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Abstract

——1INTEGRAL is an ESA mission in fundamental astrophysics that was launched in October 2002. It has been in orbit for over 18 years,
during which it has been observing the high-energy sky with a set of instruments specifically designed to probe the emission from
I hard X-ray and soft y-ray sources. This paper is devoted to the subject of black hole binaries, which are among the most important
S. sources that populate the high-energy sky. We present a review of the scientific literature based on INTEGRAL data, which has
O _significantly advanced our knowledge in the field of relativistic astrophysics. We briefly summarise the state-of-the-art of the study
I of black hole binaries, with a particular focus on the topics closer to the INTEGRAL science. We then give an overview of the results
«_ obtained by INTEGRAL and by other observatories on a number of sources of importance in the field. Finally, we review the main
results obtained over the past 18 years on all the black hole binaries that INTEGRAL has observed. We conclude with a summary of
the main contributions of INTEGRAL to the field, and on the future perspectives.
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1. Introduction

X-ray binaries (XRBs) are binary systems consisting of an
ordinary star and a compact object, which can be a stellar-mass
black hole (BH) or a neutron star (NS). Those containing a BH
are referred to as black hole binaries (BHBs). The compact ob-

= ject is formed by the collapse of the core of a massive star at the
1 end of its (relatively quick) evolution. The gas from the com-

>

panion star is stripped away and forms an accretion disc around

~ the compact object, where the gas is heated up through viscosity

X
®

to millions of degrees, causing the gas to emit X-rays. The pres-
ence of an accretion disc, coupled with the deep gravitational
potential well around the compact object, gives rise to different
kinds of outflows, streams of matter launched from different re-
gions of the accretion flow. Outflows are able to carry away
from the system a significant fraction of the matter and energy,
which could have potentially fallen onto the compact object, so
that XRBs act to heat their environment rather than behaving
only as sinks. Outflows can take the form of relativistic, tran-
sient or persistent collimated jets, but also warm or cold, poorly
collimated winds (and essentially anything in between), and are
observed in different portions of the electromagnetic spectrum,
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from the radio wavelengths up to the X-rays.

With their fast evolution, which takes place on humanly ac-
cessible time-scales, BHBs, together with NS binaries [369],
constitute the best laboratories where to study the extremes of
physics in real time: around collapsed objects one can probe the
behaviour of matter in the presence of extremely curved space-
time, which is at the base of the accretion process, but also the
physics underlying the particle acceleration behind the launch
of relativistic jets and winds.

There are approximately 60 known BHBs in our Galaxy.
Of these, around 20 host black holes dynamically confirmed
via spectro-photometric observations [64]]. Another ~40 sys-
tems are referred to as BH candidates: they share a strong phe-
nomenology with the confirmed black holes (e.g. [493|[336]]).
In the following, we will not differentiate between candidate
and confirmed BHs, and we shall refer to these systems collec-
tively as the BHBs. The BH discovery rate is currently limited
by the X-ray outburst rate of BHBs (the number of persistent
systems being so dramatically lower than that of transient ones),
which is relatively small - on average 2 outbursts per year - due
to the typically low duty cycles of these systems. Most transient
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BHBs are X-ray bright for only a small fraction of the time that
is on the order of a few percent, and most of the time, they are
in a quiescence state, i.e. very X-ray dim or (more typically) in-
visible to observers from Earth [53]]. Therefore, the total of ~60
known BHBs in the Galaxy is necessarily only a minute frac-
tion of the actual Galactic BHB population, which is thought to
be greater than ~ 10* [SI1]]. In turn, the Galactic BHB popu-
lation represents an equally minute fraction of the total number
of stellar mass BHs in the Milky Way, estimated to be in the
range of 108-10° [489, [44].

1.1. History

The first BHB, Cygnus X-1 (Cyg X-1), was discovered in
1964 [40| [146]], at the dawn of X-ray astronomy, via sound-
ing rockets carrying X-ray sensitive instruments. Cyg X-1 be-
came the first candidate for systems hosting a BH when optical
observations revealed its binary nature, thus allowing an esti-
mate of the mass of the compact object [35] 503]]. Cyg X-1 is
one of the few known persistent BHB systems in the Galaxy,
which are relatively rare in the local Universe as it was es-
tablished decades after its discovery. We now know that most
BHBs are transients, and thus only visible during rare outbursts.
A 0620-00 was the first transient system which was also clas-
sified as a BHB [286], with a lower limit to the mass of the
compact object of 3.2 My [117]. A few additional transient
BHBs were later discovered, including two X-ray sources in
the Large Magellanic Cloud (LMC X-1 and LMC X-3), which
were afterwards classified as BH candidates, and GX 339-4,
one of the most extensively studied BHBs [273]].

With the launch of the Ginga satellite and its all-sky mon-
itor, the number of known BHBs started to increase. Among
these, a notable case is that of GS 023+338 in 1989 [261],
which was quickly connected with the optical source V404 Cygni,
and also linked to an optical transient observed over 50 years
earlier [[184]. Casares et al. [[63] obtained the first determina-
tion of the system’s mass function (f(M) = 6.26 = 0.31 M),
making GS 20234338 what is considered the first dynamically-
confirmed BHB (even though Bolton [35] already claimed such
record for Cyg X-1).

This era of early observations began to elucidate some of the
basic properties of BHBs, namely that they vary on relatively-
short timescales, and show significant flux changes, which led
to the definition of a BHB’s high and low states [475]. Such
states are largely based on observations of Cyg X-1, which were
initially performed in a limited X-ray band only extending up to
10 keV. More detailed studies based on several observations—
in particular of the transient GX 1124—683 (also known as Nova
Muscae 1991), GX 339—4 and Cyg X-1—showed that the com-
plex behaviour of BHBs could not be reduced to two states, and
additional states were defined, based on the complex spectral
and timing properties of these systems [see, e.g., 312|181} 1288|,
106]. In particular, the first spectral studies based on the mod-
elling of the accretion disc emission opened the way to tech-
niques aimed at measuring the inner disc radius [310].

The hard X-ray/soft y-ray sky has been notably explored in
the 1980’ by the CGRO and Granat observatories, which both
carried instruments covering a large energy domain, from a few

keV to afew MeV (and even more in the case of CGRO/EGRET).
The study of accreting BHBs took a jump forward with the
launch of the Rossi X-ray Timing Explorer (RXTE) satellite in
1995. RXTE carried an All Sky monitor (ASM) that allowed a
lot more outbursts of old and new transients to be detected.
RXTE also carried two high time-resolution instruments with
large effective areas, which could operate in a very flexible
way while accumulating high signal-to-noise data for timing
and spectral studies in the 2-200 keV energy band. The IN-
TErnational Gamma-Ray Astrophysics Laboratory (INTE-
GRAL) was launched in 2002, just few years after the XMM-
Newton and Chandra X-ray satellites (both launched in 1999).
It contributed significantly to the field of BH research by im-
proving the knowledge of the high-energy emission from ac-
creting XRBs, thanks to its sensitive high-energy instruments.
These four observatories brought on an explosion of informa-
tion, which led to new insights into the emission properties of
BHBs that resulted in a much clearer understanding of the pro-
cess of accretion onto compact objects [491, 492|287, 106, 28].

Since their discovery, stellar-mass accreting BHs in Galac-
tic binaries have been studied in comparison with the super
massive black holes (SMBH) in Active Galactic Nuclei (AGN),
with which they share a number of fundamental properties, re-
flecting the fundamentally similar physics underlying their emis-
sion [140, 295 [122] 1377, [161]. Of course, Galactic BHBs
have also been largely compared with other types of accret-
ing binaries, first and foremost NS XRBs. Such systems in
many respects show the same properties and characteristics of
their BH counterparts, and thus provide the best control sample
to test which of the fundamental processes governing the in-
flow/outflow of matter and energy around all accreting objects
may be unique to BHs.

Another type of systems typically compared with BHBs is
that of the enigmatic Ultra-Luminous X-ray (ULX) sources, a
class of very bright, unresolved, extra-galactic X-ray sources,
generally located at some distance from the centre of their host
galaxies, and currently believed to be powered by accreting
compact objects [206]. The compact object hosted in these
systems have been proposed to be either a stellar mass BHs
or (more likely) NS accreting either significantly above the Ed-
dington accretion rate or non-isotropically (see e.g. [[193]); or
an intermediate mass black holes (IMBHs) accreting at much
lower accretion rates [[115]].

A final type of BH-powered system that is being compared
to BHBs especially in the late years is that of the tidal disrup-
tion events (TDEs), where a star is gravitationally captured by a
(typically quiescent) SMBH and is partially or completely torn
apart by tidal forces [400l [160} [178]]. When such an encounter
takes place, a relatively short-lived accretion disc forms around
the SMBH from the stellar matter of the captured star. Such an
accretion disc would then power the production of radio jets in
many ways similar to those produced in BHBs and in the AGN
[232]]. This further strengthens the idea that the accretion/jet
generation process occurs according to the same principles in
many systems that share one key property: the combination of
a deep gravitational potential well and an accretion disc.



1.2. In this paper

This review focuses on the systems identified as BHBs (can-
didates or dynamically confirmed), with an emphasis on the
contribution that INTEGRAL has made to improve our under-
standing of these systems. We will restrict ourselves to the
science of these systems, while the details relating to the IN-
TEGRAL mission and its instruments are reviewed in Kuulkers
and et al. [238| and reference therein], and the data reduction is
discussed in the INTEGRAL user manuald]]

INTEGRAL is an ESA medium size mission dedicated to
the spectroscopy and imaging of celestial hard X-ray/soft y-ray
sources, in the energy range 15 keV to 10 MeV with concur-
rent source monitoring in the X-ray (3-35 keV) and optical (V-
band, 550 nm) energy ranges. The INTEGRAL payload consists
of the two main soft y-ray instruments, both using a coded mask
imaging technique, with a field of view of ~ 30°: SPI, a spec-
trometer that operates in the 18 keV-8 MeV energy range with
an energy resolution of 2.2 keV (FWHM) at 1.33 MeV; and the
imager IBIS, with a spatial resolution of 12 arcmin, operating
between 15 keV and 10 MeV. INTEGRAL carries also two mon-
itors, JEM-X (formed by two coded-mask units), sensitive to
the X-rays (3—35 keV) with a field of view of 5°, and the opti-
cal monitor OMC, equipped with a Johnson V-filter to cover the
wave-length in the 500-600 nm range. All instruments are co-
aligned, and thus are able to cover simultaneously a very broad
energy range.

INTEGRAL has permitted several important leaps forward in
the understanding of BHBs and various aspects of accretion-
ejection mechanisms. This progress has not been due to specific
instrumental capabilities - even if at the time of launch in 2002,
SPI featured the best spectral resolution and IBIS the best spa-
tial resolution above 20 keV, compared to the other X-ray mis-
sions operational back then. Instead, advances have been made
possible by the combination of many unique properties of the
INTEGRAL mission, such as: a very wide field of view of 30° by
30° (900 square degrees); the ability to perform long uninter-
rupted observations of up to 3 full days; and a high sensitivity
above 20 keV. These capabilities are also what made INTEGRAL
ideal for the study of BHBs. Specifically, early stages of out-
bursts in the hard state could be detected serendipitously, so
that simultaneous multi-wavelength observing campaigns could
be promptly organised, and surveys and monitoring observa-
tions — especially of the Galactic plane and Centre — could be
planned as core programs and encouraged as guest observers
programs. All the above allowed for spectral transitions to be
observed and probed in detail, and important connections be-
tween the X-rays (accretion flow)/soft y-rays ("hard tails’) and
the radio (jets) emission to be investigated.

This paper is organised as follows: Section [2]describes the
typical outburst evolution of BHBs, the states and transitions
that characterise them and their properties. Section 3| looks at
the different types of outflows that can be observed from BHBs,
and reviews the current understanding of the connection that
exists between accretion and outflows. Section [l examines the

'See https://www.isdc.unige.ch/integral/analysis)

properties of the hard X/soft y-ray emission probed by INTE-
GRAL, and briefly reviews the interpretations and models that
have been put forward since the beginning of the mission. Sec-
tion [3 details the main results obtained from INTEGRAL obser-
vations of BHBs. We first focus on a few sources of historical
importance, which were most relevant for the understanding of
BHBs in general, and to the understanding of which INTEGRAL
particularly contributed (Section [5.1]to Section [5.6). Then we
will briefly review the sources that have been discovered thanks
to INTEGRAL (Section , and finally all the sources that INTE-
GRAL observed since its launch (Section[5.8]and Section[5.9).

2. Outbursts

In BHBs, the X-ray emission arises from the inner portion
of the accretion flow, and possibly from the base of the jets
(observed primarily in radio), which may or may not coincide
with part of the accretion flow itself [274]. While a few BHBs
are persistent sources, like the archetypal BH system Cyg X-1,
(which is a persistent accretor and shows a luminosity consis-
tently above 1037ergs‘1), most of them are of transient nature.
With a recurrence period that varies between several months
and decades [53], the accretion rate onto the central objects in-
creases by orders of magnitude and the sources enter their out-
burst phases, which are interleaved by (typically much longer)
quiescence phases. During outbursts, the X-ray luminosity of
XRBs increases, peaks and then decays, roughly tracing the
changes of accretion rate onto the BH.

While active, most BHBs show significant luminosity vari-
ations that take them from the low quiescent luminosity of the
order of L ~ 103031 erg s~ [409]), to values of the order of L ~
10%8-3%erg s~! or more, and through marked spectral and fast
time-variability changes. For most BHBs, outbursts—historically
referred to as X-ray novae—Ilast between a few weeks and a few
months (although a few systems have shown decades-long out-
bursts, like GRS 1915+105), and generally recur on the timescale
of years to decades [474].

2.1. Accretion states

The different properties observed during the outbursts of
transient BHBs are generally associated with different accre-
tion states, but even restricting ourselves to the two original ac-
cretion states identified in Cyg X-1 [4735]], the (low) hard and
(high) soft states, the details of the emission are rather complex
[e.g., 149], and have led to a number of state classifications
(5131 (179, 287]. In this review, we will arbitrarily follow the
classification originally proposed by Homan et al. [179] (see
also [29] 28]).

The various physical components that contribute to the en-
ergy spectra, as well as the various fast time-variability prop-
erties of the emission from BHBs, vary quickly (in ~hours or
faster) and in a correlated fashion, in ways that vary in differ-
ent states and/or across certain state transitions. Outbursts of
different sources, and even different outbursts from the same
systems, show time evolution that can differ considerably. For-
tunately, these variations follow repeating cyclical patterns of
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Figure 1: A sketch of a typical Hardness Intensity Diagram (HID). All the ac-
cretion states sampled during an outburst—save for the ultra-luminous state—
occupy 4 different vertical bands in the HID. The name of each each state is
marked on the plot. During an outburst, the “q-shaped” loop is travelled anti-
clockwise from the bottom right corner. All or only some of accretion states
are sampled. Hard-only and failed outbursts are also marked on the figure. As
noted in the text, the qualifications “low” and “high” attached to the hard and
soft state denominations have an historical origin and and do not hold a physical
meaning.

Hardness ratio

behaviour that become apparent in a so-called X-ray hardness-
intensity diagram, or HID [28]] (see Fig. , where accretion
states and transitions can be identified as specific regions of a q-
shaped track. HIDs have been commonly used to describe the
behaviour of accreting stellar mass BHs for over two decades
now [28]], but they have been used also in the case of NS bina-
ries [336], and even in AGN [233|1471]]. The HID is the X-ray
equivalent of the Hertzsprung—Russell diagram used in stellar
astrophysics, but instead of being populated by several sources
at different evolutionary phases spanning several million years,
the HID shows the same source evolving quickly (over weeks
to years) through different states. An HID shows the X-ray in-
tensity in units of (instrumental) count rate, luminosity, or flux
as a function of a hardness ratio, calculated as a ratio of count
rates (or luminosity, or fluxes) measured in two energy bands
(hard over soft is typically used).

The general evolution of a transient BHB during an ordinary
(as opposed to failed, see below) outburst is roughly always
the same: a “q-shaped” track is travelled counterclockwise in
the HID from the bottom right, which corresponds to the ini-
tial phase of an outburst, just above the quiescence, which is
in general not included as most X-ray telescopes are not sen-
sitive enough to detect sources at such low luminosity. The
(Low) Hard State (LHS), which is observed at the beginning
and at the end of an outburst, can be roughly identified with the
right-hand vertical branch; the (High) Soft State (HSS), gen-
erally including or following closely the peak of the outburst,
corresponds to the left-hand side vertical branc}ﬂ of the g-loop.
We note that the qualifications “low” and “high” attached to the

Note that the right and left-hand side branches are not exactly vertical.

hard and soft state denominations are a legacy of the original
state classification based on the first observations of Cyg X-1,
and thus have an historical rather than physical meaning.

The transition between the two main states takes place at
two different flux levels: at high flux, as the source moves from
the LHS to the HSS, and at low flux, when it transitions back
from the HSS to the LHS completing an hysteresis cycle [313]].
Along the two horizontal branches that complete the g-track,
lie the Intermediate States, which are often split in two states
- the Hard Intermediate State (HIMS) and Soft Intermedi-
ate State (SIMS). These two intermediate states can be distin-
guished from each other thanks to their different timing proper-
ties [28]]. In a few sources a fifth state has been observed, the so-
called Ultra-Luminous State (ULS), or anomalous state [320]].
Such a state shares some characteristics with the two intermedi-
ate states, and is characterised by a high luminosity, which can
reach or even exceed the Eddington Limit [488]].

Over the decades of X-ray monitoring of several BHBs with,
a general pattern has emerged, according to which a source
moves around the hardness-luminosity plane following the se-
quence LHS-HIMS-SIMS-HSS-SIMS-HIMS-LHS. Occasional
brief excursions back and forth from and to the HIMS and SIMS
have been observed in a few systems, as well as transitions all
the way back to one of the main states (LHS or HSS) in rare
cases (see [123] and, e.g, [319}320] for GX 339—4 and GRS
1655—-40, [43] for XTE J1859+226).

Despite the general pattern followed by many transient BHBs
in outbursts, a relatively small number of unusual outbursts
has been observed over the past decades, in which sources do
not show all the main accretion states. A number of sources
never leave the LHS during the outburst [42], and show hard-
state-only outbursts. Other sources proceed to an intermediate
state before returning to the HS and quiescence, without, how-
ever, completing a full transition to the HSS and back ([58|
129, 14601, see Sec. [5.7.4] [5.8.6 [5.8.8). Such outbursts are
generally referred to as failed outbursts, even though the same
term is also sometimes improperly used in the literature to in-
dicate hard-state-only outbursts (see below). It is worth noting
that some sources have undergone both canonical outbursts and
failed outbursts [467]. Since most of the failed outbursts are
under-luminous, it has been argued that the lack of a transition
to the HSS might be connected with a premature decrease of the
mass accretion rate, as during the 2008 outburst of H1743-322
[60] (see Sec. [5.7.4).

Weaker outbursts can follow the initial outbursts by some
weeks to a few months [e.g.,[208]. These events, referred to as
re-flares or re-brightenings, are very similar to the hard-state-
only outbursts mentioned above, so much so that it is not clear
whether these two types of outbursts are physically distinct.
During re-flares, a source temporarily rises out of quiescence
to a higher luminosity, but no transition to a softer state is ob-
served, so that the system remains in the hard state, thus only
travelling up and down the right-hand side vertical branch of the
HID. Analogous secondary outbursts are also seen in systems

This is an effect of the logarithmic scale typically used to display HIDs, which
minimises the significant softening observed as sources brighten.



hosting a white dwarf (see, e.g., [240]) or a neutron star (e.g.,
[251} 373]]), suggesting a disc instability origin, or reflecting an
increase in the mass released from the companion star, perhaps
induced by X-ray heating of its outer layers during the primary
outburst (e.g., [474}1245]).

The accretion states are defined based on specific proper-
ties, which emerge both from the analysis of the X-ray spectra
of the source considered, as well as on their fast-time variabil-
ity properties. The latter play a crucial role especially when
it comes to the definition of the two intermediate states (see
Section [2.3). In the following sections, we will give a brief
overview of the main spectral and fast-time variability proper-
ties typically observed in transient BHBs.

2.2. Spectral properties of BHBs

The typical X-ray (~0.1 =200 keV) spectrum of a BHB is
characterised by two main components (unlike the more com-
plex spectra from accreting NSs), which play a different role
in the different accretion states. A geometrically thin, optically
thick disc [445]] truncated at a certain radius - the inner disc
truncation radius - generally larger than the innermost stable
circular orbit (ISCO, [13]), is responsible for black-body-like
emission below ~6 keV, and takes the form of a multi-colour
disc black body in the spectrum [445]]. The emission from such
a disc peaks at a few keV and is scarcely variable on time-scales
of hours and shorter, thus does not contribute significantly to the
overall variability of BHBs on such time-scales.

A cloud of electrons located close to the BH is believed
to be primarily responsible for the non-thermal emission due to
Comptonisation of disc seed photons, appearing typically above
5-10 keV [470, [162]. Such a cloud of electrons has been his-
torically referred to as the corona, in analogy with the solar
corona, although it is now clear that the BH coronae have little
to do with stellar coronae, and a lot to do with the accretion
flow itself, which the corona is most likely part of. The ge-
ometry of the corona is still debated, but it seems that at least
part of it coincides with to what is generally referred to as hot
flow. This is the central part of the accretion flow, which puffs
up into a relatively geometrically thick, optically thin accre-
tion flow. The hot flow is believed to replace or sandwich the
razor-thin Shakura-Sunyaev disc that exists further out [446]
3431 118, [106, [271], 1272, 270], so that the accretion flow from
the inner disc truncation radius inwards is best described by a
geometrically thick disc. The electrons in the hot flow (which
are thermalised) up-scatter the disc photons (or seed-photons)
giving rise to hard X-ray emission above 6 keV. Such photons
produce a power law-like component in the X-ray spectra fea-
turing a high-energy cut-off that reflects the temperature of the
Comptonising electrons [114, 1470, 1514, 199} [106]]. Such non-
thermal emission, unlike the disc emission, is highly variable,
and it is responsible for the marked fast time variability typical
of accreting BHBs.

In the soft state, where the electrons have cooled down by
the increasing amount of seed photons being up-scattered, this
hard X-ray component does not show any cutoff below MeV

energies. Therefore, a small population of electron with a non-
thermal/powerlaw distribution, has been proposed to be respon-
sible for the up-scattering of the seed photons [83] 388 [147,
293, 1522].

Besides the emission from photons Comptonised by thermally-

distributed electrons, an additional non-thermal component may
also be present, depending on the accretion state a source is
sampling. This type of emission appears as a second power law
like tail, which does not show any cut-off and extends up to the
MeV region [38]]. The physical origin of this high-energy tail is
not clear, even though it has been explained in terms of a contri-
bution of the jets, or as the result of the Comptonisation of the
seed photons on a population of non-thermal electrons. This
topic has been largely investigated by INTEGRAL, and more de-
tails on the issue of the origin of this soft y-ray emission in
BHB:s is treated in more detail below, in Section [}

A third component - the reflection - can appear in the spec-
tra as well, superimposed to the spectral continuum determined
by the aforementioned components. The reflection emission
is believed to arise from the hot flow emission reflecting off
the geometrically thin disc, and takes the form of a number of
lines around 6.4 keV (including the Fe Ka line and a number
of lines attributed to several Fe ionization states) and a high-
energy hump peaking at around 30 keV [145]]. In some sources,
where the presence of a local absorber significantly affects the
X-ray emission (see, e.g. V404 Cyg, Sec. [331]), what is
called reflection includes the radiation reprocessed in the local
absorber (including up- and down-scattering in a cool, possibly
in-homogeneous, nearly optically-thick medium), and should
be more correctly referred to as reprocessed emission [e.g.,[329]
and Sec.[5.32].

The contributions of all these components vary in the differ-
ent accretion states, and determines the overall spectral shape in
the X-ray band (~1-200 keV) and fast time-variability proper-
ties of BHB in outburst. The accretion disc dominates the X-
ray emission in the HSS, which is thus characterised by a soft
X-ray spectrum and very little to no thermal (i.e. Comptonised)
emission in the ~1-200 keV energy band, and very limited fast-
time variability (< 5%). The non-thermal emission from the hot
flow dominates the LHS, which shows hard spectra extending
up to several tens and sometimes even hundreds of keV, with
little to no contribution of a thermal disc-blackbody, and a large
fraction of fast time-variability (up to 30%). In the HIMS and
SIMS (and during the ULS, when sampled), both the thermal
and non thermal emissions are present, with the contribution
of each component smoothly decreasing/increasing in the spec-
trum depending on the outburst phase: as a source moves from
the LHS to the HSS, the inner disc truncation radius decreases,
the hot flow emission decreases, and the thermal emission rises.
The opposite trend is observed when a source moves from the
soft to the hard state, with the disc emission progressively de-
creasing and the hot-flow emission increasing, as a consequence
of an increase in the inner disc truncation radius [[106]]. These
trends drive changes in the fast time variability, which decreases
along the LHS to HSS transition (from above 20% to 10% in
the HIMS, and between 5% and 10% in the SIMS), and in-
creases along the opposite direction. This is due to both the de-



crease/increase of the number of non-thermal and variable pho-
tons, and the increase/decrease of thermal/non-variable photons
which dilute the integrated variability.

2.3. Fast time variability properties of BHBs

Black hole X-ray binaries have been known to be variable
on short timescales since the very first observations of Cygnus
X-1 [475]]. When the available X-ray instrumentation became
sufficiently sophisticated to allow detailed variability studies
on short (sub-second) time-scales, the definitions of states and
transitions were refined to include fast timing properties [493|
287, 128]).

While the long-term (days to years) variability of transient
BHBs in outburst is most commonly described through the HID,
the shorter time-scales cannot as easily be appreciated by the
same means, and even the inspection of a source’s light curve
can be unpractical. Hence, the fast (i.e., sub-minute) time vari-
ability in accretion binaries is best studied in the Fourier do-
main, and the Power Density Spectrum (PDS) - the modulus
squared of the Fourier transform of the light curve - is a tool
commonly employed to study the emission from X-ray bina-
ries. The PDS from BHBs typically displays several different
features, ranging from various types of broad-band noise span-
ning several decades in frequency (i.e. essentially scale-free), to
much more narrow features, called quasi-periodic oscillations
(QPOs).

QPOs have been discovered in the late *70s in the BHB GX
339—4 [440]], and have been observed since then not only in
virtually all BH and NS X-ray binaries, but also in a number
of ULXs and AGN [206, 2. QPOs reflect the oscillations of
the accretion flow in the strong field regime, and yield accu-
rate centroid frequencies linked to the motion of matter and/or
accretion-related timescales. Thus, the study of variability in
general and QPOs in particular provides a way to explore the
accretion flow around BHs in ways which are inaccessible via
the spectral analysis alone. The association of QPOs with spe-
cific spectral states and transitions indicates that they could be
a key ingredient in understanding the details of the physical
conditions underlying the accretion states. Furthermore, being
produced in the vicinity of relativistic objects such as BHs and
NSs, QPOs are expected to carry information about the condi-
tion of matter in the strong field regime, thus providing power-
ful probes of the predictions of the Theory of General Relativ-
ity.

Most of the components found in a typical PDS, and in par-
ticular QPOs, have been studied in great detail by fitting the
Poisson noise subtracted PDS of many observations with var-
ious empirical models, the most commonly used consisting of
a sum of Lorentzian functions. From Parseval’s theorem, the
PDS can be normalised such that its integral over all positive
frequencies is equal to the square of the fractional root mean
square deviation (or rms) of the corresponding time series (this
results in a PDS fractional rms normalisation). The rms essen-
tially quantifies how variable a given time series is in a given
Fourier frequency range. The typical frequency range sampled
by the recent X-ray instruments is from a few mHz to a few kHz
(ms to ks).

QPOs in BHBs are normally divided into two large groups,
based on the frequency range where they are usually detected:
the low frequency QPOs and the high-frequency QPOs. The
former in BHBs have traditionally been classified into three
types: A, B and C.

Type-C QPOs are by far the most common type of QPO
in BH systems. Type-C QPOs can be detected in all accre-
tion states (perhaps except the SIMS), although they are most
prominent in the HIMS and at the bright end of the LHS, where
the overall variability is large - up to 30% rms in the 0.1-100
Hz band. The centroid frequency of type-C QPOs is highly
sensitive to the state of the source, rising from a few mHz in
the LHS at low luminosities to ~10 Hz in the HIMS, and up
to ~30 Hz in the ULS. Type-C QPOs have also been observed
at optical (e.g. [318 189} [143])), ultraviolet [[185] and infrared
[211] wavelengths. Type-B QPOs have been detected in a large
number of BHBs and they appear during the SIMS, which is in
fact defined by the presence of a Type-B QPO [28]], and by a
rms level of ~5-10% in the 0.1-100 Hz band. They are char-
acterised by a relatively high amplitude (up to ~5% rms) and
narrow (Q 2 6) peak, and generally show centroid frequency
at 5-6 Hz (even though type-B QPOs with significantly lower
centroid frequencies have been also reported [322]]). Being as-
sociated to a short-lived accretion state, type-B QPOs are com-
paratively much less frequent than Type-C QPOs. The same
is true for type-A QPOs, which are the least common type of
LF QPO in BHBs: the entire RXTE archive only contains ~ 10
significant Type-A QPO detections.

High Frequency QPOs (HFQPOs) are rare features in BHBs
(but much more common in NS XRBs, [e.g., 331]]), and to
date most of the confirmed detections have been made by RXTE
(but see also [27]). The first HFQPO was detected in 1997 in
GRS 1915+105 (at ~ 67 Hz [317]) which is the source where
the vast majority of HFQPOs come from. Other sources who
have been claimed to show HFQPOs - all at frequencies signif-
icantly higher than in GRS 1915+105 - are XTE J1550-564,
GRO J1655-40, XTE J1859+226, H 1743-322 , GX 339-4,
XTE J1752-223, 4U 1630-47, IGR J17091-3624 (which also
shows a high-frequency QPO at ~67Hz, [4]). However, most
detections have been proven to be not statistically significant,
leaving only a handful of detections from two sources (XTE
J1550-564, GRO J1655-40, see [30]).

Many models have been proposed for both LFQPOs and
HFQPOs, some of which have been developed for years and
largely tested against data, while others are little more than
ideas mentioned in a few papers at most. Dwelling on the de-
tails of the theoretical models for QPOs is beyond the scope of
this work, and therefore we refer the interested reader to [[192]]
and references therein for a recent review on the topic. Here
we will only mention that the only type of QPO that has a rela-
tively widely accepted explanation is the type-C.Type-C QPOs
have been ascribed to the Lense-Thirring precession of particles
within the accretion flow, a General relativity effect that arises
from the frame dragging occurring in the vicinity of spinning
massive compact objects [248| [19111326].



3. The accretion-ejection connection.

The *90s saw a leap forward in the knowledge of accreting
BHBs thanks to a remarkable increase in the X-ray data avail-
able. These years were also marked by the discovery of rela-
tivistic jets from the BHBs GRS 1915+105 [308] and 1E1740.7-
2942 [309], to which followed the discovery of more jets from
a number of other X-ray binaries hosting either BHs (see e.g.
[[166, 164} [86]]) or NSs [[133)[296]. BHBs began to be referred
to as micro-quasars, in analogy to a jetted sub-class of Active
Galactic Nuclei (AGN) - the quasars - where radio jets had been
already observed frequently in radio for at least a few decades.
Such a discovery opened a new path to the study of accretion
and its connection with the generation of jets, and of outflows
in general, which is often referred to as to disc-jet coupling[ﬂ, or
accretion-outflow connection.

Similarly to what happened for the radio jets, which were
observed much earlier around SMBHs than around stellar mass
BHs, powerful winds, relativistic and not - already observed
in a number of AGN - were also discovered initially only in
BHBs [378]] and later in NS systems as well [379]]. Unlike jets,
which are believed to be mildly to highly collimated and ap-
proximately orthogonal to the accretion disc, winds appeared to
be flowing in an almost equatorial direction with respect to the
accretion disc, and are thus detected mainly in sources observed
at high inclination (i.e. close to edge-on) [378]. Probably due to
the low number of simultaneous multi-band observations avail-
able, it initially seemed that disc winds and jets were mutually
exclusive, with the first being launched in the radio-free HSS,
where the radio activity was generally thought to be quenched.
It must be noted that in the past observations were carried out
mainly in the X-ray band, which prevented to fully grasp the
contribution of some components of accreting systems (such as
jets and winds), which can be energetically very important. It
has now become clear that the full picture is significantly more
complex than that available only a decade ago, and new ob-
servations, more and more often carried out simultaneously in
several energy bands (primarily in the soft and hard X-rays and
radio, but also in optical, infra-red, and sub-mm band) are con-
tinuously unveiling unknown properties of jetted accreting sys-
tems that highlight how the connection between the accretion
process and the generation of outflows is far from being fully
understood.

The general picture which started to emerge in the early
’00s remains overall true. During the LHS, steady, compact
(i.e., generally not resolved in high-resolution radio images)
and mildly relativistic jets dominate the radio emission. Si-
multaneous X-ray and radio observations of BHBs in the LHS
have evidenced the existence of a non-linear correlation be-
tween the X-ray and the radio luminosity, originally observed
in GX 339-4 [165] and then found in many other BHBs by
several authors in the last two decades. This correlation was

3Even if this term has been initially coined to describe the connection that
exists between the accretion disc and the generation of jets, it is now more
broadly used to describe the connection between the accretion flow and all the
outflows that the disc is capable of generating.

initially considered universal [140] - which led to a number of
works on the fundamental plane of black hole activity [e.g.,
295| 1122, 377, [161]. More recently it became clear that most
transient BHBs are considerably less luminous in the radio band
than GX 339-4 [89, [331]], and populate a second track in the
radio-X-ray plane, which effectively includes the majority of
the known BHBs [325]].

During the intermediate states, and in particular close to
the HIMS-SIMS transition, powerful relativistic radio ejections
are observed, which are often resolved as synchrotron emit-
ting blobs in radio Very Long Baseline Interferometry (VLBI)
high-resolution images. Jets—both the steady compact jets, and
the transient relativistic one—are believed to transport an enor-
mous amount of (kinetic) energy, which is transferred to the
BH surrounding. Observational evidence exists that the power
output of low-luminosity —i.e. the overwhelming majority of —
stellar mass BHs is dominated by the kinetic energy of ‘dark’
outflows, whose key signature is the eventual energising of the
ambient medium [137].

In the soft states, highly ionised winds - the presence of
which is determined via the detection of characteristic X-ray
absorption lines - are launched on a quasi-equatorial direction
at up to relativistic velocities. Winds are thought transport a
huge amount of matter away from the accretion disc, possibly
comparable with the amount of mass accreting onto the black
hole, and perhaps enough to trigger a return to the hard state
[333]]. Occasionally, cold winds (i.e., consistent with being not
ionised), which appear to co-exist with the radio jets (either the
compact steady jets, or the discrete, relativistic ones), have also
been observed in the optical band during the hard and hard in-
termediate states [333]]. Such finding was among the first pieces
of observational evidence to cast doubts on the idea according
to which jets and winds are associated with different accretion
states, and therefore cannot co-exist.

A different sort of cold outflow has been observed in a lim-
ited number of systems, all believed to erratically or persistently
accrete at or above the Eddington limit: a non-homogeneous,
optically-thick mildly relativistic outflow which arises from the
inner part of the accretion flow as a result of radiation pres-
sure forces, which develop at high accretion rates. In a rather
spectacular way, V404 Cyg displayed the best example of such
an outflow observed to date (see Sec. , but other sources
show a similar property, albeit in a less extreme way (see e.g.
[300, 350, 228l 327] for the case of GRS 1915+105, [408] for
V4641Sgr, and [170] 332] for Swift J1858.6-0814). Interest-
ingly, again similarly to the case of both jets and winds, out-
flows of this sort have been already observed - although not
frequently - around SMBHs, in those AGN which are generi-
cally referred to as obscured (see e.g., [331]] for a discussion on
the topic).

4. The high-energy emission from BHBs in the INTEGRAL
era

Understanding the mechanisms of production of high-energy
photons by XRBs is crucial for understanding the physical pro-
cesses at work in the regions surrounding the central compact



objects. The properties and evolution of the two main compo-
nents constituting the energy spectra of BHBs - the cool, ge-
ometrically thin disc, and the hotter, geometrically thicker hot
flow (see Sec. - explain well the spectral shape evolution
from the sub-keV region up to ~100-200 keV. As already men-
tioned above, the ~10-200 keV spectrum is well understood
in terms of Comptonisation of soft photons from the disc by
the Maxwellian-distributed electron population in the hot flow
[514].

As soon as the signal to noise ratio became high enough
thanks to improved instrumental sensitivity, it also became clear
that the BHB emission above ~100-200 keV deviates from the
spectral shape expected in the presence of a thermal Compton-
isation continuum. The earliest observations of Cyg X-1 (see
Sec. in its hard state, revealed the first hints of spectral
hardening above a few hundreds of keV (see [254] and refer-
ences therein) as well as the presence of possible annihilation
line features [353]. More robust results followed at the begin-
ning of the ‘90s, with the launch of space-bound missions cov-
ering a broader energy domain, which featured improved sensi-
tivity that started to shed light on the soft y-ray emission from
BHBs. Instruments such as OSSE & COMPTEL on CGRO,
and SIGMA on Granat, which observed the sky from 15 keV
up to few MeV, really opened the way to the exploration of the
high-energy emission from BHBs.

A soft y-ray tail, in excess of a thermal Comptonisation and
in the form of a simple power law, was confirmed in Cyg X-
1, both in the soft and in the hard states [291) [293]]. A similar
component was also tentatively detected in the transient BHB
GX 339—4 [502] and in Nova Persei (GRO J0422+32), a bright
X-ray transient discovered in 1992 by CGRO/BATSE [159,1200,
255]. Such findings have emphasised the need to explore the
high-energy sky above a few hundreds keV.

Thanks to INTEGRAL, more and more observations covering
the high-energies have become available over the years, reveal-
ing a more complex configuration. The INTEGRAL mission was
specifically designed to investigate in greater detail the hard X-
ray/soft y-ray domain, in particular thanks to two instruments
- IBIS and SPI - featuring high sensitivity in the energy band
from 20 keV to a few MeV. INTEGRAL observations of Cyg X-1
assessed the presence in the hard states of a spectral compo-
nent extending to the MeV, beyond the Comptonised emission
observed in all the known BHBs 38,152, 1267,203,[100]. There-
after, the presence of such a soft y-ray tail was revealed by IN-
TEGRAL in several BHBs, when in hard or hard-intermediate
states (e.g. GX 339-4 [102], GRS 1758-258, [381], 1E 1740
[37], V404 Cyg [428], Swift J174510.8-262411 [98], MAXI
J1820+070 [427], GRS 1716-249 [17]) and also in a few sys-
tems harbouring a neutron star (e.g., GS 1826—-238, [412])). Af-
ter the launch of INTEGRAL, it started to become clear that if the
presence of the second component (referred to in the literature
as the “hard tail” or the “soft y-ray tail”) is omitted in the model
description of a BHB broad-band spectrum, the temperature of
the Comptonising medium may be affected and will be overes-
timated. Furthermore, variations in the soft y-ray component
may mimic an evolution of the apparent temperature and/or op-
tical depth of the Comptonised continuum. This is particularly

important for instruments with limited sensitivity in the corre-
sponding energy domain (i.e., above 200 keV), which would
not be able to properly probe the soft y-ray tail and its varia-
tions.

Various works were dedicated to the study of the variability
of this high-energy emission and to its correlation with other
spectral components (see the individual source sections below),
and evidence was found that the soft y-ray tail evolves indepen-
dently from the thermal Comptonisation emission [109]. How-
ever, none of these works has allowed the validity of one par-
ticular scenario over the others to be confirmed [e.g., 199} 268
375 204]. Various hypotheses on the nature of the soft y-ray
tail have been put forward: a second Comptonisation region (or
a gradient of temperature in one single emission region), a pair
plasma [e.g., 37, 1353]] or - probably the most popular one - an
hybrid thermal/non-thermal electron population [e.g., |83} [387].
It has also been suggested that the high-energy tail could be
at least partially explained in terms of a jet contribution to the
X-ray emission (see also Section E]), but the level of this contri-
bution is the subject of intense controversies.

INTEGRAL detected a strong polarisation of the soft y-rays
(0.4-2MeV) from Cyg X-1 ([2477,202], see Section , which
indicates that the jet synchrotron emission likely dominates at
these energies, in particular in the hard states [422]. Polarisa-
tion measurements on other BHBs proved to be difficult mainly
due to low number statistics limitation, as polarisation measure-
ments based on IBIS and SPI data require the accumulation of
an important number of photons above ~100 keV, which is of-
ten challenging in sources not as bright as Cyg X-1. Therefore,
the vast majority of the polarisation measurements from XRBs
made by INTEGRAL come from observations of Cyg X-1, even
though tentative polarisation detections exist for two extreme
transients (V404 Cyg, [246]] and MAXI J1348—-630, [Cangemi,
F, PhD thesis, 2020]).

At low energies (i.e. below a few tens of keV), the mea-
sured polarisation is limited (<10 percent in the case of Cyg
X-1, 257, [71]]), which seems to favour Comptonisation in an
extended hot flow for the bulk of the observed X-ray emission
below ~200 kev [[71,72]]. However, some authors have pointed
out that Comptonisation, or hybrid Comptonisation, may also
arise in the jets [e.g., 275/ [244], but for this component to dom-
inate the X-ray emission, the energy budget requires the ejected
plasma to be dominated by electron-positron pairs [264, [259].
A highly polarised emission in the soft y-rays, instead, points at
the presence of a synchrotron emission arising from an ordered
medium, most probably a jet. It seems therefore possible that
the (polarised) soft y-ray emission arises from the same pop-
ulation of electrons that generate the synchrotron emission in
radio, and that the jet produces most of the photons observed
above 300—400 keV. The fact that the polarisation fraction in-
creases with energy (from less than 20% below ~230 keV, to
greater than 75% above ~400 keV) is consistent with a sce-
nario where the jet contributes marginally to the emission be-
low ~100 keV - where instead inverse Compton is responsible
for the bulk of the emitted photons - and dominates above ~400
keV in a form of a power law-like spectrum with photon index
~1.6 [247,1202].



Theoretical studies performed by Zdziarski et al. [521]] demon- radio parallax measurements, which allowed the mass to be re-

strated that jet models can in fact explain the soft y-ray-energy
emission assuming continuous particle acceleration along the
jet. However, standard jet models usually require rather ex-
treme parameters in order to reproduce the observed MeV spec-
trum of X-ray binaries [e.g., 1521} (17, 214], such as a very hard
electron energy distribution (electron index ~ 1.5) and strong
constraints on the magnetic field. Therefore, on the one hand,
the spectrum observed above the high-energy cut-off is more
easily interpreted in terms of inverse Compton emission from a
small population of non-thermal particles located near the BH
[e.g., 1387, 1265 [389]. On the other hand, the problem in this
scenario is that the degree of polarisation expected from these
hybrid thermal/non-thermal Comptonisation models would be
much weaker than that observed, e.g., by INTEGRAL in Cyg X-
1 above 300 keV [21].

Even though more and better data are necessary to further
investigate the nature of the soft y-ray tails in BHBs in order
to solve the above discrepancy, the high degree of polarisation
observed in the very hard tail makes a jet origin quite plausible.

5. Galactic Black Holes

In this section, we will briefly review the results that have
been obtained thanks to INTEGRAL on BHBs. With no pre-
tence of being exhaustive, we aim to give an overall view of
the contribution of INTEGRAL to the field, focusing on the re-
sults that we consider most relevant. We will concentrate on
a few sources that we judge particularly relevant because of
their historic importance, as well as of their specific character-
istics and behaviour, i.e., GRS 1915+105 (Section @ Cyg
X-1 Section [5.2] V404 Cyg (Section [5.3), GX 339—4 (Sec-
tion [3.3), 1E1740.7-2942 (Section [5.6). In Section we
will go through the sources that were discovered by INTEGRAL,
in Section we will review other BH systems that INTE-
GRAL observed over its 18 years of activity. Finally, we will
briefly overview SS 433 and Cyg X-3, which may host a stellar-
mass BH (Section[5.9.T]and Section[5.9.2)). Table[T]lists all the
sources covered in this work, along with their coordinates, and
the references to the most relevant works reporting findings ob-
tained based on INTEGRAL data.

5.1. GRS 1915+105

5.1.1. A short resume of a very peculiar source

GRS 1915+105 was discovered in 1992 with the WATCH
instrument on-board Granat [68]]. It is considered a transient
source, although it has always been active since its discovery.
Contrary to most other sources, and until quite recently [e.g.,
3491 118011417,1327]], GRS 1915+105 has always been found in a
bright X-ray state, and is most likely one of the brightest BHBs
in our Galaxy.

Infrared observations made with X-shooter allowed the or-
bital period to be refined to P~33.85 days [461], and to obtain
a mass measurement of Mgy ~10.1 Mg and Mg, ~0.47 Mg
for the BH and its K-M III companion star, respectively. A dis-
tance of ~9 kpc was obtained by Reid et al. [401] from VLBA

evaluated and refined (M = 12.4”_’%:3 Mp), and the jet inclination
and average speed to be accurately estimated - ~60° and be-
tween 0.65c and 0.81c, respectively [401]].

GRS 1915+105 is amongst the few microquasars that do not
behave like the vast majority of Galactic black hole systems (a-
la GX 339—4ﬂ Among its most obvious peculiarities:

e it has been in outburst for almost ~30 years, most likely
because of its large accretion disc, the largest among all
the known Galactic BHs, which provides an extremely
large mass reservoir;

e its outburst is characterised by extreme variability on sec-
onds to years timescales (see Fig.[2)), with X-ray flares ap-
pearing randomly either isolated or in series, interspersed
by longer phases of bright but steadier X-ray emission

(Fig.2):

e it is highly variable at all wavelengths on short time-
scales: in particular, on sub-second time scales shows
both LF & HFQPOs [e.g.,1317,1338,1421], and on seconds-
minutes time-scales it displays large oscillatory repetitive
patterns (including the so-called heartbeats) [e.g., 307,
24, 1224]

e it does not clearly follow the common ’Q-shape’ pattern
in the HID, which is typical of the vast majority of BHBs
(Sec. [2), but shows transitions between three accretion
states in many ways similar to the canonical ones [24]
(see below).

o besides major relativistic discrete jets and the LHS com-
pact jet, which are also observed in other BHBEs, it also
shows another type of jet, characterised by repeated small
ejections in fast succession (tens of minutes, with fluxes
of the order 30-100mlJy [e.g.,[380]).

5.1.2. The largest display of variability patterns

The RXTE satellite monitored GRS 1915+105 intensively
over its 16-years long life-time, generating one of the largest
soft X-rays dataset at high time resolution for this system. Based
on ~8 years of data, Belloni et al. [24]] identified 12 distinct
variability patterns in the 1-s resolution X-ray light curve of
GRS 1915+105. Such variability classes repeat randomly in
time, tracing specific patterns in a colour-colour diagranﬂ and
are believed to reflect transitions among three accretion states,
labelled A, B, and C. Such states are roughly equivalent to - but
not coincident with - the HSS (state A), a bright SIMS (state B),
and a bright HIMS (state C), with which they share common
fast temporal properties, in particular in terms of the presence
and behaviour of QPOs [e.g[338,[339,1421} 1419 1424].

4See also V404 Cyg and Cyg X-3 as two more obvious ’outliers’, although
likely for different reasons (Sec. @]and

3 A colour-colour diagram is similar to the HID, but the intensity is replaced
by a second hardness ratio (or colour), obtained from intensities measured in
two extra energy bands.



System

Coordinates
J2000

References
(based on INTEGRAL results)

GRS 1915+105
Cygnus X-1

V404 Cyg

GX 339-4
1E 1740.7-2942

19 15 11.55 +10 56 44.90
19 58 21.67 +35 12 05.78

2024 03.82 +33 52 01.90

17 02 49.38 -48 47 23.16
17 43 54.83 -29 44 42.60

[L10] [135] [167] [168] [423] [424] [417]
(L8]] 1381 471 [52] 1551 [[100] [201] [202]
[203]] [24°7] 1258] [268] [383] [385] [422]
(L] [128] [204] [207] [236] [237] [328] [329]
[333] [344] [413]] [415] [428]] [441] [452]
[26] [46] 1500 [97] [1102] [198]
[371 136] 1930 [96] [101]] [67]

IGR J17091-3624
IGR J17098-3628
IGR J17177-3656
IGR J17464-3213
IGR J17454-2919
IGR J17497-2821

17 09 07.61 -36 24 25.70
17 09 45.93 -36 27 57.30
17 17 42.62 -36 56 04.5
17 46 15.60 -32 14 00.86
17 45 27.68 -29 19 53.45
17 49 38.04 -28 21 17.50

[S9] 12411 [260] [418]]
[60] 73] [150] [151] 1392]
[134] 3671
[60] [611] [[199] [371] [407]
(741 1751 1363l [366]
[239] [458]]

GRO J1655-40
GRS 1716-249
GRS 1758-258
GS 1354-64
MAXI J1828-249
MAXI J1836—-194
Swift J1745-26
Swift J1753.5-0127
XTE J1550-564
XTE J1720-318
XTE J1752-223
XTE J1817-330
XTE J1818-245
MAXI J1348-630
MAXI J1631-479

16 54 00.14 -39 50 44.90
17 19 36.93 -25 01 03.43
18 01 12.40 -25 44 36.10
13 58 09.70 -64 44 05.80
18 28 58.07 -25 01 45.88
18 35 43.45-19 19 10.48
1745 10.85 -26 24 12.60
17 53 28.29 -01 27 06.22
15 50 58.70 -56 28 35.20
17 19 58.99 -31 45 01.11
17 52 15.09 -22 20 32.36
18 17 43.53 -33 01 07.80
18 18 24.43 -24 32 17.96
1348 12.79 -63 16 28.48
16 31 14.22 -47 48 23.44

[45] [10S] [199] [449]
[17]

[382] [381]]
[362]
[130] [131] [152]
[153]

[98] [212]
[49] [210] [411]
[467]

(511
[82]

[439]

(48]

[54] 156] [249]
[132] [358]]

MAXIJ1820+070  182021.94 +07 11 07.19 [427]
SS433 19 11 49.56 +04 58 57.82 (761 771 1780 [79] [80]
Cygnus X-3 2032 25.78 +40 57 27.90 [20] [57] [175] [472]

Table 1: A list of the black hole X-ray binaries in this work.

Two additional variability patterns were added to the orig-
inal 12 a few years after Belloni et al. [24]], one thanks to the
longer, quasi-uninterrupted observation possible with INTEGRAL
[L67]]. All the variability patterns have been named using Greek
letters, and are widely used to describe essentially any new
X-ray dataset obtained on GRS 1915+105. The 2-20 keV X-
ray spectral analysis also indicated that the transitions between
states could be due to rapid emptying/refilling of the inner disc
[25]], which evolves on either the viscous time-scales, or on
faster/(quasi-)dynamical time-scales [[114]. With the exception
of IGR J17091-3624 (see Sec. 5.7.1), GRS 1915+105 is the
only system showing such a large number of variability pat-
terns. No Galactic BHBs continuously shows the variability
typical of GRS 1915+105, although a few other sources have
shown at times a handful of classes. Such an example is the
NS XRB MXB 1730-335, also known as the Rapid Burster
[6], which has been recently shown to display two variability
classes observed in GRS 1915+105 (namely, the p and 6 class).
A second example is the ULX system 4XMM J111816.0-324910
in the galaxy NGC 3621, which might host a stellar mass BH or
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a NS, and has also clearly shown the heartbeats typical of GRS
1915+105 [330].

5.1.3. A lab for studying the accretion-ejection connections

While GRS 1915+105 is in many ways unique, it also shares
several properties with more conventional transient BHBs (e.g
GX 339-4, [107,1459]), and also with some AGN (and in par-
ticular some quasars, [280, 69} 1395]), which are thought to dis-
play mass-scaled versions of GRS 1915+105’s correlated X-
ray and radio behaviour close to jet ejection events. There-
fore, comprehending the coupling between inflow and outflow
in GRS 1915+105 is important for the understanding of XRB
systems, but has also a broader relevance for studies of AGN,
and potentially of all the jetted systems powered by accretion
on compact objects [123]].

GRS 1915+105 is considered the archetypal galactic source
of relativistic jets, and as such has been for many years the
source of choice for the study of the physics of jets. Radio
observations performed early after its discovery revealed the
presence of large scale radio jets making GRS 1915+105 the



second microquasar (see Sec. E]) after 1E 1740.7-2942 [309]].
Such radio jets were seen to evolve on the plane of the sky
with an apparent superluminal motion [308], and - as it was
clarified later - correspond to the transient relativistic ejections
observed also in other BHBs during the LHS to HSS transi-
tions. GRS 1915+105 also shows a rather steady radio emis-
sion, associated with harder and less variable X-ray emission,
which has been ascribed to the presence of a compact jet of
smaller extension [104]. GRS 1915+105 and the high-mass
BHB Cyg X-1 (Sec. are the only sources where com-
pact radio jets have been resolved with interferometric radio
observations performed using Very Long Baseline Interferom-
etry (VLBI) [[104] 1464 [135]].

In addition to the radio emission associated with transient
and compact, steady jets, GRS 1915+105 also shows smaller
amplitude radio and infrared oscillations [380, 127} 307]], which
simultaneous multi-wavelength observations in radio, IR, and
X-ray observations have associated with X-ray oscillations on
the same time-scales [[116}307]]. The radio/IR oscillations were
interpreted as the signature of small discrete ejections of mate-
rial from the system occurring on a rapid succession, possibly
associated with certain disc instabilities developing in the ac-
cretion flow. This particular radio/IR and X-ray correlated vari-
ability made GRS 1915+105 the first and still in many ways
the best source where the disc-jet coupling can be probed in
detail. For this reason, GRS 1915+105 has been the target of
numerous multi-wavelength observing programs, many involv-
ing INTEGRAL, over the past 19 years, and is also being cur-
rently monitored regularly, as simultanously as possible, by
INTEGRAL, Insight-HXMT and Nicer in the X-rays, the Sar-
dinia and Medicina radio telescopes in Italy, and AMI-LA in
the UK®]

The main questions at the core of most of the observing pro-
grams that have targeted GRS 1915+105 over the years revolve
around the interplay that exists between the inner accretion flow
and the generation of various types of outflows, which not only
includes the jets observed in radio, but also the disc winds seen
during the soft(-ish) states [351]. The advent of INTEGRAL al-
lowed the spectral window to be extended to energies above 20
keV, and thus to study the behaviour of the Comptonised emis-
sion, probe the presence of an additional soft y-ray tail, and ex-
plore the potential connections of such spectral components end
their properties with the presence of jets [e.g., 135,423} [110].

5.1.4. 18 years of INTEGRAL observations: long-term light curve
and selected results

Figure shows the GRS 1915+105’s RXTE/ASM, MAXI and
INTEGRAL/IBIS/ISGRI 30-80 keV light curves from 2002, Oc-
tober 17" (INTEGRAL’s launch) to 2020, December 31%. The
ISGRI light curve was obtained from all the available point-
ings between revolution 48 (MJD 52704.523, or 2003 March,
6™y and 2298 (MJD 59170.195 or 2020, Nov. 17", where we
selected data with an ISGRI exposure greater than 500 s. We

OWe note that monitoring observations are not restricted to these facilities,
but we mention here only those that are in tentative simultaneity with the long-

term INTEGRAL monitoring
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further restrained to data where GRS 19154105 was observed
with an off-axis angle of less than 10°. This results in a total of
7609 good pointings.

The very first dedicated INTEGRAL observation made dur-
ing revolution 48 was reported by [168]. Analysis of these data
allowed a 'new’ source, IGR J19140+0951, to be discovered.
The JEM-X, IBIS/ISGRI, and RXTE/PCA light curves permit-
ted to identify a new variability class to be added to the 12 al-
ready defined by Belloni et al. [24]. This new class, labelled
& [167], is characterised by a flaring behaviour (Fig. com-
posed of a main, relatively hard pulse, followed by smaller am-
plitude softer ones, recurring on a typical time-scale of about
five minutes. The JEM-X, ISGRI, and SPI spectra obtained
at the flare peaks and in correspondence with the minima be-
tween consecutive flares are well fitted by a model consisting
of a bright disc and hybrid thermal/non-thermal Comptonisa-
tion above ~ 10 keV, compatible with the source being in a
soft state (state A) during class &. Unlike other classes, where
flares sign transitions between states A-B-C, the flares in class &
are purely isothermal and the overall variability is attributed to
limit-cycle oscillations, possibly resulting from delayed feed-
back in the inner accretion disc.

Fuchs et al. [135] reported the very first simultaneous multi-
wavelength observations of GRS 1915+105, which happened
during revolution 57 (MJD 52731, 2003 Apr. 2™). Less than
a month after the discovery of class &, the source was found
in a ’steady’ state, associated with class y (state C). Benefit-
ing from one of the largest frequency coverage ever obtained
for this system, Fuchs et al. [135] could observe (i) a strong
steady optically thick radio emission, resolved with the VLBA
as a strong compact jet; (ii) bright near-IR emission (proba-
bly associated with the jet); (iii) a strong QPO at 2.5 Hz in the
X-rays; (iv) a power law spectrum without any cutoff in the 3—
400 keV range. This was the first time that all these "hard’-state
properties were observed simultaneously, thus reinforcing the
suspected links among the hard accretion state, the presence of
a compact jet as well as of a high-energy tail, and X-ray QPOs.

The detection of hard X-ray/soft y-ray tails above ~100
keV was studied by Droulans and Jourdain [110]] with SPI. The
analysis of 20 observations (19 of which have exposures larger
than =45 ks) with data covering the 20-500 keV energy range
clearly shows the need for an additional power law component
beside the standard thermal Comptonisation used to represent
the ~20-100 keV spectra. An hybrid Comptonisation model
also adequately represents the spectra, and Droulans and Jour-
dain [110] argue that the 20-500 keV emission in GRS 1915+105
might be due to a combination of thermal and non-thermal Comp-
tonisation. The comparison between the emission in the 1-
12 keV (RXTE/ASM) energy range, and the 20-50 keV energy
range (SPI) showed that the emission in the two bands vary in
a correlated fashion. This property led the authors to conclude
that the emission in these two bands arises from the same spec-
tral component, but has no link with the hard spectral tail above
50 keV, which is rather stable and does not follow the variations
of the other two components. The X-ray variability classes in
GRS 1915+105 most likely reflect changes within the accretion
flow (e.g., accretion rate changes, variations of the viscosity).
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In July 2018 ( MJD 58300) GRS 1915+105 started a slow decline towards an X-ray plateau, which still continues at the time of writing. A marked change in the

radio behaviour of the source is visible around MJD 58600. Figure adapted from Motta et al. [327]].
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(c)) light curves of 3 variability classes showing radio ejections. Adapted from Rodriguez et al. [423].

12



Instead, the emission above 10 keV reflects the properties of
the electron population(s). The fact that the parameters of the
population of thermalised electrons may vary, but not in a cor-
related fashion with the variability pattern observed in the light
curves of GRS 1915+105, suggest that the macroscopic proper-
ties of the Comptonising electrons evolve independently from
those of the (inner) accretion flow.

5.1.5. An X-ray signal precursor to small ejections: is the corona
the source of ejected material?

The possibility to follow GRS 1915+105 on long contin-
uous observing window with INTEGRAL allowed observers to
nicely monitor the variability patterns for long periods of time
[e.g.[168], thus accumulating data during several distinct accre-
tion states [167, [110]. The long X-ray observations possible
with INTEGRAL also allowed simultaneous multi-band observ-
ing campaigns to be organised more easily, which resulted in a
better understanding of the source [e.g., [135]. With the aim to
study the interplay and causal relations between the main emis-
sion components in GRS 1915+105 (jets, disc, corona), Ro-
driguez et al. [423] presented the results of a long term radio to
X/y-ray monitoring performed with the Ryle telescope, RXTE,
and INTEGRAL. From the 11 INTEGRAL observations, these au-
thors observed the source in 9 different variability classes. Ra-
dio observations were made during of 8 of these, and in particu-
lar allowed the intervals during which the source was displaying
the variability classes A, v, and 8 to be covered.

Rodriguez et al. [423]] adopted a model-independent ap-
proach, based on the inspection of light curves and colour di-
agrams, which allowed to witness transitions between specific
multi-wavelength states on short (~100 s) time-scales (Fig. .
This allowed Rodriguez et al. [423] to discover small ampli-
tude ejections in a new class (1) correlated to a specific hard-
dip/soft flare X-ray behaviour. This is reminiscent of what is
seen during classes 8, v (confirmed in this same study), and
a. The authors conclude that, in GRS 1915+105, small ampli-
tude ejections systematically occur in response to a phase of a
hard X-ray dip ended by a short, intense, and soft X-ray spike
(bottom of Fig. B). This proposition is reinforced by the po-
tential correlation between the amplitude of the radio flare and
the length of the preceding hard dip. These results were later
confirmed by the analysis of the entire sample of simultaneous
RXTE/Ryle observations [394].

Rodriguez et al. [424]] presented both the spectral and tem-
poral analysis of the INTEGRAL and RXTE data of these 4 differ-
ent variability classes. In the case of the three ’cyclic’ classes,
they performed a state-resolved JEM-X/ISGRI spectral analy-
sis. For each class, all cycles were separated into 3 (8), 4 (v),
or 6 (1) spectra based on their count rates and hardness. The
resultant phase-dependent spectra were modelled with a com-
mon model consisting of an absorbed thermal/disc emission and
a Comptonised component. In all cases, the spectral analysis
shows a comparable behaviour: the inner disc radius and tem-
perature increase from the hard dip to the soft X-ray flares, with
a relative disc contribution to the 3-200 keV flux that increases
monotonically over the sequence. Meanwhile the contribution
of the Compton ’corona’ first increases from the bottom of the
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dip to the rising part of the first X-ray spike, and then shrinks at
the spike’s maximum. It should be noted that this spike is not
necessarily the main obvious flare in this sequence, but is the
one that is easily seen "half” way through the dip in class §. It is
interesting to note that it is also at this moment that the LFQPO
observed up to this point disappears (as clearly visible in classes
B and v). The main conclusion here is that the soft spike is the
true moment of the ejection (later seen in radio), and that the
corona is the source of the ejected material. The same conclu-
sion was drawn by [420] in the case of XTE J1550-564, and
later discussed for other sources as well [414].

The spectral analysis of class y revealed the presence of an
additional power law component beside the disc and thermal
Comptonisation component. While the low energy components
(disc and thermal corona) show little variations over the course
of this observation, the high-energy power law varies in appar-
ent correlation with the radio flux. This led to the suggestion
that this “hard-tail’ was somehow related to the jet emission,
and thus was akin to that observed in Cyg X-1 and a handful of
other sources.

5.1.6. The recent low luminosity state: when GRS 1915+105
finally behaves like other Galactic black holes (for a
while)

On July 2018, based on MAXI/GSC data (Fig. E]), Negoro
et al. [349] reported the faintest X-ray state observed since 1996
(i.e., the start of daily monitoring of the source with RXTE/ASM)
from GRS 1915+105. The observations analysed were taken
between 2018 July 7 and 8 (MJDs 58306-58307), and follow
a nearly exponential ~100 days decrease [349]. Also the ra-
dio flux from the source appeared to be relatively low (even
though not significantly so) compared with the historical data.
Unfortunately, at the time of the main decline observations with
INTEGRAL were not possible.

On 2019 May Homan et al. [180] and Miller et al. [297]] re-
ported a sudden, further X-ray dimming as observed by Chan-
dra and Nicer. An active Swift+/INTEGRAL monitoring of the
source allowed Rodriguez et al. [417] to show that the source
was in a state very similar to the a canonical BH LHS, i.e. sig-
nificantly harder and fainter that the typical C state (during class
X in particular), typically observed in GRS 1915+105. Unlike
the usual anti-correlated soft-hard X-ray behaviour, a signif-
icant hard X-ray dimming was also reported from the 2019,
May, 13" (MJD 58616) Swift +INTEGRAL observation, leading
to the suggestion that the source was maybe slowly decaying
to quiescence. This hypothesis was refuted quickly by Iwakiri
et al. [193]], who observed a flare with both Maxi and Swift/BAT.
Since then, as can be seen in the long term light curve in Fig.
although the source is indeed in a long, slightly decreasing, low
flux state, it still appears to have quite regular X-ray flares, and
an extremely marked radio flaring, in all qualitatively similar
to what has been observed over the many years of the out-
burst of GRS 19154105 [323],[327]. This recent period certainly
attracted great interest in this source as testified by the num-
ber of Astronomer’s Telegrams reporting on the changing phe-
nomenology observed from the source (and numerous papers
published over the following year), including brief transitions



to faint states, sudden flares, and brief episodes during which
some of the several known variability classes of GRS 1915+105
manifested. The origin of this possibly new state remained un-
clear for some time, although reports of obscuration episodes
interleaved by short and intense flares started to highlight sig-
nificant similarities between GRS 19154105 and systems dis-
playing phases of strong, variable local absorption: all such
systems tend to show high-amplitude flares. Some noteworthy
examples are V4641 Sgr [408], Swift J1858.6—-0814 [170,1332],
and even some Seyfert II galaxies [316]], and - perhaps the clear-
est and most recent example - V404 Cyg.

Radio observations of GRS 19154105 during the long X-
ray plateau finally solved the conundrum: while during approx-
imately half of the X-ray plateau GRS 1915+105 was remark-
ably quiet in radio, after a month-long multi-band flaring pe-
riod, its radio activity resumed and continued after the multi-
band flaring ceased. In this phase, absorption was a constant
characteristic of the X-ray energy spectra of GRS 1915+105
[231} 1300} 350, [10, 228]], indicating the presence of an obscur-

ing in-homogeneous absorbing medium located close to the source.

The radio emission, instead, was characterised by marked flar-
ing activity qualitatively very similar to that observed in the
past. This provided evidence for two important facts: first, that
the correlation between radio and X-ray emission (which for
many years characterised GRS 1915+105 [[123]]) ceased to ex-
ist during the latest evolution of GRS 1915+105; and second,
that the X-ray behaviour alone—in the absence of such radio-
X-ray correlation—is very misleading, as it offers only a par-
tial view of the current state of the source. It thus appears that
GRS 1915+105 has not entered quiescence yet, and might not
be approaching it either (but see [350] and [228]]). Continued
observations of this intriguing source will show what path the
outburst evolution will take this time.

Based on the results obtained with the dense monitoring of
this unusual phase in the life of this iconic X-ray binary, it
seems now clear that the decline preceding the long-lived X-
ray plateau observed starting from mid-2018 was a transition to
a truly dim state, very similar to the canonical LHS typical of
many transient BHBs [417,[327]]. Such a state, characterised by
low X-ray and radio flux, as well as low long-term variability
in both bands, is certainly unusual for GRS 1915+105, which
has never been observed before in a low-luminosity canonical
LHS [but see|140]. The second half of the long X-ray plateau,
following the multi-band aforementioned flaring period, despite
having been dubbed ‘the obscured state’, it is not really a state,
but rather a condition directly dependent on the presence of lo-
cal absorption along our the line of sight [327]].

The accretion processes that must be feeding the markedly
variable jet observed in radio must be happening beneath a com-
plex layer of material local to the source, which shields the in-
ner portion of the accretion flow, and thus blocks a large fraction
of the X-ray emission. Behind this Compton-thick curtain of
material, GRS 1915+105 is most likely evolving through vari-
ous states and transitions (as shown by Motta et al. [327]), con-
sistent with what it had been doing for 25 years until June 2018.
This means that, perhaps, GRS 19154105 did not really enter
the outburst phase in 1992, when it was discovered, but simply
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emerged from an obscured phase similar to the one we are wit-
nessing at the time of the observations presented in Motta et al.
[327]], as suggested by Miller et al. [300].

As to what is the reason behind the change in the behaviour
of GRS 1915+105, as in many other ways this systems remains
a mystery, despite having been scrutinised with essentially any
instrument that could ever observe it, from the radio radio to
the y-rays. A change in the accretion flow must have happened
to trigger such a remarkable change in the emission from the
source, but whether this was due to a change in the compan-
ion star, or in the properties of the accretion flow itself remains
unclear. Certainly GRS 19154105 remains one of the most im-
portant BHBs we know, and a lot has to be learned still from
this system. INTEGRAL, which has greatly contributed to the
understanding of GRS 1915+105, will be crucial to the contin-
uation of the studies of this system, especially if the obscured
phase will continue for much longer. Instruments sensitive to
the lower energies will not be able to monitor the activity of
this source (currently best studied in the hard X-rays), which
are much less affected by absorption, and are easily within the
reach of INTEGRAL.

5.2. Cygnus X-1

5.2.1. A key source for understanding black hole XRBs

Discovered during a rocket flight in 1964 [40]], and iden-
tified to be a massive source in orbit with the 09.7 Iab star
HDE226868 [35,1503], Cyg X-1 was the first BH candidate (see
Oda [356] for a review of the early observations). As also dis-
cussed in Sect. Cyg X-1 is one of only a handful of persis-
tent stellar-mass BHs in our Galaxy. The newest VLBI parallax
measurements place the source at a distance of 2.22f8:{§ kpe,
and yield a mass of the BH of 21.2 + 2.2M, [301]].

With a 5.6 d long, circular orbit and an orbital separation of
40 R, between the two binary members, the BH is close enough
to the donor that the stellar wind is focused towards it [[148]].
Therefore, accretion occurs mainly via a wind, although the
presence of a small accretion disc dampens the short term fluc-
tuations typical of pure wind accretors. The result is that Cyg
X-1 spends a significant fraction of the time in the LHS. In fact,
Cyg X-1 has been considered for long the prototype of the BHB
in the LHS, although excursions into the HSS are possible and
have been often observed. In particular, the source has spent
more time in the HSS in the last decade [156,55]]. As the BH is
deeply embedded in the stellar wind, strong orbital variability
is seen in the soft X-rays; there are both an overall orbital mod-
ulation due to line of sight effects through the wind [390} [157]]
as well as short-term absorption dips caused by density fluc-
tuations in the stellar wind and/or the accretion flow passing
through our line of sight [e.g.,1252 12, 1299|3111 [173]]. In addi-
tion, a strong broadened Fe Ka fluorescence line has been ob-
served, which might suggest that the BH has a high to extreme
intrinsic angular momentum [[120, [1211 1483} 370} (112} 1527]].

Cyg X-1 has been subjected to deep observations with virtu-
ally any available X-ray missions, past and present. A compre-
hensive review of all of its properties is therefore not possible
nor appropriate here. We will instead concentrate on the areas
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Figure 4: IBIS/ISGRI long-term light curve of Cyg X-1 since 2004 [55]. Colours indicate the state of the source (blue: hard, green: intermediate, red: soft). The
dashed lines separate the time intervals included in the earlier analysis [415] and the data from newer programmes. Figure taken from Cangemi et al. [55].

where INTEGRAL contributed the most, including the studies of
the broad band X-ray spectrum and of the radio through X-ray
and y-ray spectral energy distribution, the hard X-ray variabil-
ity, and the question of the soft y-ray tails and its polarisation.

5.2.2. Spectral behaviour and short-term variability

In the hard state, the X-ray spectrum of Cyg X-1 can be well
described by a Comptonisation continuum (see [383} [100] for
studies using INTEGRAL), together with a Compton reflection
hump [[112]. Phenomenologically speaking this corresponds to
a power law continuum with an exponential cutoff. Above a
few hundreds keV, deviations from this continuum become ap-
parent, indicating the presence of a soft y-ray tail. We will dis-
cuss this spectral component and its polarisation — which was
first measured with INTEGRAL— in Sect.[3.2.3| below.

In order to study the broad-band long-term variability of the
source, INTEGRAL has performed an extensive monitoring of
the source since launch, accumulating more than 15 Ms of ex-
posure on this system. Figure[d]shows the long-term light curve
of the source obtained from this campaign [55], also encod-
ing the source state, determined following the prescription of
Grinberg et al. [156]. These observations are part of an unique
long-term observing campaign with multiple instruments that
started in the late 1990s. The aim of these observations was
to study the evolution of the broad-band spectral energy distri-
bution from 1keV to ~2 MeV, the short-term X-ray timing be-
haviour, and the relationship between the X-rays and the radio
emission of the source. The campaign consisted of INTEGRAL
key programme observations, bi-weekly 5—10 ksec RXTE point-

ings, and dedicated simultaneous observing campaigns with Chan-

dra, Suzaku, NuSTAR and XMM-Newton, which have been ac-
companied by extended monitoring observations in the radio
(AMI-LA, VLA) and in the optical bands [384] 386/ 504, 505,
521,268 [1631, [113] 134} 100 4831 112}, 298] (156}, [158] [157, 422,
3111148411731 2581 155].

The main emphasis of the spectroscopic analysis of the cam-
paign concentrates on the statistics and interpretation of the
continuum emission of the source, as other missions are better
suited for studies of the soft X-ray spectrum and the relativis-
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tic reflection. Statistical analysis of the hard and intermediate
states of Cyg X-1 showed that the source behaviour on these
states is more complex than previously assumed. For example,
Lubiriski et al. [258] used IBIS data in the 22-100keV range
to constrain the correlations between hard X-ray flux, spectral
shape expressed by the photon index, and variability properties.
The X-ray flux and photon index show a multi-mode behaviour,
with multiple clusters of typical parameter configurations, cor-
responding to different flavours of the states, especially during
the LHS. These clusters show different X-ray and radio vari-
ability properties and are possibly related to different accretion
geometries. Similar indications of different hard state flavours
had been seen by Pottschmidt et al. [385] in the short-term vari-
ability behaviour of Cyg X-1 in the ~3-20keV energy range
of RXTE data, and by Jourdain et al. [203] in the 20-200 keV
energy band in the INTEGRAL SPI data. For what concerns the
intermediate state, INTEGRAL observations also revealed simi-
lar bi-modal spectral variability [268].

INTEGRAL also offers an unique opportunity to extend short-
term variability (“timing”) studies to the hard X-rays, and to
probe the short-term variability of the hard X-ray emission in
different spectral states. Pottschmidt et al. [383] were able to
obtain 15-70keV PDS using ISGRI, focusing on a flaring episode,
while Cabanac et al. [47] used SPI up to 130 keV, concentrat-
ing on long-term averaged PDS for the LHS and the HSS. The
power spectral shapes are generally consistent with those seen
at lower energies with RXTE [385, 157, and references therein]
and can be described by a sum of several Lorentzian compo-
nents which show a characteristic dependency on the spectral
hardness of the source [[158]]. These studies showed that Cyg
X-1 varies significantly up to at least 130 keV.

5.2.3. SED, disc-jet connection, and polarisation

The major impact that INTEGRAL has had on our under-
standing of Cyg X-1 has been on the behaviour of its hard
tail and its polarisation (see Sect. |4| for a general overview of
the hard tail). The elusive soft y-ray tails, i.e., excesses in the
hard band above the rollover of the Comptonisation component,
have first been detected in Cyg X-1 with CGRO/COMPTEL



[292,1293]]. INTEGRAL was crucial in confirming the detection
of the tail with SPI [38] 52, 202] and IBIS [247, 1415, and in
studying its possible dependency on the spectral state [498].
Cangemi et al. [55] reported the analysis of the full data set of
Cyg X-1, in which the presence of a hard tail component also
in the average soft state spectrum was confirmed.

The modelling of the broad band radio to MeV and even
TeV spectrum of Cyg X-1 results in two equally plausible ex-
planations for its hard emission. One explanation is that the
hard tail is due to a non-thermal particle population in the Comp-
tonising medium [e.g., 426, [71, and references therein], while
an alternative explanation is that the hard tail is formed by syn-
chrotron emission from a jet [e.g., 268 [100} 375 214]. The
latter explanation, as already mentioned above, would provide
a direct connection between the hard X-ray and y-ray emission
and the jets observed in radio (see also Sect. [3).

Cyg X-1 is an ideal source for tackling this question, since it
is essentially always located in the region of the HID sometimes
referred to as the “jet-line”[[29], where transitions from the hard
states to the soft states result in energetic, relativistic ejection
events, and subsequent jet quenching. For this reason, the cou-
pling between the disc and the jet can be studied exception-
ally well. The only other Galactic quasi-persistent hard state
sources, 1E 1740.7-2942 (see Sec. [5.6) and GRS 1758-258,
both show <5-10% of the typical X-ray flux of Cyg X-1. This
makes their observation more challenging, since it is much harder
than in Cyg X-1 to accumulate enough photons to study the
emission above ~300 keV. The other bright quasi-persistent BH,
GRS 1915+105, is (almost uniquely) operating in a very dif-
ferent accretion regime, and thus is not particularly suited for
polarisation studies (see Sec. [5.1)).

Del Santo et al. [100] analysed 6 years of INTEGRAL ob-
servations of Cyg X-1 using two hybrid thermal/non-thermal
Comptonisation models. Besides the largely used EQpAIR, for
the first time these authors performed a spectral fits with the
BeLM model (Fig. [5) which takes into account the effects of the
magnetic field in the corona of BHBs [264]]. They found that
while in the soft states the emission is dominated by Compton-
isation of the disc photons, while in the hard states, the data are
consistent with a pure synchrotron self-Compton model, which
means that the synchrotron photons could be the only source
of seed photons for the Comptonisation process. Finally, Del
Santo et al. [100] provided important constraints on the inten-
sity of the magnetic field in the X-ray corona, which are in
agreement with previous analytic results [501].

Breaking the degeneracy between hybrid Comptonisation
models and models where the tail is explained through syn-
chrotron radiation requires additional diagnostics beyond the
mere spectra analysis. INTEGRAL provides unique capabilities
to help clarifying the above issue, in particular thanks to the
data yielded by IBIS (ISGRI and PICsIT), as well as by the SPI
instrument, used as polarimeters (see Sect. ). Based on IBIS
data of the first years of INTEGRAL, Laurent et al. [247] found
that above 400keV - where the hard tail dominates the emis-
sion - a high degree of polarisation is observed, with hints that
the degree increases with increasing energy. These results were
later independently confirmed thanks to SPI [202] (Fig. [6).
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Figure 5: Joint JEM-X, IBIS and SPI energy spectra of Cyg X-1 during four
different spectral states fitted with the BELM model with pure non-thermal accel-
eration, plus pIsKLINE and REfLECT (figure taken from Del Santo et al. [100]).

The limited availability of data required these initial analy-
ses to use all available observations, and thus precluded a state-
dependent analysis of the data. It should be noted, however, that
during the initial years of the mission Cyg X-1 was predom-
inantly observed in the LHS. The accumulation of more data
allowed Rodriguez et al. [422]] to perform a state-resolved po-
larisation analysis of the data, which confirmed a high degree of
polarisation in the LHS. However, only high upper limits could
be placed in the HSS, mainly owing to the lower flux of source
in this state in the high energies, combined with lower exposure
accumulated during the HSS at the time of the analysis.

The high degree of polarisation of the hard tail in Cyg X-1
makes it very likely that the emission detected above 400keV is
due to synchrotron radiation, as no other process is known that
could produce such a high degree of polarisation. The emis-
sion below 200 keV is not polarised, as one would expect from
Comptonisation. This result therefore strongly suggests that the
soft y-ray tail emission originates in the jet, as is also suggested
by the Fermi satellite detection of a very high energy compo-
nent [512]] and by the broad band spectral energy distribution
of the source [375]. The fact that the degree of polarisation
is so high also means that the magnetic field configuration in
the source must be very simple and uniform, since only mi-
nor de-polarisation must have occurred to randomise the start-
ing polarisation. This is particularly important because it sets
strong constraints on synchrotron models. For example, as ar-
gued by Zdziarski et al. [S135]], the shape of the hard tail implies
a rather hard electron energy spectrum (p ~ 1.3-1.6, where the
electron energy distribution is < E77), i.e., significantly harder
than what one would expect from standard electron acceleration
mechanisms, which would instead give p ~ 2. In addition, there
must be highly energetic electrons relatively far away from the
BH [3735]. If the hard tail comes from the jet, then the observed
Compton component may be associated to the jet base, as pos-
tulated, e.g., by Markoff et al. [275]).
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5.3. V404 Cygni

5.3.1. A brief history of the first dynamical black hole

The transient system V404 Cyg harbours one of the first
dynamically confirmed stellar-mass BHs [63] (see also Bolton
[35], McClintock and Remillard [286]]). It is located at a dis-
tance d = 2.39 + 0.14 kpc [304]], and is well known by its
bright and extremely variable outbursts. The system was de-
tected as a powerful X-ray source (GS 2023+338) by the Ginga
satellite in 1989 ([261], and promptly identified with the re-
current recurrent Nova Cygni 1938 [262] 281] with recorded
outbursts in 1938 and 1956 [410]. The 1989 outburst was char-
acterised by rapid and erratic flaring activity in X-rays in any
time scale down to 2ms [473]]: in some flares, drops in flux
of ~20Crab in less than one hour [473] 222]] were observed.
Despite the high fluxes exhibited by the system, which might
have reached the Eddington limit during the peak of the outburst
[473]], the source energy spectra (well-described by a power
law) and PDS (mostly consisting of steep red noise) were con-
sistent with V404 Cyg being in the LHS during the entire out-
burst [473],359], which suggested that the source did not tran-
sition to the HSS (or intermediate states), as many other tran-
sient BHBs do. It was also observed that the spectral param-
eters were strongly influenced by changes in the local absorp-
tion, which had values in the range 5 x 10?! — 4.5 x 10% cm™>
[4731 1359, [190]. As the outburst decayed, the average flux be-
came less variable and the absorption episodes were less fre-
quent, until the source reached quiescence, the level of which
is notoriously higher (L, ~ 10**ergcm=2s7!) than for other
BHBs in the case of V404 Cyg [137]].

After ~26 yr in quiescence, the onset of a new outburst
was detected by Swift/BAT, MAXI and Fermi/GBM on 15 June
2015 [15 134611510, although optical data suggest that the out-
burst actually started one week earlier [32]. The peak of the
outburst was reached on 26 June 2015, and the flux dropped
abruptly immediately afterwards [128l 499]]. Following this
drop, V404 Cyg slowly faded to quiescence over the subse-
quent weeks [453]. The outburst triggered an intense multi-
wavelength monitoring campaigns, which provided data over
the entire electromagnetic spectrum, generating one of the rich-
est (largely coordinated) multi-band campaign ever performed
on a BHB. INTEGRAL played a key role in providing X-ray and
optical coverage as continuously as possible between June 17th
and July 13th 2015 [236}[237]], yielding crucial pieces of infor-
mation which helped piecing together the most important prop-
erties of this important system.

5.3.2. INTEGRAL observations of V404 Cyg

Intense flaring activity was observed by INTEGRAL be-
tween 17 — 28 June 2015 [415] 344! |428] 1441]], as well as hard-
ness variations on second time-scales [344]. In some major
flares, V404 Cyg reached peak fluxes around 50 and 40 Crab in
soft and hard X-rays, respectively, and peak-to-peak flare recur-
rence times as short as 20 min [415]]. The extraordinary bright-
ness of the source allowed spectral studies with unprecedented
time resolution for coded-mask instruments such as those on-
board INTEGRAL. Sanchez-Fernandez et al. [441] analysed 602
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Figure 7: Swift/XRT (red for the source, orange for the dust scattering halo spectrum) + INTEGRAL/JEM-X (purple) + INTEGRAL/ISGRI (clear blue) spectrum
of V404 Cyg fitted with model based on MYTORUS [507], as described in [329]. Upper panel: the thick black line marks the best fit to the data. The thin black
line indicates the illuminating Compton continuum, the dashed and dotted-dashed lines mark the various components of MYTORUS, the dotted line marks the
fluorescent Fe line spectra and a Gaussian line at ~7.5 keV. Finally, the solid grey line indicates the model component accounting for a dust scattering halo emission.

Figure taken from Motta et al. [329].

IBIS/ISGRI spectra of V404 Cyg during the intense flaring pe-
riod (17 — 28 June 2015) with integration times as short as 8
seconds in the brightest flares. All the 20-200 keV IBIS/ISGRI
spectra were compatible with a Comptonised model, which in
most cases required an absorption component to fit the data.
The measured absorption columns were so high (Ng > 10%

cm™2) - especially during the plateaus observed in the IBIS/ISGRI

light curves - that the effects of absorption were evident up to
~ 30keV. The absorption column density and the X-ray flux
were anti-correlated in most of the flares, suggesting that the
observed variability was partly - but not exclusively - due to
variations in the absorption column. Sanchez-Fernandez et al.
[441]] studied the correlations between the parameters derived
from the fits of the IBIS/ISGRI spectra, and concluded that
V404 Cyg had been in the LHS during most of the outburst, but
with clear indications for softer spectra observed during some
of the brightest flares.

The detailed analysis of the broad-band spectrum of V404
Cyg during one of the June 2015 X-ray plateaus showed an
energy spectrum reminiscent of that of obscured/absorbed ac-
tive galactic nuclei (AGN) [329] (see Fig. [/). The joint spec-
tral analysis of strictly simultaneous Swift/XRT, JEM-X and
IBIS/ISGRI spectra revealed a Comptonised spectrum (Ny ~
1 — 3 x 10?* cm~2) heavily absorbed by a partial covering ma-
terial, and a dominant reprocessed component, which included
a narrow Iron K, line (see Fig. [7). This finding indicated the
presence of a geometrically thick accretion flow as the likely
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responsible of both the high intrinsic absorption and the intense
reprocessed emission.

5.3.3. Other X-ray and multi-wavelength observations

A complete, time-resolved, spectral analysis of the avail-
able Swift/XRT data [328] found that the XRT spectra could
be fitted with a partially-covered, absorbed power law. A blue-
shifted Iron K, line appears together with the signature of high
column densities. In these fits, changes in column density relate
with fast (~minutes) but moderate flux changes, while varia-
tions in the covering fraction would be responsible for the most
dramatic flux and spectral changes observed during the outburst
[328]]. Interestingly, despite the intense flares observed (some-
times exceeding the Eddington luminosity), none of the spectra
showed the unambiguous presence of soft disc-blackbody emis-
sion. These findings were ascribed to the presence of a slim
disc in the vicinity (a few hundreds of Gravitational radii) of
the central BH, which both hides the innermost (and brightest)
regions of the accretion flow, and produces a cold, fragmented,
high-density outflow that introduces the high-absorption and
fast variability observed. Such a slim disc was possibly sus-
tained by erratic or even continuous at Eddington/Super-Eddington
accretion, and as a consequence the central BH was partly or
completely obscured by the inflated disc and its outflow.

Similar extreme and variable absorption was also detected
by NuSTAR during observations close to the peak of the out-
burst [S00]. A strong relativistic reflection component was found
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Figure 8: Flux-flux relation observed in V404 Cyg during the brightest flare, as
seen by INTEGRAL/SPI. Figure adapted from Jourdain et al. [204]

in the NuSTAR flare spectra, which was interpreted as the re-
sult of illumination of the accretion disc (truncated at a small
distance from the BH) by transient jet activity [S00].

During the flares of V404 Cyg INTEGRAL/SPI detected high-
energy excesses [428), 204] with respect to the thermal Comp-
tonisation continuum that describes the ISGRI and SPI data
well up to 200 keV [441] 344]]. This excess is reminiscent of
the one seen in Cyg X-1 up to about 1 MeV, which has been
interpreted either as the result of Comptonisation by a hybrid
(i.e., thermal plus non-thermal) electron population in both the
LHS and the HSS [517]], or as synchrotron emission from the jet
based on the presence of a significant polarisation fraction (see
Sec.[5.2). Noticeably, since the GeV detection by FERMI/LAT
[256]] came from the very same V404 Cyg flares where the 200
keV - 1 MeV excess was seen by SPI [204], it is possible that
both originate in the jet. Figure [8|displays the behaviour of
V404 Cyg along the brightest (and last) flare observed by IN-
TEGRAL. Jourdain et al. [204] ascribed the 20-50 keV flux to
the corona and the 100-300 keV flux to the jet, and pointed out
that the two components evolve independently, following two
distinct evolution patterns. The flux-flux relation shows two
different slopes, which can be interpreted as two regimes where
the source emission is driven by the corona and the jet contribu-
tions, respectively. A third (horizontal) track, reflecting a stable
“jet” emission with a decreasing corona flux, corresponds to the
transition between the two.

The soft y-ray tail detected in V404 Cyg could be in princi-
ple ascribed to a third mechanism, the production of electron-
positron pair plasma during the brightest, Eddington-limited
flares. Siegert et al. [452]] reported evidence of a 511 keV anni-
hilation line associated to a pair plasma in the SPI data. How-
ever, independent studies have failed to confirm this 511 keV
line detection [204,427]]. Such a discrepancy was likely caused
by the event selection of the SPI data, which is a particularly
important issue for bright sources [427].

In the radio VLBA monitoring, Miller-Jones et al. [306]
found that the jet orientation was changing significantly in time
scales ranging from minutes to hours. Their interpretation was

that the Lense-Thirring precession of the slim disc that forms
due to the super-Eddington accretion — which is also likely re-
sponsible for the rapid changes in the cold absorption [328] —is
driving the changes in the jet orientation.

5.3.4. Rapid multi-wavelength variability

Rapid variability in the emission from V404 Cyg was also
omnipresent at longer wavelengths. Perhaps the most surprising
feature of was the detection of heartbeat-type oscillations in the
optical [219], which are reminiscent of the X-ray light curves
of GRS 1915+105 (Sec. [5.1). A particularly fascinating aspect
of V404 Cyg was the complexity of how the X-ray and optical
emissions were correlated (see [354]] for a study of correlated
variability in UV and X-rays, performed using Swift/UVOT and
XRT data). An incredible plethora of examples of correlated
behaviour was observed within the 2 central (i.e. most active)
weeks of the outburst. The detailed study by Rodriguez et al.
[415]] and Alfonso-Garzon et al. [[1]] showed that on 1-minute
and longer time scales, the INTEGRAL OMC, JEM-X and IS-
GRI light curves showed: (i) flares where the optical emission
was delayed by minutes up to an hour following and strong
X-ray flare, (ii) flares where the optical and X-ray emissions
were practically simultaneous (i.e. almost the exact same vari-
ations were observed ), and 3) flares during which enhanced
optical and soft X-ray emissions preceded a hard X-ray flare
[209]. Moreover, simultaneous NuSTAR and optical observa-
tions taken on sub-second time scales showed that the optical
emission lagged the X-rays by roughly 100ms [[142} [186]. This
lag was interpreted as the delay between fluctuations generated
in the hot corona around the BH, that propagate up to the rel-
ativistic jet base about 1000 R, away, which is responsible for
part of the optical emission [e.g.,266]]. The correlated 1-minute
time scale optical lags correspond to the light travel time delays
from the BH to the outer disc, were instead likely produced by
the re-processing of the X-rays in the outer accretion disc, or by
the illuminated binary companion [220) [1} [186].

Longer optical time lags of up to an hour were attributed
to interactions between distinct relativistic ejecta in the form of
blobs of plasma [1]], although on these long time scales the asso-
ciation of a given X-ray flare to its optical counterpart may be in
some cases ambiguous given the stochastic nature of the light
curves. The few cases where INTEGRAL/OMC/JEM-X/ISGRI
detected negative lags, i.e., where the optical (and soft X-ray)
emission leads the (hard) X-rays [l 209], remain a puzzle yet
to be solved, which could be explained in terms of mass accre-
tion rate fluctuations propagating inwards through the accretion
disc.

Optical emission line profiles showed significant changes
minutes after major X-ray flaring detected by INTEGRAL [333]].
Such lines showed broad and deep P-Cyg profiles, from which
outflow velocities up to 3000 km/s were estimated. The pres-
ence of an outflow in optical with such a velocity is consistent
with the strong disc wind observed in X-rays by Chandra, likely
radiation or thermally driven as V404 Cyg approached the Ed-
dington limit [221]]. As suggested by Motta et al. [328]], the two
outflows could be two portions of the same disc wind, which
likely feature a temperature/ionisation stratification. Over the



course of the 2 most active weeks of the outburst, more than
1078 M,, was lost in these variable disc winds, as well as in the
Compton-thick outflow responsible for the variable partial cov-
ering, such that the suggestion was made that the outburst itself
may have ceased prematurely due to excessive mass loss [333]].

5.3.5. The December 2015 re-flare

On 23 December 2015, only four months after the end of
the primary outburst, the Swift/BAT telescope detected a re-
brightening of V404 Cyg [14]. Follow-up X-ray, optical, and
radio observations confirmed the onset of a new outburst [|334].
This December event was a re-flare, it was in many respects
a fainter analogue of the first week in the June 2015 activity,
with weaker flares and lower non-flaring emission in between
them. The INTEGRAL and Swift spectra were compatible with a
Comptonised continuum modified by a Compton-thick partial
covering absorber [207]. Optical photometry [220] and spec-
troscopy, as well as monitoring in radio [334] also showed a
behaviour comparable to what was observed in June, including
similar, though less pronounced, P-Cyg optical lines and radio
variability.

5.4. Fast time variability

The X-ray timing studies by INTEGRAL [413] and NuStar
[142] did not show signs of QPOs, but instead the dominat-
ing feature was the presence of strong low-frequency (bending)
power law noise, and the complete absence of high-frequency
variability. PSD featuring these properties are characteristic of
heavily absorbed sources like Cyg X-3 [229]], GRS 1915+105
in its obscured state [228] as well as GRO J1655—40 in its ul-
trasoft state [488]]. By analogy with these sources, it appeared
that the high frequency noise in V404 Cyg was not intrinsi-
cally absent, but was instead smeared out or suppressed by the
disc wind via heavy scattering. Timing analyses of Chandra,
FERMI/GBM and Swift on the other hand did show only weak
and short-lived mHz QPOs [[183]. The absence of the strong
type-C QPOs typically expected in a BH in its LHS or HIMS
was interpreted as a consequence of the peculiar properties of
V404 Cyg: the rapid evolution of either the truncation radius
or the radius of a ring where the anisotropies responsible for
the generation of QPOs occur [192] would make the accretion
flow might be much more turbulent than it would otherwise be,
so much so that the conditions for the precession of the inner
accretion flow that would give origin to a Type-C QPO are not
met, if not for very short times.

5.5. GX 3394

GX 339-4 was discovered in 1973 by OSO-7 [273] and,
based on the luminosity upper limit of the stellar companion, it
was classified 28 years later as a low-mass XRB [444]. Soon
afterwards, observations in the optical band [187] revealed the
motion of the companion star, based on which an orbital period
of ~ 1.7 d was derived, as well as a mass function of 5.8 + 0.5
M. Later on, based on high-resolution optical spectra, a dis-
tance to the source in the range 6-15 kpc was proposed [[188]],
which, however, is still to be confirmed.
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Over the years after its discovery, GX 339—-4 has shown
a number of outbursts that have been extensively monitored
in several multi-wavelength observations, and the properties
of this system - which is considered the prototypical transient
BHB - have been probed via a vast number of analysis tech-
niques. The long-term spectral behaviour of the source, evi-
denced in the data collected from 1987 until 2004 - mostly by
RXTE but also Ginga and CGRO - was presented in Zdziarski
et al. [514]. This study showed that GX 339—4 had already
undergone 15 outbursts in the period analysed, sampling sev-
eral times all the known accretion states, occurring along pro-
nounced hysteresis cycles, with the hard-to-soft state transitions
occurring at much higher (and variable) luminosity than the
soft-to-hard transitions.

The outburst which occurred in 2002/2003 was studied in
detail through timing and colour analysis [23]], and provided
the prototype for the HID (see Sec. [2). The state classification
based on the HID proposed by [179] has since then been the
main framework to describe the outburst evolution of transient
BHBs, featuring two extra states - the HIMS and SIMS - with
respect to the two historical LHS and HSS. This state classi-
fication has been refined over the years to incorporate the in-
creasing amount of information acquired on the more and more
BHBs that were being observed and discovered, and started
to include multi-band observations, in primis coming from the
radio band. Indeed, radio observations performed during the
2003/2004 outburst revealed a large-scale relativistic radio jet
from GX 339-4[136], which was then associated with the HIMS-
SIMS transition [125] reported previously by Nespoli et al. [352]].

In 2004, a new outburst occurred, and it was extensively
observed by INTEGRAL as well as by RXTE and other obser-
vatories. A simultaneous RXTE and INTEGRAL campaign was
performed on 2004 August 14-16, when the transition HIMS-
to-SIMS was expected [26]. Belloni et al. [26] observed a state
transition shorter than 10 hr, and performed the first simul-
taneous timing and and broad-band spectral analysis (3—200
keV) across a hard-to-soft state transition. These authors ob-
served in the HIMS a steeper power law (I' ~1.9) and a lower
value of the high-energy cut-off (~ 70 keV) than in the LHS.
They also observed the disappearance of the cut-off in the 3—
200 keV energy band at the transition to the SIMS. This con-
firmed a behaviour previously observed in other sources (e.g.,
GRO J1655-40 [199]), where it was argued that the cut-off
might not disappear at the transition to the SIMS, but move
to significantly higher energies, i.e., beyond the energy band
covered by RXTE, but within the reach of INTEGRAL.

A similar finding was reported later on by Del Santo et al.
[102] and Motta et al. [319]], who analysed INTEGRAL and RXTE
data from the 2007 outburst of the source, and observed in
greater detail the evolution of the high-energy cut-off across the
long-lived (= 10 days) hard-to-soft transition. A much denser
monitoring with RXTE of this outburst allowed Motta et al. [319]
to confirm that the evolution of the cut-off is non-monotonic:
it decreased monotonically from 120 to 60 keV during the lu-
minosity increase in the LHS, started increasing again at the
LHS-to-HIMS transition reaching approximately 100 keV just
before the transition to the SIMS. The cut-off further increased



to ~130keV, and was no longer detected in the HSS.

The non-monotonic evolution of the high-energy cutoft ob-
served in GX 339—4 has been later reported in a number of
sources (e.g. [98]). As observed in GX 339—4 for the first
time, and with an unprecedented clarity, the changes in the
high-energy cutoff are observed to be as fast as the timing prop-
erties (in particular in the behaviour of the LFQPOs observed
in the RXTE PDS), while other spectral properties appear to be
evolving much more smoothly over the state transition.

The use of a phenomenological model such as a cut-off
power law provides a useful qualitative description of the data
and of the evolution of the spectral shape at a time where the en-

ergy spectrum undergoes pronounced and relatively fast changes.

However, it is worth noticing that by using such an empirical
model, not much can be said on the evolution of the plasma
physical parameters, as the energy cut-off is only roughly cor-
related to the electron temperature of the Comptonising plasma,
and it may not reflect the evolution of the electron tempera-
ture of the corona. Additional components play a role in the
complex X/y-ray spectra of BHBs (e.g., non-thermal Comp-
tonisation and Compton reflection), which has to be investi-
gated by means of more accurate, physically motivated spec-
tral models. In this context, Del Santo et al. [[102] investi-
gated the spectral variability of GX 339—4 across the different
states by using the hybrid thermal/non-thermal Comptonisation
model egpair [83] on the INTEGRAL spectra collected during
the period August-September 2004 (see Fig. [9). These authors
found that the spectral transition HIMS-SIMS-HSS was driven
by changes in the soft photon flux responsible of the cooling of
the hot plasma (the corona, or hot flow). Simultaneously, the in-
crease in the disc temperature and the decrease of the inner disc
radius were also observed. Such properties and behaviour are
consistent with the truncated disc model [118] [106], although
other models such as dynamic accretion disc corona models
cannot be in principle ruled out.

Thanks to the high-energy coverage of the INTEGRAL tele-
scopes, in all spectral states of GX 339-4, a significant con-
tribution from a (sometimes variable [109]) high-energy tail
above 200 keV, (see Sec. Ef]) was observed [198] 102}, 46]. Dur-
ing the 2007 outburst a peculiar spectral transition was observed
by INTEGRAL and RXTE [97]], with multiple transitions back and
forth from/to the HSS and LHS, across the SIMS, while during
the 2010 outburst a number of simultaneous multi-wavelength
observations confirmed the jet quenching over the transition in
many wavebands [50].

5.6. 1E1740.7-2942: the great annihilator

Discovered by the Einstein satellite in 1984 [172], the bright
hard X-ray source 1E 1740.7-2942 (hereafter 1E 1740) is lo-
cated less than one degree away from the Galactic Centre. It
was classified as candidate BHB by Sunyaev et al. [468] be-
cause of the spectral similarities with Cyg X-1, based on results
obtained with the Franco-Russian hard X-ray/soft y-ray satel-
lite Granat. 1E 1740 is the prototype of the microquasar class,
thanks to its double-sided radio jets reaching large angular dis-
tances from the core (~ 1”), which were discovered in 1991 by
Mirabel et al. [309].
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Figure 9: Joint JEM-X, IBIS and SPI energy spectra of GX 339—4 collected in
different spectral states, from hard (violet) to soft state (orange). The data were
fitted with the hybrid thermal/non-thermal Comptonisation model EQPAIR plus
piscLINE (from Del Santo et al. [102]).

This source takes its nickname from a claim that was made
soon after the first observations in the soft y-ray domain. In
1990, the SIGMA telescope, on-board Granat, observed 1E 1740
and found a spectrum characterised by a transient (less than 3
days) broad feature around the electron-positron annihilation
energy at 511 keV [39} 468]. This finding attracted the atten-
tion of the community and a great deal of studies were dedi-
cated to investigate the possibility that the aforementioned fea-
ture could be due to the electron-positron annihilation line (the
search of which is among the main aims for the INTEGRAL mis-
sion). The “line” was speculated to be connected with the spec-
tacular bipolar jet seen in radio, which could be formed by lep-
tons rather than by baryons. Alternatively, it could be the re-
sult of productions of positrons (which would therefore anni-
hilate the electrons) by a hot plasma with a temperature much
lower than 1 MeV via photon-photon absorption, for example
when the accretion flow is able to interact with a wind [495].
Bouchet et al. [37]] performed a deep analysis based on the SPI
data searching for any feature around 511 keV associated with
1E 1740, but did not find evidence for a line at 511 keV, ei-
ther narrow or broad, transient or persistent. Later on, De Ce-
sare [93]] searched for such an emission from any point sources
with the IBIS telescope, and found no evidence of Galactic 511
keV point sources, but estimated a 2 o upper limit annihilation
flux of 1.6x107*ph/cm?/s, consistent with a diffuse electron-
positron annihilation scenario, where electrons and positrons
could be produced in compact objects, and propagate in the in-
terstellar medium before annihilation. Thus, the annihilation
scenario for 1E 1740 was never confirmed, but the evocative
name of this source stuck to it, so that 1E 1740 is often still
affectionately referred to (rather erroneously) as the Great anni-
hilator.

Smith et al. [455] measured a periodic modulation of ~
12.73 = 0.05 days which, if interpreted as the orbital period of
the system, would suggest a red-giant as donor. However, the



upper limit for the IR counterpart derived with the VLT seems
to exclude such a nature [284]]. The high hydrogen column den-
sity toward the source (see e.g. [138]]) does not allow any firm
identification of the companion star, the characteristics of which
remain unclear.

INTEGRAL observations performed throughout several years
have revealed that most of the time 1E 1740 is found in either
one of two main states: the canonical LHS, with a mean flux
of ~ 50 mCrab, and a dim state, with a much lower flux level
of a few mCrab [101} 37]. In particular, XMM-Newton and IN-
TEGRAL provided the arguably highest quality broadband spec-
trum of the source in the LHS [[67]. In a few occasions, soft
spectra have been observed, testifying occasional transitions to
a softer state [456]]. In particular, simultaneous INTEGRAL and
RXTE broad-band spectra taken in 2003 showed that an interme-
diate/soft spectral state occurred just before one of the long dim
states shown by 1E 1740 [96]. This behaviour was interpreted
as the effect of a drop in the accretion rate, which is expected to
affect both the thin disc and the hot flow (corona). While such
a change would propagate through the hot flow immediately, it
might take up to several weeks to propagate through the thin ac-
cretion disc. Thus, the hot flow is temporarily drained of matter
compared to the disc, therefore an accretion flow configuration
very similar to that observed in the HSS of other BHBs can be
temporarily observed (see also [456]).

Bosch-Ramon et al. [36] applied a jet model to the 1E 1740
SED (which include INTEGRAL data) to investigate the possibil-
ity that the hard X-ray emission in 1E 1740 was to be ascribed
to the jet. They concluded that synchrotron emission from the
jet seemed in fact to be able to explain the low-hard state X-
ray spectrum of the source, but it exceeded largely the observed
core radio fluxes. Bosch-Ramon et al. [36]] therefore concluded
that although accretion and jet phenomena are probably linked
- in 1E 1740 (and in any other source), the dominant compo-
nent in the (hard) X-rays can be either the jet or the disk/corona
depending on the system considered.

5.7. Black holes discovered by INTEGRAL

The bulge of our Galaxy (Galactic Bulge) contains a vari-
ety of high-energy point sources [see, e.g., 225| 22} 242} [33]],
including persistent and transient (candidate) BHBs. While per-
sistent sources offer the opportunity to probe the accretion pro-
cess at play at any time, in transient BHBs the accretion rate
varies by larger factors than in the persistent sources, thus offer-
ing the opportunity to study accretion in regimes not accessible
in the persistent sources. The regular and long-term monitor-
ing of persistently bright BHBs allowed by the Galactic Bulge
monitoring program enables a systematic study of the hard X-
ray states of BHBs (e.g., [96}1345] for 1E 1740.7-2942), which
is difficult or impossible for other missions to accomplish due
to a limited sensitivity at high energies and/or the lack of wide-
field imaging instruments as well as of orbits wide enough to
allow long, uninterrupted observations of a particular region of
the sky. Furthermore, by probing the hard X-ray spectra of the
sources over a wide luminosity range, the Galactic Bulge mon-
itoring allowed the dependence of the X-ray spectrum on the
(total) luminosity to be investigated.
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Since February 2005, whenever the Galactic Bulge region
was visible, it has been monitored approximately every 2-3
days with 3.5 hours snapshots, thanks to a dedicated INTEGRAL
program [242]]. The wide-field imagers at high-energies that
are key to the INTEGRAL payload allowed the monitoring of
the variability of the variety of sources in this region to be per-
formed all at once in a broad energy range over the past 15
years. Various bright (=100 mCrab) well-known X-ray tran-
sients were active during the several years of the Galactic bulge
monitoring program (e.g. GRO J1655-40, [448]] and H1743-322,
[393]]), as well as new ones, some of which were discovered by
INTEGRAL during routine observations of the Galactic Bulge
region. INTEGRAL is ideally suited to detect such hard spec-
tral state outbursts: transient and persistent BHBs account for
about half of the total detections in the 150-300 keV band (e.g.,
[19] 1235])).

In this section, we will briefly review the results obtained on
BHBs which have been discovered by INTEGRAL, focusing in
particular on the discoveries and findings made possible thanks
to INTEGRAL.

5.7.1. IGR J17091-3624

INTEGRAL discovered IGR J17091-3624 on 2003 April 14,
during a routine observation of the Galactic Centre region [241]].
Follow-up observations were immediately performed by RXTE,
which confirmed the presence of an hard spectrum well-fitted
by an absorbed power law and fast time variability on time
scales from several tenths of a second to several tens of sec-
onds, typical of a BHB in the LHS [260]. Archival searches re-
vealed that IGR J17091-3624 was also detected by the Roent-
gen observatory aboard KVANT module of the MIR space sta-
tion in 1994 October, and by BeppoSAX in 1996 September
and 2001 September [260]. XMM-Newton observed the field
of IGR J17091-3629 in 2006 August, and 2007 February, but
while IGR J17098-3628 - located 9.6 arcminutes away from it
was observed in a relatively bright state, IGR J17091-3624 was
not detected. In 2011 January, Swift/BAT observed renewed ac-
tivity of this system, which raised from a flux of ~20 mCrab to
~60 mCrab in about a week [234].

Capitanio et al. [59] followed the evolution of IGR J17091-3624

throughout its 2011 outburst with INTEGRAL and Swift. Un-
like the previous outbursts of this source, which were relatively
short (weeks) and faint, the 2011 outburst was significantly
longer and brighter. The initial evolution of the source fol-
lowed the standard state evolution of most BHBs, with a LHS
followed by a HIMS and a transition to the SIMS and HSS. Ra-
dio observations of this system confirmed the presence of a flat
radio spectrum in the LHS, and the detection of a radio flare
during the hard to soft transition, likely associated with rela-
tivistic ejections [418]]. Shortly after the HSS was reached, IGR
J17091-3624 started showing a variability pattern very remi-
niscent of the heartbeats [3, 190] observed in GRS 1915+105
and a handful of other sources [see, e.g., 330, and references
therein].

The long and bright outburst started in 2011 ended in 2013,
with a return of the source to the LHS, a number of short re-
flares during the LHS, and a final descent into a very low-
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Figure 10: A zoom-in to the Galactic Bulge region as seen by INTEGRAL, based on the IBIS/ISGRI (18-40keV) data obtained through the Galactic bulge program
(from 2005 to 2009). Transient BHBs are marked in red, persistent BHBs are marked in white. All source names are annotated above the source X-ray position,
except 1E1740.7-2942 (annotated at the right of the position), and IGR J17497-2821 and GRS 1758-258 (both annotated below their position). All the sources

that are not labelled are NS X-ray binaries.

luminosity LHS, or a bright quiescence [376]. In 2016 Febru-
ary, IGR J17091-3624 showed another outburst, which, how-
ever, only lasted approximately 2 months with no sign of the
heartbeat variability shown during the previous outburst [376].

5.7.2. IGR J17098-3628

IGR J17098-3628 was discovered by INTEGRAL on 2005
March 24th during deep Open Program observations of the Galac-
tic Centre region. The discovery was made thanks to IBIS/ISGRI
data, which revealed a new X-ray transient located 9.4 arcmin
off IGR J17091-3624 [151]. Follow-up INTEGRAL and RXTE
observations of the Galactic centre region revealed a variable
source, which was tentatively classified as a new transient BHB
due to its properties typical of the sources of such a class [150].
A tentative radio counterpart was identified shortly after the
discovery by Rupen et al. [434] in VLA observations, which

showed a relatively bright radio source well within the IBIS/ISGRI

error circle.

INTEGRAL and RXTE observed the field of IGR J17098-3628
several times in the period between 2005 and 2007, during which
the target was regularly detected [60, [73]. Targeted observa-
tions performed with XMM-Newton and Swift also yielded a
significant detection of this source. Renewed activity from this
system was reported by Prat et al. [392], which reported on
new observations of the Galactic Centre. The INTEGRAL data
showed a hard power law spectrum compatible with a BH in the
LHS.
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5.7.3. IGR J17177-3656

IGR J17177-3656 was discovered in 2011 March 15 [[134]]
in the data from IBIS/ISGRI. A subsequent INTEGRAL obser-
vation from the Galactic Bulge monitoring program was per-
formed shortly after the discovery, confirming the detection,
and revealing an increase in the source flux in comparison with
previous serendipitous data. The source position was refined
first thanks to a Swift target of opportunity observation, then
thanks to a Chandra observation [525] 364]. Follow-up obser-
vations in radio with ATCA evidenced a moderately faint (=0.2
mly at 5.5 and 9 GHz) radio counterpart to IGR J17177-3656,
which suggested that this source could be a BHB in the LHS.

Paizis et al. [367] reported on multi-wavelength observa-
tions of IGR J17177-3656, showing that the overall behaviour
of this system follows that of other BHBs, thus confirming that
this system might in fact be a binary hosting a stellar-mass BH,
possibly observed at high inclination.

5.7.4. IGR J17464-3213 (a.k.a. H1743-322)
On 2003 March 21, during a routine scan of the Galactic

Centre region, INTEGRAL observed a new active X-ray source -
IGR J17464-3213 [407]]. Follow-up observations of the same

region with RXTE found a source previously named XTE J1746-322

at a position consistent with that of IGR J17464-3213 [277]]
with a hard spectrum. A radio counterpart in the same region of
the sky was also identified by the VLA [433]]. The positions of
the above sources were all compatible with the X-ray transient



H1743-322 discovered during its outburst in 1977 by Ariel V
and HEAO-1 [213]].

Early time INTEGRAL observations showed a slowly ris-
ing hard X-ray flux, the beginning of a long outburst ended in
November 2003. Such an outburst was followed by RXTE and
INTEGRAL, which observed significant spectral and fast-timing
variations, and marked flaring activity especially in the hard
X/soft y-ray domain sampled by INTEGRAL/SPI. H1743-322
showed a behaviour rather typical of transient BHB, with large
scale flux variations and various accretion states, based on which
it was classified as a candidate BHB [371} [179] |61, [199]. The
companion star in this binary is too faint to be detected by the
currently available instruments, hence, the BH nature of the ac-
cretor is yet to be confirmed.

After the first outburst, to date the brightest observed for
this system, H1743—-322 underwent repeated outbursts, with a
rate as high as of 1-2 outburst a year. Interestingly, H1743-322
showed one of the first and clearest examples of a failed out-

burst (see [60}321]], and [460] for the case of Swift J1753.5-0127),

during which the source crossed the LHS-HIMS transition, but
did not reach the SIMS and HSS, instead moving back to the
LHS and then to quiescence in only a few weeks after the start
of the outburst. The discovery of such a behaviour showed that
the process that drives the evolution of a source across the vari-
ous accretion states is reversible even after the LHS-HIMS tran-
sition has occurred, but still maintains its hysteresis nature, dif-
ferently from the hard-only outbursts.

5.7.5. IGR J17454-2919

IGR J17454-2919 was discovered in mosaic images made
from JEM-X during INTEGRAL revolution 1460 (2014/09/27-
30) [[75]. The source was quite dim, with X-ray fluxes ~6.5 and
~8.2 mCrab in the 3-10 keV and 10-25 keV bands, respec-
tively. Earlier observations of the field did not show any activ-
ity from this position down to about 1 mCrab, confirming that
the source was a new transient entering the active phase. Early
follow-up observations with Swift [75]], NuSTAR [476], and IN-
TEGRAL in the direction of IGR J17454-2919, confirmed that
the source was indeed in a rather sustained outburst phase [[74].
In particular, the NuSTAR spectral and temporal analysis shows
a behaviour pointing towards a BHB nature.

Paizis et al. [366] reported multi-wavelength analysis of this
source. Their Chandra observations first allowed these authors

a high-energy cut-off. Overall the X-ray behaviour of the source
was reminiscent of a low-mass X-ray binary, but no firm con-
clusion on the nature of compact object could be drawn from
the available data.

5.7.6. IGR J17497-2821

IGR J17497-2821 was discovered with IBIS/ISGRI on 2006
September 17 [458]], at a 2-100 keV unabsorbed luminosity of
107 erg/s, obtained assuming a distance of 8 kpc [239]]. Prelim-
inary spectral analysis of the INTEGRAL data led Kuulkers et al.
[239] to conclude that the source was an XRB, either containing
aBH or a NS, in a typical LHS.

Very little was published based on the INTEGRAL data, al-
though the source was followed with multiple facilities at vari-
ous wavelengths from the radio band to the X-rays. Most results
are reported in [365]], and [416]. The former observed the field
of the source with the High Transmission Grating Spectrometer
aboard Chandra, which first allowed them to refine the posi-
tion to RAj00=17"49"38.037* Decypo=—28°21"17.37" with
a 90% error box of 0.6”. The Chandra spectral analysis shows
a hard spectrum (I" ~1.2), significantly affected by absorption
(Ng=4.4%x10%2 cm™2) [363]. Two candidate infrared counter-
parts could be identified, and based on the X-ray and IR be-
haviour, Paizis et al. [365]] suggested that the source is a low-
mass X-ray binary with a potential red-giant K-type compan-
ion.

A 50 ks Suzaku observation showed that the source spec-
trum was well described by a power law continuum up to 70
keV, which then rolled-over due to a high-energy cut-off around
100 keV [194]. At lower energies, structures in the 5-8 keV
range were ascribed to an Iron absorption edge. The results of
(quasi-)simultaneous radio (ATCA) and X-ray (RXTE) observa-
tions were reported by Rodriguez et al. [416]. These authors
showed that the 3-200 keV spectra are indeed well represented
by a power law with a marked cut-off at high-energy, or by a
thermal Comptonisation model, similarly to what is typically
observed for BHB in the LHS. While the power density spectra
are also typical of those of a BH LHS, with about 36% RMS
variability (0.1-100 Hz), no QPO were detected down to about
2% RMS.

The radio observations allowed Rodriguez et al. [416] to
show that the source lies below the track traced by GX 339—-4
and V404 Cyg in the so-called radio-X-ray flux plane [e.g.,

to refine the celestial position of the source to RAjy00=17"45"27.697140), 87 377, and is instead located on the lower track, which

Decjr000=—29°19’53.8" with a 90% error box of 0.6” [363],
which showed that IGR J17454—-2919 has an IR counterpart,
the source 2MASS J17452768-2919534. The same field was

observed at optical wavelengths with GROND: IGR J17454-2919

was not detected in the GROND g’, v/, 7/, 7’ bands, but it was
present in the NIR (J, H K;) ones at magnitudes similar to those
observed in the 2MASS and UKIDSS catalogues.

Paizis et al. [366] also reporte the broad-band analysis of
Swift/XRT, BAT and INTEGRAL data along the course of the
outburst. A larger absorbing column density is obtained with
Swift than in the NuSTAR spectra, which could be indicative of
variation of the intrinsic (i.e. local) absorption. The spectra ap-
peared to be well-described by a power law, with no evidence of
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is followed by a growing number of BH systems, including
H1743-322 [see e.g.[89, 84].

5.8. Other black holes

5.8.1. GRO J1655—40

GRO J1655-40 was discovered on 1994 July 27 by the
CGRO satellite, and was originally named Nova Scorpii 1994
[526]. Soon after its discovery, radio observations revealed ap-
parently super-luminal relativistic jets moving in opposite di-
rections almost perpendicular to the line of sight (~85°) with a
relativistic velocity of 0.92¢ [[177,/478]]. The optical counterpart
was discovered soon after by Bailyn et al. [9], and subsequent



optical studies showed that the system is a low-mass X-ray bi-
nary hosting a blue sub-giant secondary and a BH primary with
a mass of ~6 M [361} [154]]. At a distance of ~3.2kpc, GRO
J1655—-40 is one of the closest BHBs we know. The orbital
inclination inferred from optical observations and from the de-
tection of absorption dips (~70°, e.g., [8] [243]]) suggests that
the inner disc inclination (which could coincide with the di-
rection of the jet or of the BH spin axis) may differ from the
inclination of the binary system, implying a misalignment of
up to 15°. GRO J1655-40 has been subject of a considerable
number of X-ray timing studies, which revealed the presence of
several unique features in its PDS, including the only confirmed
QPO triplet (i.e. a type-C QPO and a pair of HFQPOs detected
simultaneously, see Sec. @ and [465.324]) in a BHB.

During its first outburst, started in 1994, GRO J1655-40
showed a power law spectrum extending up to 600 keV in the
CGRO/OSSE data, and which softened and subsequently hard-
ened over the course of the outburst [[155]]. After the first, rela-
tively short outburst (a few weeks), GRO J1655—-40 underwent
two other major outbursts, one started in 1996 April [403]] and
the other started in 2005 February [278]. The former was reg-
ularly covered by RXTE, which confirmed that the overall be-
haviour of the system resembled that of other BHBs [294]. The
latter was covered by RXTE, as well as by INTEGRAL and XMM-
Newton, which provided key information on the properties of
this system.

Thanks to the INTEGRAL sensitivity to the high-energy pho-
tons from GRO J1655-40, the broad-band spectrum of the sys-
tem could be probed in detail as it evolved over the several
accretion states sampled by the source (including the ULS, of
which GRO J1655-40 to date provided the best example [320]).
Clear state transitions were observed, and a high-energy cut-
off associated with the power law-like continuum was clearly
detected during the LHS (see [199, 449]], but also [45]]). The
high-energy cut-off evolved significantly as the source moved
away from the LHS and approached the soft states, rising to
values > 300 keV and then disappearing completely near the
transition to the HSS. As already mentioned in Sec. [5.5] a simi-
lar behaviour was later observed - in greater detail - in the BHB
GX 339—4. Joinet et al. [199] also reported on the behaviour
of the radio jet, which was quenched around the time of the
disappearance of the cut-off. The combined use of INTEGRAL
and XMM-Newton data allowed Diaz Trigo et al. [105] to con-
strain the shape of the broad-band continuum, thus evidencing
both the presence of a relativistically broadened Iron K-« line
and a variable photo-ionised absorber, which induced the pres-
ence of strong K absorption Fe XXV and Fe XXVI lines, and
blue-shifted Ne X and Fe XXIV features.

5.8.2. GRS 1716—-249

GRS 1716-249, also called Nova Oph 1993, was discov-
ered in 1993 by CGRO/BATSE [171] and Granat/SIGMA [L1].
The spectral type K (or possibly later) star V2293 Oph was
identified as possible donor and a distance of 2.4 + 0.4 kpc was
derived [[103]]. Masetti et al. [285]] estimated a lower limit on
the mass of the compact object as 4.9 M, which confirmed its
BH nature, and an orbital period of the system of 14.7 hr.
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The brightest outburst of the transient BHB GRS 1716-249
occurred in 2016 after more than 20 years of quiescence. MAXI
first discovered the start of a new outburst from this source, and
INTEGRAL observed it with the aim to study and characterise
its soft y-ray emission. Simultaneous multi-wavelength obser-
vations were also triggered with the ATCA radio telescope and
the REM infrared camera [99]. This outburst lasted more than
one year and was followed almost continuously by Swift. XRT
and BAT results of this monitoring campaign [16] showed that
GRS 1716-24 belongs a group of transient BHBs that show
failed outbursts.

Bassi et al. [17] presented the SPI spectral analysis of the
INTEGRAL observations, which showed a strong non-thermal
component above 200 keV. The SED of GRS 1716-24 was
modelled with the internal shock emission model [1SHEM, 263|]
to investigate on the possible jet nature of the soft y-ray emis-
sion. The authors measured a spectral cooling break at ~10keV
and found that the soft y-ray emission of GRS 1716-24 cannot
be explained by synchrotron emission in the radio jet, unless
the index of the electron energy distribution responsible for the
emission is lower than 2. However, such a value is difficult
to reconcile with the known shock acceleration mechanisms,
which suggests that the jet might not contribute much to the
soft y-ray emission in this source.

5.8.3. GRS 1758-258

GRS 1758-258 was discovered in 1990 during Granat ob-
servations of the Galactic Centre region [269, 1469]. This sys-
tem shows hard X-ray properties typical of Galactic BHBs in
the LHS, i.e., a comparatively hard power law shaped spec-
trum with a cut-off around ~100 keV, and marked fast time-
variability [253]]. Owing to such properties, together with the

detection of a double-sided radio counterpart [425], GRS 1758-258

is considered to be a BHB. Despite the rare occurrence of dim
soft states with a typical duration of several months [174], GRS
1758-258 is a persistent source, and one of the very few per-
sistent BHBs known to date.

GRS 1758-258 was observed extensively within the INTE-
GRAL Galactic Centre Deep Exposure program in 2003 and
2004, which was complemented by numerous RXTE observa-
tions [382]]. During this period, the system was initially found
in one of its rare dim soft states, and underwent a full transi-
tion to the LHS. Pottschmidt et al. [382] showed that the dim
soft state in GRS 1758-258 is different from the soft states typ-
ical of other persistent high-mass XRBs such as Cyg X-1 (see
Sec.[5.2)) - where softening is connected with an increase in lu-
minosity - and is more similar to those typical of Low-mass
BHBs. A soft y-ray tail extending above 300 keV has possibly
been seen as well in the PICsIT data [381]].

Recently, Tetarenko et al. [477] used ALMA data to ex-
plore the molecular gas emission at the location of jet-ISM in-
teraction zones near GRS 1758-258. They identified molecu-
lar structures that might trace jet-blown cavities in the gas sur-
rounding this system, confirming previous radio results from
the GRS 1758-258, which led Marti et al. [283] to postulate
the presence of a jet-blown cocoon structure in deep radio con-
tinuum maps of the region surrounding GRS 1758-258 [282].



Such a result also confirms that suggestion that the lobes around
GRS 1758-258 are being powered by a variable “dark” rela-
tivistic jet, which in turn has to be fed by high-rate accretion
[477].

5.8.4. GS 1354-64

GS 1354—64 (also known as BW Cir) is a transient BHB
which showed three X-ray outbursts over the past 28 yr. During
its 1997 outburst, RXTE detected a moderate flux increase (up
to ~30-40 mCrab), although the source remained in the LHS.
GS 1354-64 is close to the poorly located Cen X-2, a soft X-
ray transient discovered in 1967 with a peak X-ray flux of ~8
Crab, which might mean that the two sources could be coinci-
dent [223]].

This system is located at a distance of ~25 kpc, and it is
observed at an inclination of ~79° [66} 65]. Optical studies
allowed a dynamical BH mass of 7.9 + 0.5 M, to be derived, as
well as an orbital period of 2.54 d. The donor star in the system
is a type GO-5 III with a mass of 1.1 + 0.1 M. In quiescence,
GS 1354-64 shows strong optical variability in the R filter, and
a dynamic range of 4 mag (~17 to ~21) over a period of 14 yr
[65].

INTEGRAL observed GS 1354—-64 during its 2015 outburst
in a coordinated campaign with the Swift X-ray observatory and
the South African Large Telescope (SALT). The results were
presented in Pahari et al. [362], who showed evidence for op-
tical cyclo-synchrotron emission from the hot accretion flow.
In particular, during the rise phase, a significant optical-X-ray
lag was reported, with the X-ray photons lagging the optical
ones [362]. In addition, both the optical and X-ray PDS ex-
hibited a ~18 mHz frequency peak. Simultaneous fitting of the
Swift/XRT and INTEGRAL spectra showed a non-thermal, power
law-dominated (by over 90 per cent) spectrum with a power law
index of 1.48 + 0.03, an inner disc temperature of 0.12 + 0.01
keV, and an inner disc radius of ~3000 km. The above is con-
sistent with synchrotron radiation in a non-thermal cloud of hot
electrons, extending to ~100 Schwarzschild radii, being also a
major physical process for the origin of optical photons.

At the outburst peak, about one month later, when the X-ray
flux rose and the optical dropped, the features in the optical/X-
ray corss-correlation vanished. A ~0.19 Hz QPO was still ob-
served in the X-ray PDS, although the optical variability was
dominated by broad-band noise. These observations suggest
a change in the dominant optical emission source between out-
burst rise and peak, consistent with a progressive shrinking (and
possibly cooling) of the hot flow as the disc moves in during a
transition to a softer state.

5.8.5. MAXI J1828-249

MAXI J1828-249 was discovered at the beginning of an
outburst on 2013, 15 October [341] by MAXI/GSC, and was
soon afterwards detected at higher energies by INTEGRAL [[131]].
The flux at discovery was 93+9 mCrab (4-10 keV) in MAXI
[341], and 45+2 mCrab (48+2 mCrab) at 20-40 keV (40-80
keV) in INTEGRAL/IBIS [131]]. Follow-up observations with
Swift/XRT provided a more accurate position [217]], which per-
mitted the identification of the UV counterpart [218], as well as
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of the optical/IR counterpart [399]]. Radio observations carried
out about two days after the onset of the outburst did not reveal
significant emission from the source [303]].

During the first two days of the outburst, the source was
observed by MAXI to undergo a very rapid transition from a
hard to a softer state [348]], so that observations of the source in
the LHS were limited because of the swiftness of the transition.
The rest of the outburst (essentially the HSS) was covered by a
joint observation campaign over a wide energy range from 0.6—
150 keV by the instruments on Swift and INTEGRAL, although
MAXT J1828-249 did not show significant spectral evolution
[130], reaching, however, a peak luminosity L ~ 10°® ergs s~!
assuming a distance of 8 kpc.

The broad-band energy spectrum comprised of an accretion
disc component with temperature kT~0.7 keV, and a power law
with a photon index I' = 2.2 extending with no measurable
break up to 200 keV. The observational evidences, supported
by both the spectral and timing analyses, suggest that MAXI
J1828-249 is a BHB that evolved rapidly in the first two days
of the outburst from the LHS to the HSS, where it remained
during the entire Swift-INTEGRAL observation campaign.

Data collected on 2014 February 14—16 found that the source
transitioned back to a LHS, and the energy spectrum featured a
power law with a photon index of I' ~ 1.7, and a 0.5-10 keV
flux of 4 x 10! ergs s~! [480]]. Significant radio emission was
also detected at flux densities of 1.38 + 0.05 mJy at 5.5 GHz
and 1.28+0.06 mJy at 9 GHz [88], further strengthening the
case that the source was indeed a BHB.

Two additional works were dedicated to the 2013 outburst
of this source, which reported results consistent with those men-
tioned above [[152,[357].

5.8.6. MAXI J1836—194

MAXIJ1836—194 was discovered in outburst by MAXI/GSC
on 30 August 2011 (55803 MJD), and detected simultaneously
by the Swift BAT instrument with a flux of 25 mCrab in the 4—
10 keV band, and 30 mCrab in the 15-50 keV band [347]]. The
discovery of this system triggered a multi-wavelength observ-
ing campaign led by INTEGRAL, which carried out observations
for 60 days, from MJD 55804 to 55864. The analysis of all the
data collected by INTEGRAL, Swift/XRT, and RXTE/PCA over
this period were presented in Ferrigno et al. [129].

Swift/XRT and UVOT provided an accurate source position,
which allowed the optical counterpart to be identified [216].
Based on RXTE/PCA data, Strohmayer and Smith [466] sug-
gested that MAXI J1836—194 could be a BHB undergoing a
LHS to HIMS transition. The 2.2-m ESO/MPI telescope showed
the source to have a flat broadband spectrum, consistent with
the emission from the companion star or the accretion disc [397],
but also akin to that of synchrotron radiation from relativistic
jets. Radio observations found emission consistent with the
presence of a compact jet ([305) 486]), and the optical moni-
toring of the target revealed variability correlated with the radio
emission, which further supported the jet origin of the optical
emission [391]].

MAXI J1836—194 was detected by IBIS/ISGRI from MJD
55816.9 to 55850.4. The evidence gathered during the cam-



paign suggested that the source was first observed during the
transition from the LHS to HIMS, then it remained in the HIMS
for a few days, and finally slowly moved back to the LHS before
fading out [129]. The timing and spectral properties evidenced
in the RXTE, Swift, and INTEGRAL data showed that MAXI
J1836—194 was one of the few candidate BHBs, together with,
e.g., H 1743-322 in its 2008 outburst, and SAX J1711.6—-3808
in its 2001 outburst (see [58]] and references therein), that made
the transition to the HIMS, but never reached the HSS before
going back to quiescence, in what is referred to as a failed out-
burst.

A second outburst from this system was observed a few
months later in March 2012. Although significantly weaker
than the first, it was followed by Swift and INTEGRAL. The
resulting spectrum was consistent with a LHS, with no clear
evidence of the presence of a soft component due to the ac-
cretion disc [153]. MAXI J1836—194 has been the subject of
many studies since these initial observations, [438] 437] 1436/
197, 1374, 1196, 108l [259]], but all were based on the data col-
lected during the powerful first outburst, which demonstrates
the importance of the role played by the wide field of view high-
energy instruments like INTEGRAL.

5.8.7. Swift J1745-26

On 2012 September 16 the Swift/BAT telescope discovered
a new bright X-ray source, i.e. Swift J174510.8—-262411 (here-
after SwJ1745) [91]. Soon after its discovery, Swift and IN-
TEGRAL monitoring campaigns were triggered. Based on the
spectral and timing properties revealed by these two missions,
SwJ1745 appeared immediately to be a new bright Galactic
transient BHB [482]] with a low-mass companion, which was
detected in the IR [398]]). Later on, the BH nature of the source
was further supported by optical observations, which displayed
a broadened Ha emission line [335]].

Results from two INTEGRAL target-of-opportunity campaigns
have been reported by Del Santo et al. [98]], which covered the
first part of the outburst, and Kalemci et al. [212]], which report
on the outburst decay. The former observed that, in spite of
the high luminosity of SwJ1745 (up to 1 Crab in hard X-rays),
the source never reached the HSS, but moved back to quies-
cence after reaching the HIMS, thus showing another example
of failed outburst. The spectral analysis performed by Del Santo
et al. [98]] showed that the evolution of the disc spectral param-
eters and the properties of the fast-time variability were con-
sistent with the truncated disc scenario, and that a significant
non-thermal contribution to the total Comptonisation emission
was strongly requested by the data in the HIMS. Kalemci et al.
[212] found that the X-ray spectra during the decay phase of the
outburst, and during a 50 days-long re-brightening are consis-
tent with thermal Comptonisation emission, and that the physi-
cal origin of the re-brightening (visible both in the X-ray and in
optical) was likely due to enhanced mass accretion in response
to an earlier heating event.

Interestingly, Curran et al. [92], who observed a radio flare
when the source was thought to be still in the HIMS. Such
flares are typically associated to discrete ejection events occur-
ring near the HIMS-SIMS transition. Therefore, it is possible
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that the source made a very short transition to the SIMS before
moving back to the HIMS, and then decaying towards quies-
cence. It is worth noticing that this is to date the only case of a
possible jet ejection occurred during a failed outburst.

5.8.8. Swift J1753.5-0127

Swift J1753.5-0127 was discovered on 2005, May 30, by
Swift/BAT [368]], and it was subsequently monitored by several
facilities. The initial multi-wavelength coverage — including re-
sults from an INTEGRAL ToO observations — of the outburst was
reported by Cadolle Bel et al. [49], who found that the proper-
ties of Swift J1753.5-0127 were typical of a transient BHB in
the LHS. The low extinction towards Swift J1753.5-0127 al-
lowed the detection of a soft excess in Swift/XRT observations
to be made, which may be due to a cool 0.2 keV disc [81}210].

Swift J1753.5-0127 is unique in its outburst evolution: af-
ter the initial rise to a very bright LHS, it did not make the
transition ot the HIMS, nor return to quiescence, but instead de-
cayed to a low-luminosity LHS and lingered for over ten years.
In 2012, Swift J1753.5-0127 showed a failed outburst, which
was followed by Swift [460]. In 2015, after spending another
4 years in a low-luminosity LHS, Swift J1753.5-0127 started
showing peculiar low flux soft state episodes between 2009—
2012, who were observed in the MAXI and Swift/XRT data
509,450, 210l], where the emission was for the first time domi-
nated by a disc component, perhaps suggesting that some sort of
peculiar soft state was occurring. After that, the source showed
a number of hard-only mini outbursts, finally ending its activity
phase in 2017 [523]].

At higher energies, the long duration of the outburst allowed
INTEGRAL to accumulate very high S/N spectra both with SPI
[411] and ISGRI [210]. By combining the INTEGRAL data with
Swift/UVOT (optical and UV) and XRT (soft X-ray) observa-
tions, Kajava et al. [210] was able to deduce that during the
outburst peak in 2016 the SED was consistent with the disc ex-
tending close to the ISCO, with the soft X-ray and UV excess
consistent of being from an irradiated disc with a modest reflec-
tion hump. During the prolonged outburst tail, instead, the en-
tire optical-X-ray SED was consistent with a pure synchrotron-
self-Compton spectrum.

Interestingly, the changes in the peculiar optical-X-ray cross
correlation functions [[111]] varied hand-in-hand with the spec-
tral changes over the outburst [496], such that both the SED
and the timing variability could be attributed to an expanding
hot flow, and a change between synchotron self-Compton and
disc Comptonisation between the outburst peak and the tail.
This is significant because Swift J1753.5-0127 is also known to
move along the radio-quiet track of the radio/X-ray correlation
[141]], making it a good example of a case where jets are not
required to explain the complex optical-X-ray cross-correlation
functions [496].

5.8.9. XTE J1550-564

XTE J1550-564 was discovered in 1998 by RXTE [454],
at the time of its first observed outburst, which lasted approxi-
mately 200 days and displayed the typical behavior of a BHB



in outburst [457, [182] 1406[]. Orosz et al. [360] performed op-
tical spectroscopic observations of the companion star in XTE
J1550—-564, confirming that the primary object should be a BH
of ~ 9.4 My,,,. With this mass, and at a distance of ~5.3 kpc,
XTE J1550-564 reached and possibly exceeded its Eddington
luminosity during this first outburst [360]). Another major, al-
though less luminous, outburst occurred in 2000, which, how-
ever, did not show any obvious super-Eddington event.

Radio observations obtained during a subsequent outburst,
occurred in 2003 outburst evidenced a strong radio flare, and
subsequent VLBI radio observations taken soon after it revealed
the presence of super-luminal jet ejection event [164]. Such
ejections were later observed also in the X-rays with Chan-
dra [85] 4811 1205], months and years after the inferred ejection
time, offering one of the best examples of long-lived ejections
interacting with the ISM.

After the 2003 outburst, XTE J1550—564 has remained rel-
atively active, exhibiting sporadic, low-amplitude, hard-only
flaring episodes with a tentative recurrent time of 300-500 days.
One such under-luminous event was observed with INTEGRAL,
which allowed the broad spectrum of the source to be probed
[467)]. The energy spectrum of XTE J1550-564 was fully con-
sistent with a LHS observed both in the same system in out-
bursts, and in other BHBs. The spectral variability was limited,
but a mild softening was observed as the source approached the
quiescence level. The broad band INTEGRAL spectrum could
be equally well fit with a standard Comptonisation model, and
with a model requiring Comptonisation in an outflow, suggest-
ing a possible contribution of a jet to the LHS emission (see
Sec.[21

5.8.10. XTE J1720-318

XTE J1720-318 was discovered on 2003 January 9 with
the ASM on-board RXTE, as a new transient source [405]. The
1.2-12 keV flux rose to 430 mCrab in 2 days before starting
to decay. The radio counterpart of this system was identified
with the VLA and ATCA [429] |355]], and the IR counterpart
was affected by large extinction, suggesting that the source was
located at a large distance [340]. An extensive campaign was
organised to observe the new candidate BHB with INTEGRAL,
XMM-Newton, and RXTE, the results of which were presented
in Cadolle Bel et al. [51]].

XMM-Newton observed about 40 days after the outburst
peak, and found the source clearly in a HSS characterised by
a strong thermal component, well-modelled by a disc compo-
nent with an inner disc temperature of kT~0.7 keV and a weak
power law tail. The high equivalent absorption column den-
sity derived from the XMM-Newton data confirmed that XTE
J1720-318 is likely at a large distance, possibly located at the
Galactic Centre or further, most probably within the Galactic
Bulge.

Simultaneous observations with INTEGRAL and RXTE at the
end of February 2003 found the source still in the HSS, and
allowed to measure with higher precision the slope of the spec-
tral continuum, characterised by a power law-like shape with
photon index ~2.7. The disc component accounted for more
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than 85% of the 2—100 keV source luminosity, estimated to be
2.5 x 10%” ergs s~! with a distance of 8 kpc.

At the end of 2003 March , INTEGRAL observed a dramatic
change in the source behaviour. Following the decay that brought
the source emission below detection level, a rise of the high-
energy component was observed approximately 75 days after
the main outburst peak. Over the course of 10 days, the 20-
200 keV unabsorbed luminosity increased from below the IN-
TEGRAL detection level, to a value of 7 x 10° ergs s~!. This
re-brightening was observed by INTEGRAL for an additional 25
days. The increase in flux was not seen at low energies (below
10 keV) in the RXTE/ASM and JEM-X data, suggesting that
the source was undergoing a hard-only outburst, with an energy
spectrum well-described by a power law with a photon index
of 1.9, or by a thermal Comptonisation model with a (poorly
constrained) plasma temperature of ~40 keV.

The observational characteristics of this source—high peak
luminosity, fast rise and slow decay time scales, HSS followed
by areflare in the LHS, and spectral parameters — all suggested
that XTE J1720-318 is a new transient candidate BHB. Only
the long, continuous, and high-energy sensitive INTEGRAL ob-
servations allowed the study of this very distant and absorbed
source, which for a large fraction of its activity phase could only
be detected in the hard X-rays.

5.8.11. XTE J1752-223

XTE J1752-223 was discovered by RXTE in the Galactic
Bulge in 2009 [279} 276]. A distance to the source of 3.5+0.4
kpc was reported in Ratti et al. [396]. The source position
was accurately determined using the astrometric optical obser-
vations, and very long baseline interferometry radio imaging
[302], which also revealed decelerating relativistic jets [506].
XTE J1752-223 showed a typical outburst evolution for tran-
sient BHBs as observed by RXTE [337, 1447], MAXI [342]], and
Swift [93]]. Observations with Suzaku and XMM-Newton avi-
denced a strong, relativistic Iron emission lines in the energy
spectra extracted in the LHS [402], and

INTEGRAL observed XTE J1752-223 during its 2010 out-
burst, as part of a multi-wavelength campaign that included
RXTE, Swift, SMARTS in O/NIR, and the Australia Telescope
Compact Array (ATCA) in the radio band. Chun et al. [82]] re-
ported on the results of such a campaign and showed that a radio
core flare observed in the VLBI images corresponded to a small
flare in the I-band flux, which was followed by a larger flare in
the I- and H-band flux; they also showed that a third radio flare
seen by ATCA - which observed the radio spectrum becoming
from optically thick to optically thin - coincided with a flare
detected in the I and the H bands. Observations in the X-rays
indicated that the short term X-ray timing properties of XTE
J1752-223 did not show a significant change during flares in
the O/NIR. Chun et al. [82] also analysed the broad-band X-ray
spectrum of XTE J1752-223, which included IBIS/ISGRI data,
and found that it was consistent with thermal Comptonisation,
with a clear high energy cut-off.



5.8.12. XTE J1817-330

The galactic BH candidate XTE J1817-330 was discovered
by RXTE in January 2006 at the beginning of an outburst [404].
The discovery of counterparts at different wavelengths followed
closely in the radio [432,/431]], NIR [94], and optical [485]].

INTEGRAL and XMM-Newton observed XTE J1817-330 in
2006 February and March, respectively, 18 and 44 days after the
outburst peak. The results of these observations were reported
by Sala et al. [439]. The source was clearly detected by both ob-
servatories, both in the X-rays and in UV (V and UVW1 filters
with INTEGRAL/OMC and XMM-Newton/OM, respectively) thanks
to the Optical monitors on-board both missions. The com-
bined XMM-Newton and INTEGRAL spectrum was fit with a
two-component model consisting of a thermal accretion disc
component, and a Comptonised continuum. The soft X-ray
spectrum was dominated by an accretion disc component, with
a maximum temperature decreasing from 0.96+0.04 keV at the
time of the INTEGRAL observation, to 0.70+0.01 keV on 13
March at the time of the XMM-Newton observation. A low
equivalent hydrogen column density affected the source, and
a number of absorption lines, most likely of interstellar ori-
gin, were detected in the XMM-Newton/RGS spectrum. A limit
on the absolute magnitude of M, >6 mag implies that the sec-
ondary star must be a K-M star, and a giant could be excluded,
even assuming a distance of 10 kpc distance.

5.8.13. XTE J1818-245

XTE J1818-245 was discovered with the ASM onboard
RXTE on 2005, August 12" (MID 53594) [250]. Its flux rapidly
increased by a factor of 10 in a couple of days (Fig.[TT)), reach-
ing a 2-12 keV peak flux slightly exceeding 500 mCrab. This
and the very soft spectrum of the source led Levine et al. [250]]
to suggest the source was a new transient BHB. Prompt multi-
wavelength follow-up observations involving RXTE, INTEGRAL
and Swift in the X-rays, a optical 1m telescope in Chile, and the
VLA in radio [463} 1451 462, 430] allowed the position of the
source to be refined, and both an optical and a radio counter-
parts to be identified. All the results obtained from this cam-
paign supported the probable BH nature of the primary com-
ponent in this XRB [48]]. A rough distance estimate of 2.8-4.3
kpc was obtained based on the overall behaviour of the source.

During INTEGRAL/revolution 349 (MJD 53605-53607, high-
lighted in Fig. [TT)), shortly before the state transition to the
HSS, the source shows the presence of a compact jet, with
a “flat” radio spectrum, which may significantly contribute to
the NIR/Optical band. The NIR spectrum, however, showed a
steeper index than in radio (see the inset in Fig. , and which
would result in a radio excess if extrapolated down to a few
GHz, thus indicating that the jet is only one of the components
contributing to the NIR emission.

Two radio flares are reported after the source’s transition to
the HSS, both ascribed to discrete ejection events, which, how-
ever, occurred about 5 days after the transition to the HSS, cast-
ing doubts on the existence of a direct link between the tran-
sition to the soft states and the launch of relativistic jets (see
also [126]). This behaviour, however, could be in principle
explained assuming that a shock happened within previously
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Figure 11: RXTE/ASM light curve of XTE J1818-245 indicating (with vari-
ous symbols) the dates of the multi-wavelength observations obtained by [48].
The insert shows a broad band radio to soft y-rays SED obtained during the
observation performed in INTEGRAL revolution 349. It includes data from
the VLA in radio, ESO/NTT in Optical, Swift, RXTE, and INTEGRAL at
high-energies. Adapted from Cadolle Bel et al. [48].

ejected material, far from the launching site, perhaps due to the
interaction with the ISM.

5.8.14. MAXI J1348—-630

MAXI J1348-630 was discovered during its outburst on 2019,
January 26th by MAXI/GSC [508]] and was monitored by a
number of X-ray telescopes: Swift/XRT [16]], Nicer [442] and
INTEGRAL [56, 154} 249]. A few candidate radio counterparts
were reported by ATCA [435], the MWA [70] and MeerKAT
[[62]. The source showed clear state transitions and a multi-
wavelength behaviour consistent with that of many BHBs, thus
suggesting that MAXI J1348—-630 is a new candidate BHB [479].
The fast time variability properties of the source were also in-
vestigated, leading to the detection of different types of QPOs
typical of BHBs [3111524].

INTEGRAL followed the source evolution during its entire
outburst. The light curve showed a spectacular rising phase
from January 26th to January 29th. During the four following
days, Cangemi et al. [S6] observed the flux decreasing slightly
and then reaching its maximum of =~ 5 Crabs in the 30-50 keV
ISGRI energy band on February 2nd [54]]. During the follow-
ing decay, the light curve exhibited three weak rebrightenings
(on February 6th, 8th and 10th) before the source reached qui-
escence.

An initial spectral study with INTEGRAL revealed the pres-
ence of a high-energy tail above the Componised continuum in
the LHS. This component, detected by both IBIS/ISGRI and
SPI is characterised by a photon index I' ~ 2. Further analysis
suggested that this component is also strongly polarised with
a polarisation fraction consistent with a synchrotron emission
coming from the base of the jet (Cangemi et al. in prep).

5.8.15. MAXIJ1631-479
MAXI J1631-479 was discovered as a new X-ray transient
on 2018 December 21* when the MAXI/GSC nova alert system



reported a bright X-ray outburst from a source in the Norma re- with a Comptonised radiation plus reflection) evolved rapidly,
gion, which was initially - erroneously - associated with the  reaching a peak in approximately 12 days after the start of the
X-ray pulsar AX J1631-4752 [226]. Observations performed outburst, the emission in the 100-300 keV energy band (best-
with Swift and NuSTAR refined the position of the new tran- described by a cut-off power law) evolved much more slowly,
sient, and confirmed that MAXI J1631-479 was a previously with a later peak and a slower decay. The decoupled evolution
unknown source [314]]. A radio counterpart to this system was of such components indicates that they originate from two dis-
found by ATCA [435]], while no clear optical counterpart was tinct emission regions, with the power law component possibly
identified, consistently with the high column density in the di- arising from close to or within the jet.

rection of the source, found in the NuSTAR observation.

INTEGRAL started observing the Norma region as part of the 5.8.17. A 0620-00

Galactic Plane Scan on 2019 January 21th, and MAXIJ1631-479 The X-ray nova A 0620-00 was discovered in 1975 with
was clearly detected by IBIS/ISGRI [358]]. Subsequent INTE-  the Ariel V Sky Survey Experiment [117]. For two months in
GRAL observations, as well as data from the MAXI/CSG and 1975 this object was the brightest celestial X-ray source with a
Swift/BAT monitors showed that the source underwent a few  peak luminosity in the 1-10 keV range of L ~ 103%erg s~!. Pho-

state transitions during which the energy spectrum evolved co- tometric observations of A0620-00 in quiescence yielded the
herently with what expected from a BHB in outburst [[132]. first estimate of the orbital period and of the mass function Mc-
Since 2019 January 12 (MJD 58495), MAXI J1631-479 was  Clintock and Remillard [286], which showed that the primary
monitored weekly in radio with MeerKAT as part of the Thun- in this system could be a BH, located at the small distance of

derKAT Large Survey Project [124] and Swift. Both MeerKAT (.87 kpc (see also [[144]]). Beside being one of the first con-
and Swift confirmed that MAXI J1631-479 exhibited a num-  firmed BH XRBs, quiescence observations of A0620-00 were
ber of X-ray states, and in particular that both high- and low-  also instrumental to determine that the radio-X-ray correlation
luminosity hard states were interleaved by extended soft states that holds for BH XRBs [140} [87]] in the LHS extends down to
[315)]. MeerKAT data revealed radio flaring observed shortly quiescence [139]. As far as we are aware, INTEGRAL never
after a transition from the HIMS to the SIMS, which is broadly ~ targeted A0620-00, and no INTEGRAL-specific results have
in agreement with existing empirical models describing the disc-  been reported so far on this systems.

jet coupling in BHBs (see Sec. [3). However, the extended dura-

tion of the flare hints at multiple unresolved flares, or at jet-ISM 5.9. Possible black holes?

interactions. 591 SS433

The microquasar SS433 is not only a remarkable, but also
a highly intriguing and peculiar XRB whose nature as a BH or
NS system is still not fully clear (but see [490]). INTEGRAL
discovered hard-X-ray emission from the source up to 100 keV
soon after launch, and contributed significantly over the years
to our understanding of SS433 [80L [77, [79, [78]. Considered a
highly interesting high-energy source, SS 433 is the subject of a
recent and extensive review paper by Cherepashchuk et al. [76]
to which we direct the reader for a thorough discussion of its
properties and characteristics.

5.8.16. MAXI J1820+070

MAXI J1820+070 was discovered in March 2018, first in
the optical range by the AllSky Automated Survey for Super-
Novae (ASAS-SN) as ASASSN-18ey [487], and soon after in
the X-ray data from the MAXI mission [215]. MAXTJ1820+070
is located at a distance d = 3.0 + 0.3 kpc, a value obtained from
a radio parallax measurement [S]], and consistent with determi-
nations based on the Gaia Data Release 2 parallax, d = 3.5 f%
kpc [7,[144,15]. Based on optical spectroscopic measurements,
MAXI J1820+070 hosts a stellar mass BH of ~ 6 Mg and is
observed at a relatively high inclination to the line of sight (66° 5.9.2. Cygnus X-3

EE t8hle ii a:t Zﬁ?f:{lze;g]by the presence of clear absorption dips Cygnus X-3 (Cyg X-3) is one of the first discovered XRBs
MAE)%(IJ 18204070 \;&/as the target of an intense multi-wavelen th[146]' In this system, the compact object is very close o its
g £ Wolf-Rayet companion [230, 494], which makes this system

observing campaign, which yielded a large amount of data on . . .
the source. Particularly noteworthy are the radio data obtained peculiar in many ways if compared t(.) other XRBs with low
mass companions. It is located at a distance of 7.4 + 1.1kpc

from a number of radio facilities (MeerKAT, eMERLIN, AMI- [289] with an orbital period of 4.8 hours [372].

LA, VLBA) thanks to which extended super-luminal jets were . .
. : . . The nature of the accretor in Cyg X-3 remains a mystery as
discovered in the radio band [41]], and which were also detected . . ; .
it has not yet been possible to obtain an estimate of the mass

in the X-rays by Chandra [[119]. . .
INTEGRAL observed MAXI J1820+070 around the time of fun(':tlon of the S ystem [16.9’ 497]. However, its spectral be-
haviour, the various accretion states it shows, and the overall

the outburst peak, as well as during part of its decay to qui- ] . .
escence, revealing intriguing properties of the hard X/soft y- properties of this system seem to indicate that a BH rather than
’ a NS is powering Cyg X-3 [57, [176, 472 1519]. Cyg X-3 is

ray emission of this BHB. Roques and Jourdain [427] reported also one of the brightest radio sources among the known X-ray

on the spectral analysis of the data collected by INTEGRAL, . oo .
and in particular from the SPI instrument, and showed that the Ejl:;fi’s [290] and shows both compact radio jets and discrete

high energy emission consists of two components evolving in-
dependently. While the emission below 50 keV (consistent
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While the global shape of the spectra from Cyg X-3 is very
similar to those of other BHBs, the value of the spectral pa-
rameters can be markedly different: the exponential cutoff is at
a lower energy of ~20 keV in the hardest states, whereas the
disc is very strong in the softest states [S7, 176} 1472]]. Those
peculiarities and their correlation with the radio behaviour led
to a definition of six different spectral states; five states defined
both according to the X-ray spectral shapes and levels of radio
fluxes [472], an a “hypersoft” state, defined based on the HID of
the source [227]]. This hypersoft state is dominated by a strong
presence of the disc and precedes the emission of powerful ra-
dio ejections [20, 227, 518]].

Hjalmarsdotter et al. [176] followed the evolution of the
complex behaviour of Cyg X-3 with RXTE, and showed that
its spectra could be well-explained with a hybrid thermal/non-
thermal corona model. The hard state, in particular, was stud-
ied using INTEGRAL observations (JEM-X, ISGRI and SPI data,
[[L75]]). In this study, the authors found that this state could be
well described by a model consisting of a power law with a
cut-off, and an accretion disc with a (variable) inner truncation
radius. Hjalmarsdotter et al. [[175] suggested that the low elec-
tron temperature observed in the data could be due to down-
scattering in a dense plasma surrounding the compact object.
The physical origin of this plasma is likely related to the strong
stellar wind of the Wolf-Rayet star, which interacts with a small
accretion disc formed close to the compact object from wind
accretion [520]. This scenario is consistent with the energy de-
pendency of the orbital modulation (0.2 days) measured using
Swift, INTEGRAL and RXTE data [516]].

Although the flux of the source is very weak in the X-rays,
Cyg X-3 was recently detected up to 200 keV thanks to the ob-
servations of more than sixteen years of INTEGRAL data [57]].
Using JEM-X, ISGRI and SPI, the authors created six accu-
mulated spectra according to each spectral state and detected
a non-thermal component above 50 keV in the hardest states.
Following the previous results of [176], they applied a hybrid
thermal/non-thermal corona model and found a more efficient
acceleration of electrons in states where major discrete ejec-
tions are observed. In these states, they also found a slight de-
pendence of the photon index of the power law as a function
of the strong orbital modulation suggesting a higher absorption
when Cyg X-3 is behind its companion.

6. Conclusions and future perspectives

As emphasised multiple times in this review, the contribu-
tion of the INTEGRAL observatory to the investigation of the
hard X-ray sky has been significant and multi-fold. Its unique
combination of instruments sensitive to both the hard X-rays
and the soft y-rays, a large field of view, and the ability of
performing long, uninterrupted observations are the distinctive
characteristics of INTEGRAL, which have led to dramatic ad-
vancements in our understanding of the high-energy emission
of black hole X-ray binaries. INTEGRAL brought to the next
level the exploration of the hard X-ray/soft y-ray sky, thus ex-
traordinarily deepening our understanding of it. The impor-
tance of the discoveries in the field of the high-energy emission

31

from accreting systems which INTEGRAL made possible can be
largely ascribed to the unique payload it carries, which has no
comparable counterpart in the current and past missions.

INTEGRAL allowed the discovery of several new sources to
be made, as well as the observations of the very early stages of
the outbursts of BHBs, which often prove to be elusive. The
INTEGRAL sensitivity to the high-energy X-ray and y-ray pho-
tons makes it capable of registering the early activity of accret-
ing source, often well before they become detectable with the
currently operational all-sky monitors, which are sensitive to
significantly lower energies.

INTEGRAL massively increased the understanding of the emis-
sion above 100 keV from BHBs, enabling the systematic study
of all the systems observed, through various accretion states.
INTEGRAL contributed to building the vast and detailed phe-
nomenological picture that framed over the past two decades,
which is the foundation of our understanding of accreting sys-
tems. The complementarity of the instruments on-board INTE-
GRAL with those of other past and last generation X-ray facil-
ities, such as RXTE until 2012, XMM-Newton, Chandra, NusS-
TAR, NICER, and Swift still in flight, proved fundamental to
dig deeply inside the properties of BHBs, disentangling the
contributions of the several spectral components in a way that
was only possible thanks to the INTEGRAL’s contribution in the
hardest X-ray energy band. INTEGRAL helped shedding light on
the (complex) interplay between the physical processes at play
during the active phases of such sources. In particular: INTE-
GRAL confirmed the presence of a soft y-ray-energy tail in the
spectra of several BHBs not only in the soft states, but also in
a hard or hard intermediate state. This definitely proved that
an additional radiative process (aside from thermal Comptoni-
sation) is at play and has to be taken into account in explaining
the high energy emission from BHBs. Furthermore, polarisa-
tion measurements of this soft y-rays emission performed by
INTEGRAL in Cyg X-1 brought to the forefront the hypothesis
of a link between this emission and the (polarised) jets.

INTEGRAL’s legacy is a huge and still growing data base,
largely still to be explored, which nicely complements the grow-
ing amount of data available at lower energies, and constitutes
a fundamental benchmark for the study and understanding of
the high-energy sky, particularly for accreting systems (see also
[443]). As new models for accretion flow emission become
available, the data from INTEGRAL will continue to be exploited
to help understanding these complex systems.

The INTEGRAL mission has been operating for over 18 years,
and is expected to remain fully operational at least until 2022,
or until 2029, when it is scheduled to reenter the Earth atmo-
sphere. Observations of the hard X-ray sky with INTEGRAL in
the coming years will continue to contribute to our understand-
ing of BHBs, especially from a multi-wavelength context, in an
era where coordinated, multi-band observations are becoming
the standard approach to probe the accretion/ejection physics
around compact objects.
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