow (Ingram et al. 2009; Ingram & Done 2011;201

Our picture makes the prediction that in the lower branchefd-shaped curve
(between points D and E in Fig. 1, top panel), the averagddigraf the hard X-rays
with respect to the soft X-rays shoulitreaseas the hardness ratiocreasesThis
is because the ADAF, where the upscattering of the soft pisobccurs, moves to
progressively larger radii in the HIM$( 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, adbihe left of point

E. As we discussed above, the jet line in the hard to softitiangtransition from
HIMS to SIMS) has no counterpart in the soft to hard transi{i§IMS to HIMS).
Thus, in the “return” track, we define the jet line as the lindi¢ating 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 geometsichick andRy;
has increased to tens or hundreds of gravitational radiisTthe hardness ratio at
this jet line is significantly larger than the one at the jeelat higher luminosity. As
a result, the line joing the disappearence of the compatjgter branch) and the
appearence of a compact jet (lower branch) is slanted (Figplpanel).
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2.12 Hard state again

When the geometrically thick accretion flow occupies mosthef accretion flow,

the sources reach the LHS (point E in Fig. 1, top panel). Aabeginning of the
outburst, the soft seed photons are mainly cyclotron ptsotmm the jet and the up-
scattering occurs in the ADAF and/or the jet. The thin disk aamall contribution
of soft photons.

2.13 Return to the quiescent state

As the mass-accretion rate continues to decrease, the flomime ADAF like, the
magnetic field produced by the PRCB weakens, the jet alsoemsakut the hard
X-ray spectrum (power law) remains approximately the sahmels, the sources
trace a nearly vertical path from point E downwards (Figop, panel). To “zeroth
order”, this path is identical to the one at the beginninghef dutburst, because in
both cases the accretion flow insiBg is ADAF-like.

3 Remarks

The g-shaped curve exhibited by BHTs in a hardness - luntindggram is a hys-
teresis curve, like those seen in many branches of sciench.csirves are exhibited
when the system’s future development depends not only @aitent state, but also
on its past history.

In our case, the poloidal magnetic field that is created by?fREB in the ADAF
during the quiescent state and persists in the hard stamirids” the flow that
it should remain ADAF-like, despite the fact that the adoretate has increased
significantly. Only at accretion rates near the Eddingtoitithe thin accretion disk
prevails everywhere.

In view of the above, we can describe the stability of the tvadmspectral states
(soft and hard) at the same luminosity as follows. Consideacretion rate such
that the observed luminosity is between the upper and lowendhes of the g-
shaped curve, i.e., between points D and C or points E and BjinlFtop panel.
For such an accretion rate, the accretion flow is happy tothereADAF-like (points
between E and B in Fig. 1) or Shakura-Sunyaev - type (poirttsdmn D and C in
Fig. 1). Which of the two it will be, depends on its previous histdmygoing from
point A to point B in Fig. 1, the system is “reminded” by the pidlal magnetic field
that itis on an ADAF-like solution and that it should remaimib Similarly, in going
from point C to point D in Fig. 1, the system is happy with thealra-Sunyaev -
type solution that it is on and continues on it.

In summary, “memory” of the system plus one parameter, thestion rate, are
enough to explain the g-shaped curve in BHTSs.
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We remark however that astrophysical models and ideas dexpdain all the
observational details. Our proposed picture here is nomiare Thus, we leave it to
future work by us or others to address “first order” obseoret] like the anomalous
state (Belloni 2010), the fact that the loops in the HLD traeel by GX 339-4 in its
four recent outbursts are one inside the other, the repeabdsdings of the first jet
line, and so on.

4 Conclusions

By making two rather obvious and generally accepted assangptwe have been
able to explain the major effects observed in the HLD of BHTlse assumptions
are the following:

1) The accretion rate onto BHTs as a function of time has argehbell-shaped
curve. It starts from a very low accretion rate, it increasteadily up to an accretion
rate comparable to the Eddington rate, and ends again witiryalow accretion
rate. This is justified by the fact that BHTs start and endrtbetbursts at very low
luminosity, where the sources are usually undetected mvghort observing times.
About midway into the outburst, the luminosity reaches giraximate plateau and
has a value comparable to the Eddington luminosity.

2) At high accretion rates, the accretion disk is opticdligk, geometrically thin,
and it is described well by the model of Shakura & Sunyaev 8194t low accretion
rates, the accretion flow is radiatively inefficient, geoneally thick, optically thin,
and advection dominated (ADAF; Narayan & Yi 1994, 1995; Aboavitz et al.
1995). Both of these pictures are well accepted and haveusz#ied by numerical
simulations (Ohsuga et al. 2009).

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

At high accretion rates, the accretion disk is of the Shal@uayaev (1973) type,
the PRCB works inefficiently, and a strong, poloidal magn#éild that would form
a jet is not established. This is consistent with our curkerwledge. No jet has
ever been detected in the soft state.

Because of the above, it is natural to expect a flaring jeterfitist jet-line cross-
ing, but not in the second one. As the sources approach theefitme, the ADAF
part of the accretion flow, that feeds the jet, shrinks. Onatier hand, since the
thin accretion disk cannot sustain the existing magnetid,fiee thin disk becomes
unstable to Rayleigh-Taylor-type instability modes, amel &ccumulated magnetic
field escapes to the outer disk in the form of magnetic “stsafidylafis et al. 2012).
Magnetic reconnection then produces the flare. This is ret#se though in the
second jet-line crossing. There, due to the low luminotily,magnetic field builds



18 N. D. Kylafis and T. M. Belloni

up slowly in the ADAF part of the accretion flow, and continuesreasing as the
ADAF part of the flow grows outwards and eventually occupiesnof the flow.

In summary, we have shown that the main phenomena obsertied gqishaped
curve in a HLD of BHTs can be explained with only one parameter accretion
rate. Furthermore, we have shown that the g-shaped cunliealways be traversed
in the counterclockwise direction and we predict that nasewill ever be seen to
traverse the entire g-shaped curve in the clockwise daecth addition, we predict
that the average timelag of the hard X-rays with respect ¢osibft X-rays will
decrease with time in the upper branch and increase withitirtiee lower branch
of the g-shaped curve.

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