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Transient Black Hole Binaries

Tomaso M. Belloni and Sara E. Motta

Abstract The last two decades have seen a great improvement in our understand-
ing of the complex phenomenology observed in transient black-hole binary systems,
especially thanks to the activity of the Rossi X-Ray Timing Explorer satellite, com-
plemented by observations from many other X-ray observatories and ground-based
radio, optical and infrared facilities.
Accretion alone cannot describe accurately the intricate behavior associated with
black-hole transients and it is now clear that the role played by different kinds of
(often massive) outflows seen at different phases of the outburst evolution of these
systems is as fundamental as the one played by the accretion process itself. The
spectral-timing states originally identified in the X-raysand fundamentally based on
the observed effect of accretion, have acquired new importance as they now allow
to describe within a coherent picture the phenomenology observed at other wave-
length, where the effects of ejection processes are most evident.
With a particular focus on the phenomenology seen in the X-ray band, we review
the current state-of-the-art of our knowledge of black holetransients, describing
the accretion-ejection connection at play during outbursts through the evolution of
the observed spectral-timing properties. Although we mainly concentrate on the ob-
servational aspects of the global X-ray transient picture,we also provide physical
insight to it by reviewing (when available) the theoreticalexplanations and models
proposed to explain the observed phenomenology.
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1 Introduction

Black Hole (BH) Binaries (hereafter BHBs) are binary systems consisting of a non-
collapsed star and a black hole. They provide a unique laboratory for the study not
only of accretion of matter onto a compact object, but also ofthe strongly curved
spacetime in the vicinity of a black hole, where the effects of General Relativity in
a strong gravitational field cannot be ignored and can be studied (see [138]).

The first BHB, Cygnus X-1, was discovered in the early years ofX-ray astron-
omy with instruments on board sounding rockets. It became the first candidate for
systems hosting a black hole when optical observations revealed its binary nature
and allowed the estimate of the mass of the compact object (see Chapter 3 in this
book). Its X-ray properties included strong variability onshort time scales and a
very hard energy spectrum. Cyg X-1 is a persistent system, which we know now are
rather rare. Most BHBs are transient, difficult to discover in absence of a wide-field
X-ray instrument. The first such system, A 0620-00 was discovered in 1975 with
the Ariel V satellite [47] and in 1986 it became a much stronger candidate for host-
ing a black hole, with a minimum mass of 3.2 M⊙ for the compact object [93]. A
few additional persistent systems were identified, notablythe two in the LMC and
the galactic source GX 339-4, but it was only with the Japanese satellite Ginga that
new transients were discovered and followed, thanks to the availability of an all-sky
monitor and of a large-area detector. Systems like GX 339-4 and Cyg X-1 were
known to undergo transitions in their flux, spectral and timing properties, which had
led to the definition of a high (flux) and low state (see e.g. [170]). The detailed study
of several observations, in particular of the transient GX 1124-683 (also known as
Nova Muscae 1991), GX 339-4 and Cyg X-1 led to the identification of complex
spectral/timing properties that in turn led to the definition of additional states (see
[110, 107, 17, 19]). In particular, the first spectral studies with accretion disc models
opened the way to techniques to measure the inner radius of the disc. In the timing
domain Quasi-Periodic Oscillations (QPO) were discovered. These features yield
discrete frequencies which constitute a very direct measurement of time scales in
the system, which are associated to the accretion phenomenon and/or to effects of
General Relativity. A full review of the observational status after Ginga can be found
in [169]), where essentially all known information on BHBs at the time is recorded.

The situation changed dramatically starting from the second half of the nineties.
At the end of 1995, the Rossi X-ray Timing Explorer (RXTE) waslaunched and
opened a new window onto phenomena of fast variability from neutron-star and
black-hole binaries. Its All-Sky Monitor (ASM) allowed thetimely discovery of
outbursts of old and new transients and the large-area Proportional Counter Ar-
ray (PCA), operated in a very flexible way, accumulated high signal data for tim-
ing analysis and spectral analysis at moderate spectral resolution. A few years
later, the availability of high spectral resolution instruments on board Chandra and
XMM-Newton opened the way to perform detailed spectral studies, in particular on
relativistically-skewed emission lines. Overall, there was a real explosion of infor-
mation and now, after the demise of RXTE and with the availability of further mis-
sions such as INTEGRAL, Swift, Suzaku and NuSTAR, it is possible to combine
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archival data and new observations to obtain new insight on the emission properties
of BHBs. This allows us to understand much better the processof accretion onto a
black hole and new exciting results are possible that were not even imaginable only
a few years ago. The long term evolution of the X-ray emission, in particular for
transients, is now clear in its phenomenology and provides asolid framework upon
which to study detailed spectral and variability properties. Direct effects of Gen-
eral Relativity are studied and measured through the analysis of broad-band spectra,
emission lines and QPOs (see below and Chapter 3), the properties of continuum
emission are interpreted with physical models and global models for different states
are being proposed.

At the same time, the discovery of relativistic jets from BHBs [106, 105] (see
also [55, 50]) opened a new path to the study of accretion. Thedifference in time
scale and count statistics with Active Galactic Nuclei, where jets were known since
much earlier, allows the study of the connection between accretion onto the compact
object and ejection of relativistic jets, introducing a newwindow to understand the
physics of accretion and to unveil the mechanism responsible for the ejections (see
[55, 50]). Moreover, in the past few years the existence of powerful non-relativistic
winds has been discovered in a number of objects (see [50]). These winds appear to
be flowing in a direction parallel to the accretion disc, as opposed to jets, and to be
mutually exclusive with the jets. The full picture of an accreting black hole is now
much different from that of only a couple of decades ago, whenobservations in the
X-ray band alone and only at low energy resolution made us miss very important
components (jets and winds) which can be energetically veryimportant. Jets and
outflows are the subject of Chapter 3.

In addition to the comparison with Active Galactic Nuclei, the supermassive
counterparts of stellar-mass accreting black holes, the strong similarities between
BHBs and other systems at sub-galactic scale are being studied and exploited.
Neutron-star binaries share many properties in the X-ray band and, when their mag-
netic field is sufficiently low, also in the radio, where relativistic jets have been
observed [120, 102]. Binaries in external galaxies are alsoaccessible with current
instrumentation, although naturally at lower count rates,and in particular the enig-
matic Ultra-Luminous X-ray Sources (ULXs) are being studied in order to under-
stand whether they contain intermediate-mass black holes or are super-Eddington
counterparts of our galactic objects (see [53]). In this respect, a detailed comparison
with BHBs is instrumental to unveil this mystery.

In this review, we aim at presenting the current state of the art of BHB research,
concentrating on the properties of accretion and ejection,while the Chapter 3 ad-
dresses the issue of measurement of physical quantities of the central object. The
sheer amount of information available today makes it impossible to cover all as-
pects. Many specific and adidtional details can also be founde.g. in [24, 49, 50, 85].
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2 X-ray emission

In BHBs, the X-ray emission originates from the inner regions of the accretion flow
and, possibly, from the base of the relativistic jets [90]. Even restricting ourselves
to the two original source states, low/hard and high/soft, the details of the emission
appear to be very complex (see e.g. [62]). Both the energy spectra and the fast vari-
ability contain multiple components, which vary in a correlated fashion. While the
details of these properties are given in the next sections, it is important to under-
stand the regularities that exist in the time evolution of the observables. Before the
mid 90’s, only a few sources were available and the coverage was not sufficient to
study these aspects in sufficient detail; only with RXTE it has been possible to find
a general scheme for the characterisation of source states.Even before then, it was
clear that a simple classification of the observed properties on the basis of energy
spectra alone was not possible and fast variability had to beincluded in the picture.
In this sense, the notion of ‘spectral states’ does not carryany meaning.

While a few BHBs are persistent sources, like the archetypalsystem Cyg X-1
(always accreting at a high rate and emitting luminosities above 1037 erg/s) most of
them are of transient nature. They spend most of the time in a low accretion regime
(LX < 1033 erg/s), where observations are still limited by the low number of counts
(see [133] and references therein). With a recurrence period that varies between
several months and decades, the accretion rate onto the central objects increases by
orders of magnitude and the sources go into outburst for a time that can range from a
few days to, more commonly, several months (one peculiar object, GRS 1915+105
is at present active since 23 years). Their X-ray luminosityincreases, peaks and
then decreases and can roughly be adopted as a proxy for accretion rate, while the
detailed properties of the energy spectra and fast variability change, at times in a
very abrupt way. It was only at the beginning of the last decade decade however that
a coherent picture emerged, which can be applied to most systems [69, 65].

Outbursts of different systems and even multiple outburstsfrom the same object
have time evolutions which can differ considerably (see Belloni 2010). However,
when the evolution of an outburst is represented in a Hardness-Intensity Diagram
(HID), strong regularities emerge. A HID is equivalent to a hardness-magnitude di-
agram in the optical band: on the abscissa is the ratio of counts in two separate bands
(hard/soft), which gives a rough indication of the hardnessof the energy spectrum,
and on the ordinate the total count rate over a broad energy band, a proxy for lumi-
nosity and accretion rate [69, 66, 20, 24]. As such, the diagram is source dependent
(because of interstellar absorption) and instrument-dependent, but it is extremely
useful to follow BHB outbursts. An extension to an independent form of the diagram
(with flux ratio between components and total flux respectively) has been proposed
[46]: this has the advantage of containing physical quantities, but the disadvantage
of being insensitive to small changes when one component dominates, besides be-
ing of course model-dependent. An example of a HID based on RXTE/PCA data
for the best known system, GX 339-4, is shown in the top left panel of Fig. 1. Here,
four outbursts are plotted (2002, 2004, 2007, 2010). The general evolution is the
same: a ‘q’ shaped diagram traveled counterclockwise from the bottom right (faint
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and hard). Quiescence cannot be included as the RXTE/PCA instrument was not
sensitive to faint observations, but we know that the hard branch softens as flux de-
creases (see [7] and references therein). From the HID, one can easily identify the
two historical states as the two “vertical” branches. The hard branch extending to
the stem of the ‘q’ corresponds to the Low/Hard State (LHS), which is observed at
the start and at the end of an outburst only, never in the middle. The branch is not
really vertical as the logarithmic axis suggests, but thereis a marked softening as
the source brightens (see e.g. [112]). The left branch corresponds to the High/Soft
State (HSS). The scatter of the points is magnified by the log scale and contains
some excursions back to other states (see below) as well as intrinsic variability of
the hard spectral component. The transition between these two states takes place at
two different flux levels. At high flux, the source moves from LHS to HSS and at
low flux it returns to the LHS, completing a hysteresis cycle (originally identified
by [109], see also [88, 85]). Two additional diagrams have been proven useful for
following the evolution of an outburst and identify source states. The first is the
HRD (Hardness-Rms Diagram, bottom left panel in Fig. 1), where the Y axis con-
tains the fractional rms variability integrated over a broad range of frequencies (see
[20]). Remarkably, no hysteresis is observed in this diagram: at each hardness corre-
sponds a single value of fractional rms, regardless of the flux. The second is the RID
(Rms-Intensity Diagram, right panel in Fig. 1), the third combination of the same
three observables. Here the hysteresis, as expected, is clearly present and the loca-
tion of specific states is rather precise (see [121]). The central part of the diagram
identifies two additional states, the Hard Intermediate State (HIMS) and Soft Inter-
mediate State (SIMS). The transition between states corresponds to precise values
in hardness, obviously source and instrument dependent. The identification of these
thresholds is based on the properties of fast variability and/or changes in the multi
wavelength relations. For a precise determination of the different states we refer the
reader to [24] and [121], here we include a brief summary:

• Low-Hard State (LHS). The LHS has only been observed in the first and last
stages of an outburst. In some cases, the first RXTE/PCA observations found a
source already in a softer state, but the initial LHS might have been too fast to
observe. It corresponds to the right branch in the HID and to the straight diagonal
line in the RID (see Fig. 1). It is characterised by large variability (around 40%
fractional rms in the case of GX 339-4) and a hard spectrum (see below). In tran-
sients, it is only observed at the start and end of outbursts (although at times the
start LHS is missed altogether) and is the most common state for the persistent
system Cyg X-1). The variability is in the form of broad-bandnoise made of a
few components whose characteristic frequencies increasewith luminosity (and
decreasing hardness).

• Hard Intermediate State (HIMS). In the HID, this state corresponds to a large part
of the area between the LHS and the HSS, covering the horizontal tracks, both at
high and low flux. This state appears after the initial LHS andreappears before
the source goes back to the LHS at the end of the outburst. In addition, secondary
transitions to and from it can be observed (see below). The softening compared
to the LHS is due to two effects: the appearance in the observational range of flux
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from the thermal disc and the steepening of the hard component (see below and
[112]). The fast variability is an extension of that of the LHS, with characteristic
frequencies increasing and total fractional rms decreasing (see the HRD and the
RID in Fig .1). Type-C QPOs are present (see below).

• Soft Intermediate State (SIMS). The energy spectrum is slightly softer than the
HIMS, putting this state to the left of the HIMS in the HID. In the HID and
RID these points are not immediately identifiable, but can beseen in the HRD
(bottom panel in Fig. 1) as a cloud of points at a lower rms thanthe main branch
(around hardness 0.2). While the energy spectrum below 10 keV is very similar
to that of the softer HIMS points, at high energies the spectrum unlike the HIMS
does not show a significant high-energy cutoff [112]. The identifying feature of
this state is the disappearance of the band-limited noise components in the power
density spectrum, replaced by a weaker power law component (hence the lower
fractional rms) and the appearance of a marked type-B QPO.

• High-Soft State (HSS). The spectrum is soft, dominated by anoptically thick ac-
cretion disc, variability is low. Occasional low-frequency QPOs can be detected,
identified with type-C (see [113]). This state is reached from the intermediate
states and left through the intermediate states.
Although for different sources diagrams can look differentin the HID in Fig.
1 the sequence of states from quiescence to quiescence is thefollowing: LHS
– HIMS – SIMS – HSS – (minor transitions to and from HIMS and SIMS) –
HSS – SIMS – HIMS – LHS. Some transient remained in the LHS throughout
the outburst, a few showed failed transitions in the sense that the LHS-HIMS
sequence was not followed by a transition to the softer states (SIMS and HSS).
The few bright persistent sources show a reduced number of states. Cyg X-1 is
found mostly in the LHS with transition to the HIMS and possibly all the way to
the HSS. LMC X-1 is always in the HSS. LMC X-3 is mostly in the HSS, with
brief transitions to the LHS (no strong evidence of intermediate states).
The three diagrams presented above and the state classification are a firm basis
upon which to base detailed spectral and timing analysis. One important transi-
tion is the HIMS–SIMS one, which appears to be associated to the ejection of
relativistic ballistic jets (the crossing of the “jet line,” see below).
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Fig. 1 The three main diagrams for the representation of the X-ray evolution of black-hole binaries
for three outbursts of GX 339-4 as observed with RossiXTE. Top left: Hardness-Intensity Diagram
(HID), top right: Rms-Intensity Diagram (RID), bottom left: Hardness-Rms Diagram: (HRD).
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2.1 Energy spectra

2.1.1 The truncated disc model

Long term X-ray light curves, X-ray spectra, the rapid X-rayvariability and the radio
jet behaviour have been shown to be consistent with the so-called truncated disc
model. According to this model, at low luminosities a Shakura-Sunyaev optically
thick, geometrically thin accretion disc is truncated at a certain (variable) radius
and coexists with a hot, optically thin, geometrically thick accretion flow, which
replaces the region between the inner edge of the disc and theinnermost stable
orbit. Neutron stars are also consistent with the same description ([120]), but with
an additional component due to their surface, giving implicit evidence for the event
horizon in black holes.

At low luminosities, the optically thick, geometrically thin disc is truncated at
very large radii, being replaced (probably through evaporation, see e.g. [99]) in the
inner regions by a hot, inner flow which might also act as the launching site of the
jet. Only a few photons from the disc illuminate the flow at this stage, therefore,
Compton cooling of the electrons is rather inefficient compared to the heating com-
ing from collisions with protons. The ratio of power in the electrons to that in the
seed photons illuminating them - Lh/Ls - , is the major parameter (together with the
optical depth of the plasma) which determines the shape of a thermal Comptoniza-
tion spectrum (e.g. [64]). Physically, Lh/Ls sets the energy balance between heating
and cooling, and hence the electron temperature. In the hardstate, the relative lack
of seed photons illuminating the hot inner flow produces hardthermal Comptonized
spectra (with Lh/Ls >> 1), roughly characterized by a power law in the 5–20 keV
band with photon index 1.5< Γ < 2 (where the photon spectrum N(E)∝ E). Hard
spectra of this kind are typical of the LHS.

As the disc moves progressively inwards, it increasingly extends underneath the
hot inner flow so that there are more seed photons interceptedby the flow, decreasing
Lh/Ls. Therefore, the decrease in disc truncation radius leads tosofter spectra, as
well as higher frequencies in the power spectra and a faster jet. This results in spectra
that are a combination of the hard spectral component described above and the soft
spectral component typical of the soft state (see below), i.e. a standard geometrically
thin, optically thick accretion disc with a progressively smaller inner radius. These
spectra are observed during the (usually) short-lived HIMSand SIMS.

When the truncation radius reaches the innermost stable orbit, the hot flow is
thought to collapse into a Shakura-Sunyaev disc and dramatic changes in both the
spectral and time domain are seen. This includes a significant decrease in radio flux,
as well as the major hard-to-soft spectral transition seen in BHs. The dramatic in-
crease in disc flux due to the presence of the inner disc marks the hard-soft state
transition ([48]), and also means that any remaining electrons which gain energy
outside of the optically thick disc material are subject to much stronger Compton
cooling (Lh/Ls is now≤1) . This results in much softer Comptonized spectra. Thus
the soft state is characterized by a strong disc and soft tail, roughly described by a
power law index of photon indexΓ ≥ 2, extending out beyond 500 keV ([61]). This
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tail, differently from the hard tail observed in the LHS, is not produced by thermal
Comptonization. In order to extend to 500 keV and beyond, thespectrum should be
produced in a region with rather small optical depth and hightemperature. How-
ever, these conditions would result in a bumpy spectrum, with individual Compton
scattering orders separated, in contrast with the observedsmooth powerlaw-like tail.
Such a spectrum can be instead produced by Compton scattering on a non-thermal
electron population, where the index is set predominantly by the shape of the elec-
tron distribution rather than Lh/Ls. Soft spectra such as the ones described here are
typically see during the HSS.

As noted in [44], even though there are no observations whichunambiguously
conflict with the truncated disc models, there exist a tremendous amount of data
which can be fit within this geometry (which includes, besides energy spectra, rapid
variability characteristics and jet properties). While the truncated disc model is in-
deed currently a very simplified version of what must be a morecomplex reality,
nonetheless the range of data it can qualitatively explain gives confidence that it
captures the essence of the main spectral states.

2.1.2 Alternative geometries

Alternative geometries that include an untruncated disc and (mostly) isotropic
source emission have significant problems in matching the observed features of the
hard-state spectra.

• The shape of the spectral conitnuum observed in the hard state rules out slab
corona models as the spectra all peak at high energies. Thesespectra are possible
only if the luminosity in seed photons within the X-ray region is less than that
in the hot electrons (i.e. Lh/Ls >> 5), while in a slab geometry only quite small
Lh/Ls can be obtained (a disc extending underneath an isotropically radiating hot
electron region would intercept around half the Comptonized emission in a slab
corona geometry, see [64]).

• A patchy corona allows part of the reprocessed flux to escape without reilluminat-
ing the hot electron region, so it can produce the required hard spectra. A patchy
corona also allows the reflected flux to escape along with the reprocessed flux,
resulting in a strong reflection spectrum for very hard spectra, in direct conflict
with the observations (see e.g. [89]).

• Models where the X-rays are produced directly in the jet wereproposed by [91].
These produce the hard X-rays by synchrotron emission from the high-energy
extension of the same non-thermal electron distribution which gives rise to the
radio emission. However, the observed shape of the high-energy cutoff in the
hard state is very sharp, and cannot be easily reproduced by synchrotron models
[184]. However, there are now composite models where the X-rays are from
Comptonization by thermal electrons at the base of the jet (which resides in a
hot flow at the centre of a truncated disc), while the radio is from non-thermal
electrons accelerated up the jet ([92]). This model practically converges onto the
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truncated disc model, though with some additional weak beaming of the hard
X-rays.

• One last alternative to the truncated disc model is represented by the magnetized
accretion-ejection model of [54], which has a disc-inner jet structure similar to
that by [92], though here the inner, optically thick disc is still present down to
the last stable orbit, but with properties very different from the standard Shakura-
Sunyaev disc. The transition radius between this jet dominated disc and the stan-
dard accretion disc is variable, producing the range of behaviour seen in the hard
state spectra in a similar way to the truncated disc model.

From what has been said above, all currently viable models for the hard state
converge on a geometry where the standard disc extends down only to some radius
larger than the last stable orbit, with the properties of theflow abruptly changing at
this point.
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2.2 Fast time variability

Fast time variability is an important characteristic of BHBs and a key ingredient for
understanding the physical processes in these systems. Fast (aperiodic and quasi-
periodic) variability is generally studied through the inspection of power density
spectra (PDS; [173]). Most of the power spectral componentsin the PDS of BHBs
are broad and can take the form of a wide power distribution over several decades
of frequency or of a more localized peak (Quasi-Periodic Oscillations, QPOs).

QPOs were discovered several decades ago in the X-ray flux emitted from ac-
creting neutron stars and have since been observed in many BHB systems (see e.g.
[117]). It is now clear that QPOs are a common characteristicof accreting BHs
and they have been observed also in neutron stars (NS) binaries (e.g. [173], [67],
[14]), in cataclysmic variables (see e.g. [130]), in the so-calledultra luminous X-ray
sources(possibly hosting intermediate-mass BHs or super-Eddington accreting NS,
e.g. [166], [8]) and even in Active Galactic Nuclei (AGNs, e.g. [60], [101]).

2.2.1 Low Frequency QPOs

Low-frequency QPOs (LFQPOs) with frequencies ranging froma few mHz to∼30
Hz are a common feature in almost all transient BHBs and were already found in
several sources withGingaand divided into different classes (see e.g. [108] for the
case of GX 339-4 and [168] for the case of GS 1124-68). Observations performed
with the Rossi X-ray Timing Explorer (RXTE) have led to an extraordinary progress
in our knowledge of the properties of variability in BHBs (see [175], [144], [24]):
it was only after RXTE was launched that LFQPOs were detectedin most observed
BHBs (see [174].

Three main types of LFQPOs, dubbed types A, B, and C, originally identified
in the PDS of XTE J1550-564 (see [179]; [69]; [143]), have been seen in several
sources. The different types of QPOs are currently identified on the basis of their in-
trinsic properties (mainly centroid frequency and width, but energy dependence and
phase lags as well), of the underlying broad-band noise components (noise shape
and total variability level) and of the relations among these quantities.

• Type-A QPOs (Fig. 2, top panel) are characterized by a weak (few percent rms)
and broad (ν/∆ν ≤3) peak around 6-8 Hz. Neither a subharmonic nor a second
harmonic are usually present (possibly because of the widthof the fundamental
peak), whereas a very low-amplitude red noise is associatedwith these QPOs.
Originally, these LFQPOs were dubbedtype A-IIby [69]. LFQPOs dubbedtype
A-I ([179]) were strong, broad and associated with a very low-amplitude red
noise. A shoulder on the right-hand side of this QPO was clearly visible and
interpreted as a very broadened second harmonic peak. [35] showed that this
type A-ILFQPOs should be classified as a Type-B QPOs. Type-A QPOs usually
appear in the HSS, just after the transition from the HIMS.
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• Type-B QPOs (Fig. 2, middle panel) are characterized by a relatively strong (4%
rms) and narrow (ν/∆ν ≥6) peak, which is found in a narrow range of centroid
frequencies around 6 Hz or 1-3 Hz ([114]). A weak red noise (few percent rms
or less) is detected at very low frequencies (≤0.1 Hz). A weak second harmonic
is often present, sometimes together with a subharmonic peak. In a few cases,
the subharmonic peak is higher and narrower, resulting in acathedral-likeQPO
shape (see [34]). Rapid transitions in which type B LFQPOs appear/disappear
are often observed in some sources (e.g. [124]). These transitions are difficult
to resolve, as they take place on a timescale shorter than a few seconds. The
presence of type-B QPOs essentially defines the SIMS.

• Type-C QPOs (Fig. 2, bottom panel) are characterized by a strong (up to 20%
rms), narrow (ν/∆ν ≥10) and variable peak (its centroid frequency and inten-
sity varying by several percent in a few days; see, e.g., [117]) at frequencies
0.1-15 Hz, superimposed onto a flat-top noise that steepens above a frequency
comparable to that of the QPO. A subharmonic and a second harmonic peak are
often seen, and sometimes even a third harmonic peak. The total (QPO plus flat-
top noise) fractional rms variability can be as high as 40%. The frequency of the
type-C QPOs correlates both with the flat-top noise break-frequency ([180] and
with the characteristic frequency of some broad componentsseen in the PDS at
higher frequency (>20Hz, see [139]). Type-C QPOs are usually observed during
the bright end of the LHS and during the HIMS. In some sources (see eg [113],
[117]), type-C QPOs can be seen also in the HSS, where they show frequencies
that can reach∼30 Hz.

2.2.2 Models for LFQPOs

Despite LFQPOs being known for several decades, their origin is still not under-
stood and there is no consensus about their physical nature.However, the study of
LFQPOs provides an indirect way to explore the accretion flowaround black holes
(and neutron stars).

The existing models that attempt to explain the origin of LFQPOs are generally
based on two different mechanisms: instabilities and geometrical effects. In the latter
case, the physical process typically invoked is precession.

[171] proposed the so calledtransition layer model, where type-C QPOs are
the result of viscous magneto-acoustic oscillations of a spherical bounded transi-
tion layer, formed by matter from the accretion disc adjusting to the sub-keplerian
boundary conditions near the central compact object.
[32] proposed a model to explain simultaneously type-C QPOsand the associated
broad band noise. Magneto-acoustic waves propagating within the corona makes it
oscillate, causing a modulation in the efficiency of the Comptonization process on
the embedded photons. This should produce both the type-C QPOs (thanks to a res-
onance effect) and the noise that comes with them.
[167] proposed a model based on theaccretion ejection instability(AEI), according
to which a spiral density wave in the disc, driven by magneticstresses, becomes
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Fig. 2 Examples of type A, B and C QPOs from our GX 339-4 observations. The contribution of
the Poisson noise was not subtracted. Adapted from [115].

unstable by exchanging angular momentum with a Rossby vortex. This instability
forms low azimuthal wavenumbers, standing spiral patternswhich would be the ori-
gin of LFQPOs. [176] and [177] suggested that all the tree types of QPOs (A, B
and C) can be produced through the AEI in three different regimes: non-relativistic
(type-C), relativistic (type-A, where the AEI coexist withthe Rossby Wave Insta-
bility (RWI), see [167]) and during the transition between the two regimes (type-B
QPOs).

[159] proposed the so calledrelativistic precession model(RPM) to explain the
origin and the behaviour of a type of LFQPO (the so called horizontal-branch os-
cillation) and of two high-frequency QPOs (the so-called kHz QPOs) in NS X-ray
binaries, as the result of the nodal precession, periastronprecession and keplerian
motion, respectively, of a self-luminous blob of material in the accretion flow around
the compact object. This model was later extended to BHs ([161] and [118] recently
showed that the RPM provides a good explanation for both type-C QPOs and high-
frequency QPO (see below) in at least two BH systems.
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[70] proposed a model based on the relativistic precession as predicted by the
theory of General Relativity that attempts to explain type-C QPOs and their associ-
ated noise. This model requires a cool optically thick, geometrically thin accretion
disc ([151]) truncated at some radius, filled by a hot, geometrically thick accretion
flow. This geometry is known astruncated disc model([48], [136]). In this frame-
work, type-C QPOs arise from the Lense-Thirring precessionof a radially extended
section of the hot inner flow that modulates the X-ray flux through a combination
of self-occultation, projected area and relativistic effects that become stronger with
inclination (see [70]). The broad-band noise associated with type-C QPOs, instead,
would arise from variations in mass accretion rate from the outer regions of the
accretion flow that propagate towards the central compact object, modulating the
variations from the inner regions and, consequently, modulating also the radiation
in an inclination-independent manner (see [71]).

2.2.3 High Frequency QPOs

Among the most important discoveries of RXTE is the detection of the so-called
kHz QPOs in neutron star binaries (see [175]). This result opened a window onto
high-frequency phenomena in BHBs. The first observations ofthe very bright sys-
tem GRS 1915+105 led to the discovery of a transient oscillation at∼67 Hz ([111]),
the first high-frequency QPO (HFQPO) in a BHB. Since then, sixteen years of
RXTE observations have yielded only a handful of detectionsin other sources, al-
though GRS 1915+105 seems to be an exception, with a remarkably high number
of detected high-frequency QPOs (see e.g. [25]).

The properties of the few confirmed HFQPOs ([25]) can be summarized as fol-
low:

• They appear only in observations at high flux/accretion rate. This is at least partly
due to a selection effect, but not all high-flux observationslead to the detection of
a HFQPO, all else being equal, indicating that the properties of these oscillations
can vary substantially even when all other observables do not change.

• They can be observed as single or double peaks. Only one source, GRS J1655-
40 (see Fig. 3, showed two clear simultaneous peaks ([164], [116]), while all the
others only showed single peaks, sometimes at different frequencies (see Tab. 1
in [26]. In XTE J1550-564, the two detected peaks ([143]) have been detected
simultaneously after averaging a number of observations, but the lower one with
a 2.3σ significance ([103]). [97], on the basis of their phase lags,suggested that
the two detected peaks might be the same physical signal at two different fre-
quencies. H 1743-322 showed a clear HFQPO with a weak second simultaneous
peak ([66]). A systematic analysis of the data from GRS 1915+105 ([22]) led to
the detection of 51 HFQPOs, most of which at a centroid frequency between 63
and 71 Hz. All detections corresponded to a very limited range in spectral param-
eters, as measured through hardness ratios. Additional peaks at 27, 34 and 41 Hz
were discovered by [165], [16] and [22]. The most recent HFQPO discovered, in
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Fig. 3 Power spectrum of GRO J1655-40 displaying three simultaneous QPO peaks: the type C at
∼18 Hz, upper and lower high frequency QPO at∼300 and∼450 Hz, respectively. (Fig. 2 from
[116]).

IGR J17091-3624, is consistent with the average frequency of the 67 Hz QPO in
GRS 1915+105 ([3]).

• Typical fractional rms for HFQPOs are 0.5-6% increasing steeply with energy,
in the case of GRS 1915+105 reaching more than 19% at 20-40 keV(see right
panel in Fig. 6 of [111]). Quality factors Q1 are around 5 for the lower peak and
10 for the upper. In GRS 1915+105, a typical Q of∼20 is observed, but values
as low as 5 and as high as 30 are observed.

• Time lags of HFQPOs have been studied for four sources ([97]). The lag spectra
of the 67 Hz QPO in GRS 1915+105 and IGR J170913624 and of the 450 Hz
QPO in GRO J1655-40 are hard (hard photons variations lag soft photons vari-
ations), while those of the 35 Hz QPO in GRS 1915+105 are soft.The 300 Hz
QPO in GRO J1655-40 and both HFQPOs in XTE J1550-564 are consistent with
zero (suggesting that the two HFQPOs in XTE J1550-564 are thesame feature
seen at different frequencies).

• For three sources, GRO J1655-40, XTE J1550-564 and XTE J1743-322, the two
observed frequencies are close to being in a 3:2 ratio ([164], [143], [144]), which
has led to a family of models, known asresonance models(see e.g. [1]). For GRS
1915+105 the 67 Hz and 41 Hz QPOs, observed simultaneously, are roughly in
5:3 ratio. The 27 Hz would correspond to 2 in this sequence.

1 Q is defined as the ratio between centroid frequency and FWHM of the QPO peak.
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2.2.4 Models for HFQPOs

Many models have been proposed to describe HFQPOs of BHBs, all involving in
some form the predictions of the Theory of General relativity.

The relativistic precession model (RPM), was originally proposed by [159], [161]
to explain the origin and the behaviour of the LFQPO and kHz QPOs in NS X-ray
binaries and later extended to BHs ([160],[116],[118]). The RPM associates three
types of QPOs observable in the PDS of accreting compact objects to a combination
of the fundamental frequencies of particle motion. The nodal precession frequency
(or Lense-Thirring frequency) is associated with Type-C QPOs LFQPOs, while the
periastron precession frequency and the orbital frequencyare associated with the
lower and upper HFQPO, respectively (or to the lower and upper kHz QPO in the
case of NSs). The relativistic precession model has been proposed in two other
versions. In [31] it is assumed that radiation is modulated by the vertical oscillations
of a slightly eccentric fluid slender torus formed close to the ISCO. Stuchlik and
collaborators proposed a further version of the relativistic precession model, that
has been studied in many papers by this group. Here the model is related to the
warped-disc oscillations discussed by [75] (see below).

The the warped disc model proposed by [75] and [76] states that the HFQPOs are
resonantly excited by specific disc deformations warps. Themodel was generalized
to include precession of the warped disc in [77] and spin-induced perturbations were
included in [78].

[1] and [79] introduced the nonlinearresonance model, which was later studied
extensively by them as well as by other authors. This model isbased on the assump-
tion that non-linear 1:2, 1:3 or 2:3 resonance between orbital and radial epicyclic
motion could produce the HFQPOs observed in both BH and NS binaries. Later
on, [2] proposed another version of this model, called the Keplerian non-linear res-
onance model, where the resonance occurs between the radialepicyclic frequency
and the orbital frequency instead of between the radial epicyclic frequency and the
vertical frequency. Theseresonance modelssuccessfully explain black hole QPOs
with frequency ratio consistent with 2:3 or 1:2 (see Sect. 3.2). As a given resonance
condition is verified only at a fixed radius in the disc, the QPOfrequencies are ex-
pected to remain constant, or jump from one resonance to another.
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2.3 Long-term time evolution

After having defined and discussed the source states in termsof their spectral and
timing properties along the HID/HRD/RID diagrams, it is useful to examine the
evolution of sources along the HID (and in parallel the otherdiagrams). A short
description can be found in [49], together with an animation.

BHBs spend most of the time in a “quiescent” state, where the accretion rate
reaching the central regions of the accretion flow and the black hole is very low,
typically lower than 10−5LEdd [132, 133], indicated in Fig. 4 as QS but actually
located below the extension of the Y axis. Here the energy spectra indicate that
the spectrum deviates from that of the LHS, which hardens as flux decreases. Going
down to quiescence, at a level around 10−2LEdd the measured power-law index starts
increasing from 1.5-1.6 until leveling off around 2 at 10−5LEdd [182, 132]).

The branch from A to B in Fig. 4 corresponds to the LHS and is traveled on time
scales which can be as long as months but also so short that theLHS is not observed
in pointed observations made on the day following the first alert. We do not know
directly that the A-B branch was traversed, but we have neverseen evidence of the
contrary. There are a few cases of systems which never leave the LHS and return
to quiescence after having reached a peak (see e.g. [30] and references therein), not
necessarily at low flux [127]). Along this vertical branch, the characteristic frequen-
cies of the strong noise components observed in the PDS increase, while the total
fractional rms variability decreases.

Then at B the HIMS is entered. The precise time of the transition can be identified
with the changes of timing properties (see [13] and [121]) orthrough a change in
the low-energy properties as was observed in GX 339-4 ([66]). The duration of the
HIMS, when the source softens from B to the SIMS transition can be less than a
day up to two weeks. A few sources, after entering the HIMS, did not proceed to a
further transition and returned to the LHS and then to quiescence, failing to reach
a full transition ([28, 33, 156]). The characteristic frequencies continue to increase
and the total fractional rms to decrease, while an evident type-C QPO appears, also
with increasing frequency as the source softens.

If the outburst does not fail, a transition to the SIMS is made. While the energy
spectrum below∼10 keV is similar to that of the softest HIMS observations, with
a hard-component photon index around 2.4, the SIMS is characterized by marked
differences in the PDS. In particular, the disappearing of the type-C QPO and the
appearing of a type-B QPO at a different frequency are relatively easy to observe.
This transition has been seen to take place on a time scale of afew seconds [34].
Multiple back and forth transitions have also been observed, on time scales of days
to weeks but also down to minutes [124, 34, 13]. The evolutionof the high-energy
(> 10 keV)spectral component also changes abruptly here. Around, but not exactly
coincident to, this transition, fast discrete relativistic jets are launched, observed
either as resolved moving radio spots or as bright radio flares (see [51]). Although it
would be tempting to causally associate the disappearance of timing components in
the PDS to the ejection of the plasma responsible for them, ithas been shown that
in some case the ejection starts a few daysbeforethe transition [52].
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The position of the further transition to the HSS is not easy to identify, as the
presence of weak type-A QPOs is not always easy to ascertain.The HSS, after
possible back transition to the previous intermediate states, is rather stable and can
last for months. The luminosity, which in many systems peaksin the HIMS/SIMS
(but see below), decreases, most likely because of a more or less steady decrease in
mass accretion rate. A low level of aperiodic time variability is detected, in the form
of a power law component in the PDS, with a total fractional rms around 1-2%.

At a luminosity level well below that of the early HIMS, a new transition takes
place (at D). From here on, time is reversed, first the SIMS andthen the HIMS
are observed, after which the LHS is reached, after which theoutburst ends and
the source goes back to its quiescent level. However, noticethat at low luminosity
the thermal disc contribution is softer, which means that HID points at the same
hardness do not correspond to the same energy spectrum. Indeed, the photon index
of the hard component at the return SIMS is around 2.1, comparable to that at the
start of the first HIMS (point B) [162].

The transition between LHS-HIMS-SIMS-HSS at high flux does not necessarily
coincide to the maximum in accretion rate, as it is assumed inthe previous descrip-
tion. Indeed, in a few cases the accretion rate continued to increase after the HSS
is reached. If this happens, in the HID the source moves up from C moving to the
right (see [20, 113]). Both the energy spectrum and the PDS become rather complex
[113, 45]).

There are sources for which the diagram appears more complexthan this (see
examples in [20, 52]), as well as sources which are observed when already in a
bright HSS. The latter must have come from quiescence and thedata do not exclude
that the LHS-HIMS-SIMS branches were followed, only on a much shorter time
scale, of the order of the day.

The HID path outlined in Fig. 4 shows a clear evidence of hysteresis, as the
return path is different from the forward path. In other words, the luminosity (or
accretion rate) level at which the hard-to-soft transitiontakes place is higher than
that of the reverse transition [88]. For the prototypical source GX 339-4, which had
several outbursts, there is evidence that the higher the first level, the lower the sec-
ond. A correlation has been found between waiting time from the previous outburst
and the hard X-ray peak, which corresponds to the hard-to-soft transition level (see
[183]), but this does not specifically address the issue of hysteresis. The same ef-
fect is observed in neutron-star transients [88, 120] and implies that luminosity (and
hence accretion rate) cannot be an absolute proxy for state.In other words, LHS
and HSS can be observed over the same range of luminosities, although the transi-
tion from hard to soft does take place at the highest LHS flux (see also [88]. While
most generic interpretations for the observed hysteresis invoke the presence of a
second parameter in addition to accretion rate, since accretion rate determines the
movement along the diagram, but the LHS-HSS transition can take place at different
accretion rate levels, [85] associate the hysteresis with the system’s memory, in the
same way that magnetic hysteresis works. However, what setsthe transition level
and whether a transition will take place or not is still an open problem. It is inter-
esting to note that while the upper path can take place at verydifferent luminosities,
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the range spanned by the lower path is much more reduced, around a few % of the
Eddington luminosity (see [88, 74]). Adding complication,[119] showed that there
is a systematic difference in the shape of the HID between high- and low-inclination
sources.

A similar hysteresis diagram has been observed in a white dwarf binary, the dwarf
nova SS Cyg, using optical emission as soft band and X-ray emission as hard band
for the production of the HID [80]. A radio flare was also detected in correspon-
dence to the hard-to-soft transition. Although the comparison is interesting, it has to
be noted that in a white-dwarf binary the optical/UV emission originates from the
accretion disc and the X-ray emission from the boundary layer between disc and
surface. In general sense, what we are observing from these systems is a transition
from optically thin to optically thick emission when the density has increased and
a reverse transition when the density has decreased, an effect which is also valid
for the boundary layer of a dwarf nova(see [84]). The detailsof the physics of the
systems and the transitions do not necessarily need to be thesame.

As described in Sect. 2.1.1 and highlighted in more detail by[85], the general
outburst evolution (including the basic diagrams, energy spectra and fast time vari-
ability) at zero level can be interpreted as a simple evolution of the transition radius
within the truncated disc model (see also Sect. 5).
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3 Radio/IR emission

While the process of accretion onto stellar-mass black holes has been studied,
mainly in the X-rays, since the beginning of X-ray astronomy, it is only relatively
recently that observations at longer wavelengths, notablyinfrared and radio, have
led to the discovery of additional processes such as the ejection of relativistic jets
and of wind outflows. It is now clear that without a broad-bandperspective, the
complete and complex picture of an accreting compact objectin a binary system is
impossible to understand. Below, we review the main observational points that in
the past decade have led to a major change in perspective.
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3.1 Radio jets

Although radio emission from black-hole binaries had been detected a long time
before (see e.g. Tananbaum et al. 1971), it was only in the early nineties that co-
ordinated radio campaigns were started, following the discovery of relativistic jets
in the radio band. The current observational picture is rather clear and it correlates
with the position of the source in the HID (see above). Figure5 shows a sketch of a
HID with an indication of the different types of outflow observed.

from below A to B BHBs spend most of their time in the quiescentstate (well
below point A in Fig. 5), accessible only by the most powerfulfocusing X-ray
telescopes. The X-ray luminosity is< 1033erg/s. Weak flat spectrum radio emis-
sion has been detected in this state. As the source brightensin the LHS, the radio
luminosity also increases, while the radio spectrum remains flat. In this state, a
compact jet has been resolved in a few cases in the radio band (see e.g. )[163]).
The radio spectrum is flat, consistent with self-absorbed synchrotron emission
and extends up to the near infrared, while the polarization level is low. The X-
ray flux and radio flux show a strong positive non-linear correlation (see Sect.
3.1.1). The observational data are interpreted with the presence of a compact jet
emitting in the radio through synchrotron and moving outwards with moderately
relativistic speed (Γ < 2, see [51]).

from B to C Point B marks the start of the HIMS. In addition to changes in the
rapid variability (total fractional rms), a good marker forthis transition is the
breakdown of the correlation between radio-IR flux and X-rayflux (see below
and [66, 51]). As the transition to the SIMS is approached, the radio emission
generally decreases, with oscillations and small flares [104], while there is indi-
cation that the radio spectrum starts steepening [51]. All data indicate that the
inner part of the jet undergoes changes in its physical properties.

from C to D As outlined above, the transition between HIMS andSIMS is marked
by rapid changes in the properties of fast variability, in particular a drop in frac-
tional rms and a switch between type-C and type-B QPOs. Around (but not pre-
cisely in correspondence to) the transition, the jet properties change drastically.
One or more large-amplitude flares are observed in the radio (see [52]). When
major superluminal ejections are observed, the ejection time can also be traced
back to a time close to the transition. Unfortunately, the lack of precise corre-
spondence of the time of jet ejection and that of HIMS-SIMS transition indicates
that there cannot be a causal connection. There is indication that these jets have a
larger Lorentz factor than the steady jets in the LHS and HIMS, which led to the
idea that what is observed is due to internal shocks caused byfaster jets hitting
the slower components (see [51]).

from D to E This branch marks the HSS. Until now no radio emission that can
be attributed to the central source (and not from ejecta) hasbeen detected down
to upper limits of>300 times that of LHS sources at the same X-ray flux (see
[148]). Outflows in the form of winds are observed (see 4). During this state
accretion rate decreases on a long time scale (weeks to months), leading to the
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Figura 5:

Fig. 5 Schematic evolution of a black-hole binary along the HID (top panel). The three bottom
panels show the configuration of the system along the top branch: where red represents radio jets
and yellow wind outflows. From [49]. Reprinted with permission from AAAS.

vertical track in the HID. However, at high flux there can be multiple transi-
tions to the SIMS/HIMS and back, as measured through the changes in timing
properties [13, 34, 20, 49]. Although coverage at lower energies is sparse, the ob-
servations are consistent with the presence of weaker radioflares corresponding
to the transitions (see e.g. [29, 34].

from E to F On the return branch from soft to hard, as we have seen above the re-
verse track is followed, through the SIMS and the HIMS, on a time scale compa-
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rable to that of the upper track. Observations of several transitions from multiple
systems have shown that the compact radio jet is re-formednot in correspon-
dence to the SIMS-HIMS transition, but when the system has reached the LHS,
a delay of several days (see [74, 73] and references therein.At the time of radio
re-appearance, secondary maxima have been seen in the optical-infrared band,
which have been attributed to direct jet emission, althoughalternative models
exist [74].
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Fig. 6 Correlation between radio and X-ray luminosity for BHBs in the LHS and in quiescence
(Fig. 9 from [39]).

3.1.1 Correlations

The radio and optical/IR emission from BHBs is attributed tojets (for outflows, see
Sect. 4) and is closely connected to the accretion properties as measured at higher
energies. In particular, the low-energy flux from the compact jet in the LHS shows a
strong non-linear correlation with X-ray flux, modeled witha power law with index
α ∼0.6-0.7 (Fig. 6, see [39, 58], first discovered in GX 339-4 [40] then extended to
other systems [57]). Ignoring the points which appear to follow a different correla-
tion (see below) the scatter in the relation is rather small.Under the assumption that
the X-ray flux originates from accretion and therefore is notsubject to relativistic
beaming like the radio emission from a jet, from the scatter around the correlation
[51] have estimated the jet Lorentz factor to beΓ ∼1-2. More recently, the correla-
tion has been extended to BHBs in quiescence, notably down tovery low fluxes for
the first known system A 0620-00 [56], see also [59]). All stellar-mass black holes
have likely similar masses (a few to several solar masses). After a correction for
mass is added, it was found that the correlation can be extended to Active Galactic
Nuclei ([98], see also [133]), spanning 15 orders of magnitude in X-ray flux [56].

However, as more multi-wavelength observations became available, the situation
has become more complex. A group of sources are found to follow a different cor-
relation, limited to high fluxes and below the main one (oftenreferred to as the
“radio-quiet” branch, see [58]). Figure 6 shows the clear presence of two branches:
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the radio-quiet one is steeper, fitted withα ∼1 [58]. Recently, the statistical sig-
nificance of the presence of two separate correlations has been questioned by [59].
The system H 1743-322 was observed to move from one correlation to the other:
during outburst decay it started on the radio-quiet branch,then as radio luminosity
decreased X-ray luminosity stalled until the system reached the radio-loud branch
[42]. This clearly indicates that the difference between the two branches cannot be
associated to fundamental parameters of the different systems, which would not
change during the outburst (see [155]). [42] explored different possibilities and con-
cluded that the transition between the two branches could bedue to a transition
from a radiatively efficient to a radiatively inefficient accretion flow, which would
make the “radio-quiet” branch an “X-ray loud” one (see [82]). To complicate matters
even further, [149] found that during its 2011 outburst MAXIJ1836-194 followed
a path in the X-radio plane which was significantly steeper and connected the two
existing branches. Although the correlation appears to be lessuniversalthan previ-
ously assumed, it is clear that its interpretation can give important insights on both
accretion and ejection. For instance, the evaporation/condensation model by [100]
would explain the second, X-ray loud, branch as due to the presence of an inner
optically thick accretion disc which would increase the soft photon input available
to Comptonization. As this inner disc cannot work at low accretion rate, this inter-
pretation also explains why no lower-branch points are observed at low X-ray fluxes
and the switch of H 1743-322. At or after the LHS-HIMS transition the correla-
tion breaks down (see also below), as the energy spectrum becomes more and more
dominated by an optically thick accretion disc and the radioemission also shows
non-monotonic variations (see [51]). Interestingly, neutron-star LMXBs also show
a correlation between radio and X-ray flux, with three important differences: (1) all
NS systems are more radio-quiet at a given X-ray luminosity;(2) the correlation is
steeper and (3) the radio emission is not suppressed when thesource transits to the
soft states[102]. This also points to the presence of a radiatively inefficient regime
of accretion for BHBs.

At shorter wavelengths, IR and optical, the situation is complicated by the fact
that the accretion disc also contributes to the flux and the jet contribution has to
be estimated. In the prototypical system GX 339-4, in the LHSa clear positive
correlation between X-ray and IR flux was found, which terminated abruptly when
the source entered the HIMS and the relative contribution between jet and disc are
expected to change [66]. Additional observations have shown that the correlation
extends for four orders of magnitude and evidence for a breakaround 10−3LEdd

has been found [41]. Recently, a complete analysis of data from 33 systems, both
hosting black holes and neutron stars, has been published [147]. For BHBs, they
found a correlation with power-law index 0.6 extending fromquiescence to bright
LHS, similar to that observed in the radio.
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4 Winds and outflows

Over the last couple of decades we have witnessed the discovery of a multitude of
highly-ionized absorbers in high-resolution X-ray spectra from both BH and NS X-
ray binaries. The first detections were obtained thanks to ASCA on the BH binaries
GRO J1655-40 ([172]) and GRS 1915+105 ([83]). Narrow absorption lines in the
spectra of these systems, identified as Fe XXV and Fe XXVI indicated the first of a
myriad of discoveries of photo-ionised plasmas in LMXBs that followed the launch
of X-ray observatories such as Chandra, XMM-Newton and Suzaku.

After the first detections, it was soon clear that the photo-ionised absorbers in the
form of winds or atmospheres could be ubiquitous to all X-raybinaries (e.g. [128]),
but only recently it has become increasingly clear that the presence of these plasmas
could be key to our understanding of these systems. It has been suggested that the
amount of mass that leaves the system once the plasmas are outflowing can be of
the order of or significantly higher than the mass accretion rate transferred through
the accretion disc (e.g. [134]), with crucial consequenceson the accretion-outflow
equilibrium at play in these systems.

Much of the recent work on the accretion/ejection connection at work during the
outburst of black-hole x-ray transients has focused on the X-ray/radio correlations
(see e.g. [51] and [52]). It is now established that transient sources emerge from
quiescence entering the low-hard state (see [24]), where a steady radio jet is ubiqui-
tously seen. Then they rise in luminosity until the hard-to-soft transition takes place.
During this transition strong relativistic ejections are often seen - observed as bright
radio flares - and connected to the disappearance of the steady radio jets.

Strong disc winds have been predominantly observed in the thermal-dominated
high/soft state of BH transients (and most recently in NS systems, see [135]). Con-
versely, the presence of winds has been excluded by observations in the low/hard
state, where no signature of wind-like outflows has been found so far with high level
of confidence. Therefore, it seems natural to conclude that in the soft state the radio
jets and relativistic ejections seem to be replaced by highly ionized accretion disc
winds, that may play a crucial role in the physics of accretion and ejection around
compact object. For instance, the effects of the winds on theentire system could be
key in the outburst evolution of transient systems, influencing or even triggering the
return to the hard state.

4.1 Accretion disc winds and atmospheres

To date, several LMXBs, both containing BHs and NSs (see e.g.[43] and [134]),
have shown narrow absorption lines, more often than not blue-shifted (i.e. indicat-
ing outflowing material) that have been interpreted as a consequence of the presence
of highly-ionised material local to the source, opposed to the absorption due to the
interstellar medium. Most of these sources are observed at arelatively high inclina-



Transient Black Hole Binaries 27

tion angle (60-70deg), pointing to a distribution of the ionizing plasma close to the
accretion disc, with an equatorial or flared geometry.

While the relative depth of the absorption lines detected inthe high-resolution
spectra of LMXBs allows to determine the column density and the ionization state
of the plasma responsible of the lines, their blue-shift with respect to their theoretical
wavelength provides information on the relative velocity of the plasma. The ioniza-
tion degree of the plasma is described through the ionization parameter, defined as
ξ = L/nr2, whereL is the luminosity of the ionizing source,n is the electron density
andr is the distance between the ionizing source and the plasma.

The column density of the ionized plasma detected in LMXBs ranges between
1021 cm−2 and 1024 cm−2 and there is no obvious difference between the densities
measured for BHs and NSs systems. The vast majority of the systems for which
log(ξ ) has been measured, show high ionization degrees, with log(ξ )> 3. However,
MAXI J1305-70 has shown both high and low ionization degrees, and GX 339-4
(see [152]) has shown only a low ionisation degree plasma. Interestingly, among
the sources known to show ionization plasmas, GX 339-4 is possibly the one at
the lowest inclination: this suggest the possibility that there could be a stratification
of the ionized plasma as a function of inclination above the accretion disc. On the
other hand, GX 339-4 is affected by relatively low interstellar absorption, thus the
detection of low-ionization plasma could be affected by a significant observational
bias.

Even though the majority of the ionized plasmas detected so far in LMXBs is
characterized by significant intrinsic velocities, for a few sources there is no evi-
dence of an intrinsic plasma velocity. This difference justifies the classification of
ionized plasmas in disc winds/outflows and disc atmospheres. When a given sys-
tem shows absorption lines with significant blue-shift and/or a P-Cygni profile, the
ionized plasma is classified asoutflow. If, instead, a given system does not show a
significant blue-shift in the absorption line, then the ionized plasma takes the name
of atmosphere. Clearly, the most important difference between the systems shown
winds/outflows and the ones showing atmospheres is that onlythe former loose
mass, with a rate that can be even significantly larger than the mass accretion rate
(see e.g. [87], [123], [134]).

Among the sources for which ionized plasmas has been detected, all BH LMXBs
shows relatively fast outflows, while only about∼30% of NS LMXBs have shown
clear winds (see [135]). This difference between NSs and BHScould be due to a
significant difference in size of the system, i.e. strong winds are more easily pro-
duced in long orbital period (i.e. large systems, and, consequently, large discs). This
hypothesis is supported by the fact that the NS systems producing winds are those
with orbital periods comparable to the BH ones.
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4.2 Winds launching mechanism

Three main mechanisms have been identified as possible responsibles for the
launching of fast winds from the accretion disc of accretingsources: thermal pres-
sure, radiative pressure and magnetic pressure. The mechanism normally invoked to
explain the strong winds detected in the radio-free soft states of BH and NS X-ray
binaries is the thermal pressure, even though it is importanto bear in mind that the
dominant wind launching mechanism could change as the system evolves.

4.2.1 Thermally driven winds

Thermal pressure or Compton-heated winds should arise in systems where the ac-
cretion disc is irradiated by the central regions of the accretion flow, such as in X-ray
binaries or in quasars. The disc gas can be heated to temperatures exceeding 107 K
mostly through the Compton process, partially evaporatingand forming a corona
above the disc. This gas, depending on the thermal velocity exceeding or not the
local escape velocity, can be either emitted as a thermal wind or stay bound to the
disc, forming an atmosphere ([12]). The radial extent of this corona only depends
on the mass of the central compact object and on the Compton temperature, while it
is independent on the luminosity. It has been shown ([12]) that due to disc rotation a
wind can be launched via thermal pressure at radii larger than∼ 0.1rC, whererC is
the Compton radius, i.e. the radius where the escape velocity equals the isothermal
sound speed at the Compton temperatureTC. For very luminous systems (where the
radiation force due to electrons must be taken in account), [137] found that strong
winds can be launched starting from radii as small as 0.01rIC.

4.2.2 Radiatively driven winds

Radiation-driven winds might arise from an accretion disc when radiative acceler-
ation occurs due to the transfer of momentum from the photon field to the corona,
that leaves the disc in the form of an outflow. Assuming that the wind has optical
depthτe higher than 1 and completely surrounds a source of radiationwith lumi-
nosity Lbol, the multiple scattering of photons within the wind will lead to a wind
momentum that exceed the photon momentum of the primary emission. In most
sources, however, the material constituting the wind appears to be far too ionized
to allow an effective momentum transfer and a consequent launching mechanism.
In other words, the momentum-flux in radiatively-driven winds cannot exceed that
of the radiation field, even considering the effects of radiation of free electrons (see
[145]).



Transient Black Hole Binaries 29

4.2.3 Magnetically driven winds

disc winds can also be driven by magnetic forces. These windsare expected to be
centrifugally accelerated down open, rotating, poloidal magnetic fields anchored in
the disc (see [27]). Being these winds accelerated by the effect of magnetic torques
from magnetic fields embedded in the accretion disc, there must be an intimate
connection between the mass-loss in the wind and the accretion onto the black hole.
According to the theory of MHD winds, material is centrifugally lifted off the disc
at a certain launching radius RL and is continuously accelerated by magnetic forces
until the flow become super-Alfvenic at a radius RA > RL. Accurate models suggest
that the ratio RA/RL ranges between 2 and 3 (see [140]). [145] has shown that MHD
torques would be able to produce Compton-thick winds only if(1) the accretion rate
is a significant fraction of the Eddington rate, (2) the radiative efficiency is low and
(3) the Alfven radius is very close to the launching radius (RA simRL). Thus, MHD
driving could become a viable explanation for disc winds only in a very limited
number of cases.
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5 The full accretion ejection picture

Despite the number of complications and additional details, the overall picture is
now much more clear than before the RXTE data. Not all transient sources behave
in the fundamental diagrams as neatly as the one shown in Fig.1, but the general
pattern appears to be followed by most sources and this regularity points towards
fundamental aspects of accretion onto black holes (see [52]). Indeed, a comparison
with different classes of related sources shows that this must be the case.

Persistent BHBs.A few persistent systems are known in our galaxy and the Mag-
ellanic Clouds. Some of them appear locked in a single state.LMC X-1 has always
been observed in the HSS (see [146]), as the bright galactic source 4U 1957+11
[125]. The second BHB in the LMC, LMC X-3, was only observed inthe HSS until
with the extensive coverage of RXTE brief transitions to andfrom the LHS were
discovered [153]. The source GRS 1758-258 in the Galactic Center region is mostly
in the LHS, but shows sporadic transitions to the HSS (see [158]). The bright source
4U 1755-33 was very bright and in the HSS until 1996, when it went into quies-
cence (see [5]), but unfortunately the decay into quiescence was not covered by
observations. The brightest and best known Cyg X-1, the firstblack-hole candidate,
is usually found in the LHS and makes rather frequent transitions to the HIMS, to
rarely reach the HSS when radio emission is observed to drop (see [63] and refer-
ences therein. A HID from the RXTE observations of Cyg X-1 is shown in [20].
Overall, none of these systems shows a behavior inconsistent with the above pic-
ture, although clearly none of them shows a full “transient”cycle. In particular, the
LHS-HIMS and HMIS-LHS transitions of Cyg X-1 do not show any sign of hys-
teresis. Interestingly, corresponding to one of the softest events of Cyg X-1, a radio
flare was observed, compatible with a jet ejection in correspondence to a transition
to the HSS [181].

A case of its own is represented by GRS 1915+105, which has started an out-
burst in 1992 and is still active at the time of writing. Its behavior is very different
from all other systems, although a few sources have been found to match it rather
precisely for some limited time [4, 9]. The original idea wasthat this peculiar be-
havior is connected to a very high accretion rate, which would put the source above
the standard ‘q’ diagram (see [20] for an HID of state-C, i.e.hard, intervals of GRS
1915+105). However, recently the same type of structured variability has been found
in the Rapid Burster, a neutron-star binary, at luminosities well below the Eddington
limit, casting doubts on this interpretation [9]. At any rate, the short-term variabil-
ity of GRS 1915+105 is not different from those observed in other BHBs: during
state-C, whose energy spectrum corresponds to a LHS/HIMS, the PDS is a typical
LHS/HIMS [142, 141, 20], during softer and brighter states (called A and B, see
[15] the PDS is similar to that of “anomalous” states at high accretion rate see in
other BHBs [141, 20]. HFQPOs are observed only in a very narrow region of the
HID [23]. Evidence for a type-B QPO during fast transition has also been presented
[154]. What is peculiar here is the structure of alternatingstates.

Neutron-star binaries.Neutron-star low-mass X-ray binaries show many simi-
larities in their emission properties with BHBs. Their detailed X-ray energy spectra
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Fig. 7 RID diagram with the regions occupied by BHBs and different classes of NS LMXBs
(Z: Z sources, BA: bright atoll sources, the gray “q” corresponds to atoll sources; Fig. 10 from
[120]). The X axis in this diagram is fractional rms variability, which correlates almost linearly
with hardness, which means a HID would look almost identical.

are rather different as the component of direct emission from the surface of the
compact object and the boundary layer is very bright. However, it is now clear that
the properties of fast time variability can be strongly connected to those of BHBs
(see [126, 35, 180, 139, 18]. The first evidence of a hysteresis pattern in the HID was
presented from the low-luminosity persistent system 4U 1636-53 [14]. “q” diagrams
were shown for the outbursts of Aql X-1 [20, 81]. More recently, a full analysis of
RXTE data has shown that the observed pattern is very similarand a strong con-
nection has been drawn [120]. As the difference between classes of neutron-star
LMXBs has been finally attributed to accretion rate levels (see [68], a complete di-
agram for NS and BH binaries could be produced (see Fig. 7). A strong connection
with the BHBs was found in the radio emission of Aql X-1, completing the picture
[81]. The radio-X correlation for NS binaries lies below that of BHBs, suggesting
a difference in the emission efficiency between the two classes of systems in their
hard state [102].

ULX. In the case of Ultra-Luminous X-ray sources (ULX) the comparison is
not simple, given the lower statistics and sparser coverageof observations, not to
mention the fact that there is no agreement on the nature of the systems (see [53] for
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a review). There are similarities in the timing properties,but there is no consensus
on the interpretation of the few QPOs detected in ULX in termsof those in BHBs
(see e.g. [166, 122, 129]). The energy spectra are even more complex and only
basic comparisons can be made, not always in agreement with each other [21, 157].
State transitions have been observed (see [72] and references therein, but only with
few observations. When standard diagrams have been produced for a sample of
ULX, the results were also complex and difficult to interpret[131]. In the case of
the hyper luminous source ESO 243-49 HLX-1, a number of XMM-Newton and
Chandra observations were used to produce HID and HRD, showing compatibility
with the BHB diagrams [150]. Radio flares have been observed from this source,
although the lack of high-SNR X-ray coverage prevents a precise association with
source states [178].

AGNThe association between AGN properties and BHB states is also complex.
While Quasars and Blazars are thought to be jet-dominated systems and Seyfert
II AGN suffer of large absorption, a comparison can be attempted with Seyfert I
systems. On the spectral side, the energy distribution in X-rays is similar to that
of galactic systems in the LHS, although for AGN the thermal accretion disc com-
ponent is not in the “standard” X-ray band. Indeed, the production of a HID from
RXTE data of Sy I objects shows that almost all of them lie on the LHS branch.
However, analysis of variability, which in the case of AGN must be observed up to
time scales of years, shows that their PDS is more similar to that of HSS binaries
(see .e.g. [96, 94]). Two systems stand out both spectrally and in timing proper-
ties: Ton S180 and Ark 564. When placed on a standard HID, renormalized for flux
differences, these object lie in an intermediate-hardnessarea [20]. The exact connec-
tion to the BHB diagram is not easy as the horizontal branchesare caused by both a
softening of the LHS component and the appearance of a thermal disc component,
absent in the AGN 2-10 keV spectra, but the position is certainly intermediate. On
the timing side, these two objects also show properties which can be identified of
more intermediate states [6, 95, 94].

This general behavior must be understood in terms of basic parameters. Interpre-
tations of the overall evolution in the HID have been proposed [88, 10, 11]. How-
ever, the correlated properties of the emission of relativistic jets and winds from the
system must be included in order to reach a global understanding. This of course
complicates the problem and only basic attempts have been made [49, 51]. A zero-
level approach has been proposed recently, which in addition to the X-ray properties
incorporates a model for the production of poloidal magnetic fields, which can be
a crucial ingredient for the production of jets [85]. The “cosmic-battery” scenario
(see [36, 86, 38, 37]) can be the link between properties of the accretion flow and
generation of relativistic jets, which is worth exploring further.
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6 Conclusions
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Thanks to the availability of high-quality data from past and current high-energy
missions, our knowledge and understanding of black-hole transients has increased
significantly in the past two decades. Instrumental to this advancements have been
observations at other wavelengths, which have allowed us tostudy physical compo-
nents, such as relativistic jets and outflows, that were completely ignored before. It is
now clear that studying the emission over a very broad range of energies is the only
way to properly characterize the physical properties of these objects. For the study
of fast X-ray time variability the gap left by the demise of RossiXTE has just been
filled by the launch of the indian satellite ASTROSAT, which at the time of writing
is still in the performance-verificationphase. Theoretical modelling of observational
data is now turning to the interpretation of joint spectral-timing properties, a crucial
step to study rapidly varying phenomena. The field is evolving very rapidly: how-
ever, while the amount of available details make the full picture more complicated,
the basic patterns are converging towards a solid set of observational points that
must be at the base of all theoretical model. Above, we have focussed onto those
patterns with the aim of outlining general properties of black-hole transients. This
is by no means complete (see Middleton’s chapter on detailedspectral models), but
it should constitute a solid starting point upon which layers of complexity can later
be laid.
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74. E. Kalemci, T. Dinçer, J. A. Tomsick, M. M. Buxton, C. D. Bailyn, and Y. Y. Chun. Com-
plete Multiwavelength Evolution of Galactic Black Hole Transients during Outburst Decay.
I. Conditions for ”Compact” Jet Formation.ApJ, 779:95, December 2013.

75. S. Kato. Resonant Excitation of Disk Oscillations by Warps: A Model of kHz QPOs.PASJ,
56:905–922, October 2004.

76. S. Kato. Wave-Warp Resonant Interactions in Relativistic Disks and kHz QPOs.PASJ,
56:559–567, June 2004.

77. S. Kato. A Resonance Model of Quasi-Periodic Oscillations of Low-Mass X-Ray Binaries.
PASJ, 57:L17–L20, June 2005.

78. S. Kato. Quasi-Periodic Oscillations Resonantly Induced on Spin-Induced Deformed-Disks
of Neutron Stars.PASJ, 57:679–690, August 2005.

79. W. Kluzniak and M. A. Abramowicz. The physics of kHz QPOs—strong gravity’s coupled
anharmonic oscillators.ArXiv Astrophysics e-prints, May 2001.

80. E. Körding, M. Rupen, C. Knigge, R. Fender, V. Dhawan, M.Templeton, and T. Muxlow. A
Transient Radio Jet in an Erupting Dwarf Nova.Science, 320:1318–, June 2008.

81. E. G. Körding. Common disc-jet coupling in accreting objects.Ap&SS, 311:143–147, Octo-
ber 2007.

82. E. G. Körding, R. P. Fender, and S. Migliari. Jet-dominated advective systems: radio and
X-ray luminosity dependence on the accretion rate.MNRAS, 369:1451–1458, July 2006.

83. T. Kotani, K. Ebisawa, T. Dotani, H. Inoue, F. Nagase, Y. Tanaka, and Y. Ueda. ASCA Obser-
vations of the Absorption Line Features from the Superluminal Jet Source GRS 1915+105.
ApJ, 539:413–423, August 2000.

84. E. Kuulkers, A. Norton, A. Schwope, and B. Warner.X-rays from cataclysmic variables,
pages 421–460. April 2006.

85. N. D. Kylafis and T. M. Belloni. Accretion and ejection in black-hole X-ray transients.A&A,
574:A133, February 2015.



Transient Black Hole Binaries 39

86. N. D. Kylafis, I. Contopoulos, D. Kazanas, and D. M. Christodoulou. Formation and destruc-
tion of jets in X-ray binaries.A&A, 538:A5, February 2012.

87. J. C. Lee, C. S. Reynolds, R. Remillard, N. S. Schulz, E. G.Blackman, and A. C. Fabian.
High-Resolution Chandra HETGS and Rossi X-Ray Timing Explorer Observations of GRS
1915+105: A Hot Disk Atmosphere and Cold Gas Enriched in Ironand Silicon. ApJ,
567:1102–1111, March 2002.

88. T. J. Maccarone and P. S. Coppi. Hysteresis in the light curves of soft X-ray transients.
MNRAS, 338:189–196, January 2003.

89. J. Malzac, A. M. Dumont, and M. Mouchet. Full radiative coupling in two-phase models for
accreting black holes.A&A, 430:761–769, February 2005.

90. S. Markoff. From Multiwavelength to Mass Scaling: Accretion and Ejection in Microquasars
and AGN. In T. Belloni, editor,Lecture Notes in Physics, Berlin Springer Verlag, volume
794 ofLecture Notes in Physics, Berlin Springer Verlag, pages 143–+, March 2010.

91. S. Markoff, H. Falcke, and R. Fender. A jet model for the broadband spectrum of XTE
J1118+480. Synchrotron emission from radio to X-rays in theLow/Hard spectral state.A&A,
372:L25–L28, June 2001.

92. C. B. Markwardt and J. H. Swank. New Outburst of GRO J1655-40? The Astronomer’s
Telegram, 414:1, February 2005.

93. J. E. McClintock and R. A. Remillard. The black hole binary A0620-00.ApJ, 308:110–122,
September 1986.

94. I. McHardy. X-Ray Variability of AGN and Relationship toGalactic Black Hole Binary
Systems. In T. Belloni, editor,Lecture Notes in Physics, Berlin Springer Verlag, volume 794
of Lecture Notes in Physics, Berlin Springer Verlag, page 203, March 2010.
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156. P. Soleri, T. Muñoz-Darias, S. Motta, T. Belloni, P. Casella, M. Méndez, D. Altamirano,
M. Linares, R. Wijnands, R. Fender, and M. van der Klis. A complex state transition from
the black hole candidate Swift J1753.5-0127.MNRAS, 429:1244–1257, February 2013.

157. R. Soria. Hard and soft spectral states of ULXs.Astronomische Nachrichten, 332:330, May
2011.

158. R. Soria, J. W. Broderick, J. Hao, D. C. Hannikainen, M. Mehdipour, K. Pottschmidt, and S.-
N. Zhang. Accretion states of the Galactic microquasar GRS 1758-258.MNRAS, 415:410–
424, July 2011.

159. L. Stella and M. Vietri. Lense-Thirring Precession andQuasi-periodic Oscillations in Low-
Mass X-Ray Binaries.ApJ, 492:L59+, January 1998.

160. L. Stella and M. Vietri. kHz Quasiperiodic Oscillations in Low-Mass X-Ray Binaries as
Probes of General Relativity in the Strong-Field Regime.Physical Review Letters, 82:17–
20, January 1999.

161. L. Stella, M. Vietri, and S. M. Morsink. Correlations inthe Quasi-periodic Oscillation Fre-
quencies of Low-Mass X-Ray Binaries and the Relativistic Precession Model.ApJ, 524:L63–
L66, October 1999.
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