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1 1 
Introduction n 

Thiss thesis presents studies of relativistic phenomena associated with ac-
cretionn processes on to low-magnetic field neutron star and black hole 
X-rayy binaries. The aim is to assess the coupling between the accretion 
discc around the compact object and the jet outflows in these systems. 

1.11 X-ray binaries 

X-rayy binaries (XRBs; see Fig. 1.1) are binary systems in which one of the 
starss is either a neutron star (NS) or a black hole (BH) accreting matter 
fromm a companion. There are two main ways for the donor star to transfer 
matterr to the compact object, depending on the mass and evolution stage 
off  the companion and on the mass ratio of the stars in the system at a 
certainn stage of its evolution: Roche-lobe overflow and wind accretion. In 
thiss thesis I wil l focus on Roche-lobe overflow systems, although in some 
binariess where the donor is a massive early-type star, like e.g. SS 433 
(Chapterr 2,3), the wind can also play a significant role. 

Inn Roche-lobe overflow systems, the transfer of mass from one star to 
thee other can be triggered by the evolution of the binary properties or by 
thee evolution of the component stars. In the first case, the orbital separa-
tionn of the binary can change so that the Roche lobe can shrink to within 
thee surface of one of the stars. In the latter case, the donor star, evolving, 
expandss and increases its radius until the other star - in this case the NS 
orr the BH - can remove its outer layers. In either case, matter starts to fall 
fromm the first star on to the compact object, attracted by its gravity. When 
thee angular momentum is too large for the matter to impact the compact 
objectt directly, a disc can be formed; in the case of XRBs this condition 
holds,, matter does not fall radially towards the compact object, but orbits 
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2 2 Introduction n 

circularlyy at a certain radius from the collapsed star. Due to energy losses 
throughh viscous dissipation, if the timescale of the energy loss is shorter 
thann the time needed for the redistribution of the angular momentum, a 
sequencee of circular annuli of matter forms, each annulus with a slightly 
smallerr radius, and an accretion disc develops. 

Thee most powerful phenomena we observe in XRBs are directly re-
latedd to such accretion processes. These dissipation processes heat the 
accretingg matter, converting kinetic energy in to radiative emission. The 
closerr to the compact object the hotter is the disc, which usually emits at 
opticall  frequencies in the outer regions and, in the case of NSs and BHs, 
upp to X-rays in the innermost regions reaching temperatures of more than 
1077 K. The bulk of the gravitational potential is actually released in these 
regions,, very close to the collapsed star. Analysis of the X-ray emission 
iss therefore fundamental to studying the compact object properties and 
thee disc, in regions where strong-gravity laws apply. These sources are 
veryy good natural laboratories in which to test theories of gravity (e.g. 
generall  relativity) in extreme conditions, impossible to obtain on earth, 
andd where to study physics of ultra-dense matter (e.g. the description 
off  the relations between pressure, temperature and density of matter, at 
densitiess that in NSs are higher than those in atomic nuclei). 

Furthermore,, relativistic jets (ejected with velocities approaching that 
off  light) which on far larger scales in Active Galactic Nuclei (AGN) are 
amongg the most powerful and energetic phenomena in the universe, are 
noww thought to be a near-ubiquitous phenomenon in XRBs and possibly 
onee of the most important energy output channels. These jets are colli-
matedd anti-parallel outflows of matter launched at relativistic velocities 
fromm regions very close to the compact object (see also Chapter 6), and ac-
tuallyy seem to be very common consequences of (and thus strictly linked 
to)) disc accretion on to relativistic objects. 

1.22 Observing X-ray binaries in X-rays 

1.2.11 Timin g analysis 

Analysiss of the rapid variability in the X-ray emission from XRBs is one of 
thee main instruments we have to probe the motion of matter in the inner 
accretionn flow. Variability on timescales of the order of millisecond reflect 
dynamicall  timescales of matter moving very close to the compact object, 
deepp in the strong-gravity field regions. Therefore studies of such rapid 
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Figuree 1.1 — Artist's impression of an X-ray binary system. 

variationss are a very promising tool to test our theories of gravity. The 
mainn tool we use is the Fourier power spectrum of the flux time series, 
whichh gives an estimate of the variance, in terms of power density Pv, as a 
functionn of the Fourier frequency v (see van der Kli s 1989 for details). Put 
inn another way, we transfer the data from a time domain, i.e. a light curve 
(countt rate vs. time), to a frequency domain, i.e. power spectrum, and 
sincee the variance in the light curve is proportional to the Fourier power, 
inn the power spectrum we basically see at which frequency the signal is 
strong.. In Fig. 1.2 we show typical power spectra of a NS and a BH in the 
(usual)) mHz-kHz range. Very coherent variable features, like spin pul-
sationss in pulsars, would appear as single frequency-bin spikes, while 
aperiodicc structures, by definition, are spread over more frequency ele-
ments.. Broad structures are usually called 'noise' (e.g. L&2 in Fig. 1.2, up-
perr panel), while narrow-peaked features are defined as 'quasi-periodic 
oscillations'' (QPOs; e.g. LLf in Fig. 1.2, lower panel). In this thesis all the 
powerr spectra wil l be presented in the power times frequency (vPv) rep-
resentationn (e.g. Belloni, Psaltis & van der Kli s 2002). This representation 
hass the advantage of emphasizing higher frequency features and to show 
moree directly the maximum frequency and the strength of the signal (i.e. 
thee integrated rms amplitude of a component in the power spectrum is 
simplyy proportional to the square root of the integral power of the fit-
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Figuree 1.2— Examples of power spectra of an atoll-type NS (4U 1728-34; Up-
perr panel) and of a BH XRB (GX 339-4; lower panel). The power spectra are 
fittedd with a multi-Lorentzian model. The Lorentzian components for the NS 
aree named after van Straaten et al. (2002,2003, 2005) and for the BH after Psaltis 
ett al. (1999) and Belloni et al. (2002). 
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tingting components). The power spectrum is formed as the superposition of 
power-spectrall  components. There is not an exhaustive physical model 
too describe these components, because, although thought to be related in 
somee way to the disc, the real nature of these X-ray variability features is 
stilll  poorly understood (see van der Kli s 2005 for a review; see also Chap-
terr 4). In order to have a unified (phenomenological) description of these 
timingg features, we wil l follow Belloni et al. (2002) and fit the power spec-
traa with multi-Lorentzian components. A Lorentzian is the power spec-
trumm of an exponentially damped sinusoid, but there is no special 'phys-
ical'' reason to use Lorentzians instead of, say, power-laws and Gaussian 
functions,, since the original signal can be different from damped oscilla-
tions.. The multi-Lorentzian model usually gives very good fits and gives 
thee possibility to identify different component in the power spectrum, 
allowingg to 'follow' their variations (e.g. moving to higher/lower fre-
quencies,, change in strength) among different observations, sources, and 
inn relation with other observational parameters (see § 1.3). 

1.2.22 Spectral analysis 

Interpretationss of broad-band energy spectra can give much information 
onn the physical origin of the emitting components of the XRBs, e.g. ther-
mall  emission from a disc, non-thermal emission from hot electrons in a 
'corona',, synchrotron emission from a jet. Fitting (usually with x2 test 
statistics)) broad-band energy spectra with theoretical models allows the 
extractionn from these spectra of physical quantities, like the temperature 
off  the disc at a certain radius, the energy and the opacity of the hot Comp-
tonisingg electrons. In general (many more refined models can be used), 
X-rayy energy spectra from XRBs can be fitted using i) a multi-temperature 
discc black-body model to fit  the accretion disc emission, ii)  a Gaussian 
functionn to describe highly-ionized Iron emission lines from the disc Hi) a 
powerr law (with or without high-energy cutoff) or more detailed Comp-
tonizationn models to fit what it is believed to be a 'corona' of hot plasma 
thatt (inverse) Comptonizes softer seed photons from the disc (see e.g. 
Chapterr 5. In the case of NSs a black-body component to account for 
emissionn from the surface of the star may be added (see e.g. Chapter 6). 
Thee advantage of fitting models is that variations in the spectra can be 
describedd in terms of variations of physical quantities (or, better, spec-
trall  parameters) that can be 'followed' and, as with variations in power 
spectra,, compared and related to other observations, sources, etc. 
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Anotherr approach to quantify broad-band energy spectra (that can be 
complementaryy to the spectral fitting method) is a model-independent 
methodd that uses X-ray colours. Colours are hardness ratios between 
photonn counts in two different broad energy bands and give a rough es-
timatee of the shape of the spectrum. Plotting two colours against one 
anotherr (colour-colour diagram: CD) or a colour versus the count rate 
inn a broad energy band (hardness-intensity diagram: HID), XRBs often 
tracee a characteristic pattern. (The energy bands for the colours are cho-
senn ad hoc, but fixed to be about the same among the same class of XRBs, 
i.e.. NSs or BHs, in order to compare different sources.). 

Thee pattern of behaviour traced in time by the XRBs, is interpreted as 
duee to different accretion regimes. Naively, softer means more relative 
emissionn from the disc and thus an increase in mass accretion rate. Of 
course,, when dealing with real observations nothing is so simple and 
straightforward. . 

Inn order to have a more complete picture of the phenomenology of 
thesee sources and for our understanding of the physics of XRBs, the key 
iss the use of all the methods described as complementary, e.g. power 
spectrall  and energy spectral variations as a function of the position on 
thee CD or HID. Many of the power and energy spectral properties are 
actuallyy observed to be strictly related to the CD and HID, allowing to 
classifyy sources and define 'states7. 

1.33 Neutron star  types and X-ray states 

Observationally,, many low-magnetic field NS XRBs can be classified in 
threee main groups, based on the spectral and timing properties of the X-
rayy emissions: Z-type, atoll-type and weak low-mass XRBs (Hasinger & 
vann der Kli s 1989, van der Klis 2005). 

Millisecondd pulsars, faint bursters and faint transients form the class 
off  weak low-mass XRBs, sources usually at very low X-ray luminosities 
(LL < O.OlLEddf where LEdd ~ 3 x 1038 erg/s for a NS). Even if with some 
differencess (e.g. van Straaten et al. 2005; see also Chapters 8,9), many of 
themm can also be seen as low luminosity atoll sources (see van der Klis 
20055 for a review). 

Z-typee NS XRBs represent a class of six galactic low-mass XRBs, i.e. 
Scoo X-l , GX 17+2, GX 349+2, Cyg X-2, GX 5-1, GX 340+0 (plus Cir X-l 
whichh is considered as a 'peculiar' Z source: Shirey et al. 1999), accreting 
nearr or at the Eddington rate (~ 0.5 - 1 LEdd), and are the most luminous 
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Figuree 1.3 — Typical CD of an atoll and a Z source (upper panel) and represen-
tativee power spectra in their X-ray states (lower panels). For atoll sources are 
plottedd power spectra in extreme island state (EIS), island state (IS, multiplied 
byy a factor of 1000 for clarity), lower left banana state (LLB, xlO6) and lower 
bananaa (LB, xlO9). For Z sources: horizontal branch (HB), normal branch (NB, 
x0.5)) and flaring branch (FB, xlO5). From van Straaten (2004). 
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NSS XRBs in our Galaxy. The name of this class of sources derives from 
thee typical 'Z' shape (see Fig. 1.3) traced by their CD. The three branches 
whichh form the Z-shaped CD are called Horizontal (HB), Normal (NB) 
andd Flaring (FB), top-left to bottom-right, and define three distinct spec-
trall  states of the systems. Z sources are rapidly variable in X-rays and can 
tracee the whole CD, transiting between the different states, on timescales 
off  hours to days. This variability is thought to be physically related to 
changess in the local mass accretion rate, increasing along the Z-track from 
HBB to FB. 

Atoll-typee NS XRBs are usually less luminous than Z sources, show a 
widerr range of luminosities (the most of them ~ 0.01 - 0.5 L^j) , and are 
muchh more numerous. Their name also derives from the shape traced 
byy the CD, which can be divided in two main regions, corresponding to 
twoo X-ray states of the source: the harder island state (IS) and the softer 
bananaa state (B). More detailed sub-states have been identified subse-
quentlyy (Fig. 1.3). 

Analysiss of X-ray power spectra of Z and atoll sources revealed a 
tightt relation between timing properties and the position on the CD, sug-
gestingg that the source timing and spectral properties are all determined 
byy basic parameters, such as mass accretion rate and/or magnetic field 
strength,, and have a common origin in physical processes in the inner 
partt of the accretion flow. Specifically, the characteristic frequency of 
QPOss varies in a smooth and monotonie way when the source moves 
alongg its CD (e.g. Psaltis, Belloni, & van der Klis 1999), increasing in Z 
sourcess from HB to FB, and in atoll sources from the island to the ba-
nanaa state. Among these QPOs are also the kHz QPOs, ranging from 
aa few hundred Hz up to 1200 - 1300 Hz (firstly discovered in Sco X-l : 
vann der Kli s et al. 1996) which, independently of the competing the-
oreticall  models (e.g. Miller, Lamb & Psaltis 1998; Stella & Vietri 1999; 
Titarchuk,, Lapidus, & Muslimov 1998; see van der Kli s 2005 for a re-
view),, are thought to be related to the Keplerian frequency at the inner 
edgee of the accretion disc, thus measures of the disc's inner radius (at 
15-500 km). 
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1.44 Overall pattern of behaviour 

1.4.11 Correlations between timin g features in NSs 

Detailedd studies of atoll sources have shown correlations between fre-
quenciess of the different components of their power spectra. In Fig. 1.4 
wee show the frequencies of the Lorentzian components {vb, Vbi, Vh, vtow 
VhHzfVhHzf vt)as a function of the frequency of the upper kHz QPO component 
vvU/U/ for eight (atoll and weak low-mass XRB) NS sources (e.g. van Straaten 
ett al. 2002, 2003,2005; van der Klis 2005). These correlations can be used 
too compare and identify components of other sources and to check the 
predictionn of theoretical models on the origin of the QPO frequencies 
(e.g.. the almost quadratic relation between vh and vH may suggest that vh 

iss Lense-Thirring precession of matter with an orbital frequency v„: Stella 
&&  Vietri 1998). 

1.4.22 Parallel tracks 

Theree is no simple relation between the inner radius of the accretion 
disc,, and other mass accretion rate indicators like the luminosity in X-
rayy (where most of the accretion energy should be released). While the 
kHzz QPO characteristic frequencies are correlated with the X-ray lumi-
nosityy within a single observation, between observations there is no cor-
relationn and, at different epochs, a source produces different frequency 
vs.. flux tracks that are approximately parallel (Fig. 1.5; e.g. Méndez et 
al.. 1999). In general, on short timescales (i.e. hours), timing and spectral 
propertiess correlate with the luminosity, while on longer timescales (i.e. 
days),, although spectral and timing parameters are still well-correlated, 
thee luminosity varies independently. 

Thiss phenomenon may be explained using a single time-dependent 
physicall  quantity, usually inferred as the mass accretion rate in the disc 
MMdtdt if we consider the kHz QPO frequency to be governed by the balance 
betweenn this quantity and luminosity LX/ while the luminosity responds 
too both this quantity and its time-averaged variations (van der Klis 2001). 
Thee QPOs seem to be a better tracer of the disc geometry as determined 
byy the balance between Md and Lx, in the regions very close to the com-
pactt object where the kHz QPOs are formed (and where jets are thought 
too originate; see below). One possible mechanism for balancing the en-
ergyy budget is by removing material from the binary in the form of a 
mildly-relativisticc jet, so that the accretion rate on to the compact object 
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iss no longer the same as the mass transfer rate through the disc. In this 
scenario,, the position of the source in the CD would not be determined 
byy the mass accretion rate, but by the inner disc radius. 

1.55 Jets in X-ray binaries 

Powerful,, collimated, bipolar outflows of energy and matter, a.k.a. jets, 
havee been observed in accreting systems like young stellar objects, active 
galacticc nuclei (Fig. 1.6) and XRBs (Fig. 1.7). In particular, relativistic jets, 
withh velocities at a significant fraction of the speed of light, represent one 
off  the most dramatic phenomena associated with accretion on to rela-
tivisticc objects on all mass scales, from NSs and stellar-mass BHs in XRBs 
too super-massive BHs of 106-9 M© at the centre of active galaxies. Despite 
thee ubiquity of jets in the universe, and their importance as power out-
putt channels in relativistic accreting systems, many things are still to be 
understoodd about the physics of jets' formation, collimation, acceleration 
andd their matter and energy content. 

1.5.11 Observations of jets in XRBs 

Mostt of our knowledge about jets in XRBs comes from observations of 
black-holee systems in the radio band. Radio emission from these sys-
temss is characterized by non-thermal spectra, high (> 109 K) brightness 
temperatures,, and (often) high degree of polarization. These properties 
suggestt a synchrotron origin of the emission, implying therefore the pres-
encee of relativistic particles whirling around in magnetic fields. 

Wee observe two main types of radio jet powered by BH XRBs, having 
differentt morphologies and spectral properties: 

 Discrete ejections of radio emitting plasmons moving away from 
thee binary core with highly relativistic velocities. These transient jets 
travell  up to several thousands of Astronomical Units (AU) away 
fromm the binary core and display rapidly decaying fluxes. The 
synchrotronn radio emission is optically thin (above a certain fre-
quency),, allowing to derive the shape of thee underlying relativistic 
particlee distribution. If the electrons have a power-law distribution 
N(E)dEN(E)dE cc E~pdE, consistent with a shock-acceleration origin, then 
thee index p can be inferred by measuring the plasmons' spectral in-
dexx a (such that Sv oc v"): p = 1 - 2a turns out to be in the range 
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Figuree 1.6— Radio images of the jets of the active galaxy M87 (Junor, Biretta & 
Livi oo 1999). 
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1.8-2.5,, both in BH XRBs and extragalactic jet sources. High spatial 
resolutionn radio observations have shown many examples of these 
extendedd transient jets (see Fig. 1.7). 

Persistentt radio sources with flat (or slightly inverted) radio spectra 
aree typically associated to the hard state of BH XRBs (Fender 2001), 
andd are generally interpreted as steady collimated outflows which 
becomee progressively more transparent at lower frequencies as the 
particless travel away from the jet base (Blandford & Konigl 1979; 
Hjellmingg & Johnston 1988; Falcke & Biermann 1996). In this case, 
thee outflowing nature of the emitting plasma is generally inferred 
throughh brightness temperature arguments: an upper limit on the 
brightnesss temperature (which for a synchrotron incoherent source 
cannott exceed ~ 1012 K, above which Compton losses become catas-
trophic;; e.g. Hughes & Miller 1991), translates in to a lower limit 
onn the size of the radio emitting region, which in most of the cases 
turnss out to bee larger than the orbital separation of the stars in the 
binaryy system, making it unconfinable by any known component 
off  the binary (see e.g. Fender 2005 and references therein). This, 
togetherr with the persistent nature of the radio emission, indicates 
thee presence of a continuously replenished relativistic plasma that 
iss flowing out of the system. These steady jets, have been spatially 
resolvedd in two BH XRBs: Cyg X-l (Stirling et al. 2001; see Fig. 1.8) 
andd GRS1915+105 (Dhawan et al. 2000; Fuchs et al. 2003) and have 
characteristicc sizes of a few tens of AU. 

1.66 Disc-jet connections 

Coordinatedd radio and X-ray observations of X-ray binaries in recent 
yearss have shown a strong relation between the relativistic outflows and 
thee accretion discs properties. 

1.6.11 Black holes 

Onee of the most remarkable results obtained with coordinated radio and 
X-rayss observations, is the observational evidence that for BH XRBs in a 
hardd state (i.e. a BH state where the non-thermal power-law component 
inn the X-ray energy spectrum is dominant over the soft-disc component; 
seee McClintock & Remillard 2005; Homan & Belloni 2005; Remillard 2005 
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forr detailed definitions of BH X-ray states), radio and X-ray luminosities 
aree correlated over three orders of magnitude in X-ray power, from the 
quiescentt regime up to the transition to a softer state, at an apparent bolo-
metricc luminosity of a few per cent of the Eddington rate (e.g. Corbel et 
al.. 2001, 2003; Gallo, Fender & Pooley 2003). Close to this regime the 
radioo emission starts to decrease, probably corresponding to a physical 
suppressionn of the jet. Exceptions are BH transients that can be bright 
inn the radio band even at X-ray luminosities close to, or even above Ed-
dingtonn (Fender & Kuulkers 2001; Gallo, Fender & Pooley 2003). This 
radio/X-rayy correlation is usually interpreted as a correlation between 
thee accretion disc/corona emission (i.e. X-rays) and the emission from 
thee jets (i.e. radio). The similarities observed in the spectral and morpho-
logicall  properties of jets in stellar mass BHs in XRBs and supermassive 
BHss in AGN, suggests a common underlying physics for all BH relativis-
ticc jet sources, of all masses. Hence, a disc/jet coupling analogous to that 
shownn by BH XRBs is expected to be observed also in AGN, although on 
longerr timescales. Indeed, the relation found between radio and X-ray 
luminositiess in BH XRBs has been investigated, with the addition of the 
masss term, for all the BH sources for which these three variables could 
bebe measured independently. A 'fundamental plane' has been found (see 
Fig.. 1.9) on which a single relation can describe the dependences between 
BHH mass, X-ray and radio luminosity: L^o oc L ^ M ^ (consistent within 
errorss with the radio/X-ray luminosity correlation found in BH XRBs 
only;; Merloni, Heinz & Di Matteo 2003; Falcke, Körding & Markoff 2003). 
Thiss finding indicates the scale-invariance of the physics governing the 
jett power in BH sources over more than 105 in BH mass. 

1.6.22 Neutron star  XRBs 

Relativisticc jets are not exclusively associated to BHs. Radio emission 
hass been observed from all Z-sources and in a few atoll-type NSs (see 
alsoo Chapter 6, 7, 8, 9). Z-type NSs show rapid variability in the radio 
bandd where, besides the approximately steady optically thick emission, 
wee also observe frequent optically thin flares, possible signature of fast 
ejectedd plasmons. Indeed, extended lobes have been resolved in two Z 
sources:: Sco X-l (e.g. Fomalont et al. 2001) and Cir X-l (Fender et al. 
1999,2004).. In particular, in the case of Cir X-l ultra-relativistic jet veloc-
itiess have been inferred (Fender et al. 2004). The finding that also NSs 
cann produce ultra-relativistic jets is contrary to the previously-accepted 
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Figuree 1.9 — Edge view of the 'Fundamental plane of black hole activity' (Mer-
loni,, Heinz & Di Matteo 2003). Plotted are radio core luminosities at 5 GHz vs. 
X-rayy 2-10 keV luminosity for galactic BHs (GBH), LINERs (L), Seyfert 1 (Sy), 
transitionn object (LINER/HII ; T), quasars (Q). 
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Figuree 1.10— An ultra-relativistic outflow: sequences of radio observations of 
Cirr X-l in October 2000, May 2001 and December 2002. At each epoch, obser-
vationss were made simultaneously at 4.8 and 8.6 GHz. Tickmarks indicate time 
stepss of one day; the bar indicates the time of the X-ray flaring as observed by 
thee Rossi X-ray Timing Explorer All-Sky Monitor. The crosses indicate the loca-
tionn of the binary 'core' from Fender et al. (1998), and their size is proportional 
too the 'core' radio flux density. The observations reveal that following the X-ray 
flaringg the extended radio structure brightens on timescales of days. The appar-
entt velocities associated with this expansion are > 15c, indicating an underlying 
ultra-relativisticc flow. From Fender et al. 2004. 
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'escapee velocity paradigm', which states that the velocity of the jet has to 
bee comparable with the escape velocity of the compact object, pointing 
clearlyy towards accretion mechanisms as the main drivers of jet produc-
tion,, rather than characteristics proper to the specific compact object in-
volvedd (e.g. the presence of an event horizon in BHs). Looking in detail 
att the radio behaviour of Z sources as a function of X-rays, Penninx et 
al.. (1988) first found in GX 17+2 that the radio emission varies as a func-
tionn of the position in the X-ray CD, decreasing with increasing (inferred) 
masss accretion rate from HB (strongest radio emission) to FB (weakest ra-
dioo emission). A behaviour consistent with GX 17+2 was also found in 
Cygg X-2 (Hjellming et al 1990a) and Sco X-l (Hjellming et al 1990b). 

Althoughh atoll sources are probably the most numerous among XRBs, 
onlyy a very small number have been detected at radio wavelengths 
(Hjellmingg & Han 1995; Fender & Hendry 2000). This is mainly because 
theyy show a mean radio luminosity much lower (more than a factor of 
10)) than that of BH XRBs and Z-type NSs (see Chapter 6,9). 

AA lot of information on the disc-jet connection comes from studies on 
BHs.. What is the role (if any) of the most remarkable characteristics of 
BHs,, like e.g. the event horizon, in the jets' production? To answer this 
question,, we have started a systematic multi-wavelength study of low 
magneticc field NS XRBs, in order to compare them to BHs. Accretion pro-
cessess onto low magnetic field neutron stars and black holes seem to be 
veryy similar, with more quantitative than qualitative differences (see van 
derr Klis 1994, 2005). Z-type NSs show accretion rates close to Eddington 
andd can be considered the NS analogues of the bright BH transients. Atoll 
sourcess share many X-ray spectral and timing properties with BH XRBs 
(especiallyy in the hard state) and are the best candidates for a comparison 
withh persistent BHs: the key to understanding the physical processes that 
connectt inflow (disc) and outflow (jet) matter in XRBs (and by extension, 
inn AGN), lies in the study of atoll vs BHs disc-jet coupling. 

1.77 Outlin e 

Thiss thesis can be divided in three parts: the first on the study of extended 
jetsjets in a microquasar (Chapters 2, 3), the second on accretion disc proper-
tiess in NSs (Chapter 4) and in BHs (Chapter 5) and the third on the study 
off  disc-jet connections, in NSs (Chapters 6,7) followed by a more direct 
comparisonn with BHs (Chapters 8, 9). 

Thee detailed study of some key 'prototype' jet-sources, in which a 
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largee spectrum of jet-related phenomena is directly observable, is of 
coursee crucial to obtaining a large amount of information on the physical 
processess that occur in relativistic jets. In the first part we study the spa-
tiallyy resolved arcsec-scale X-ray jets of thee X-ray binary SS 433, which is 
thethe archetypal XRB jet source, and the first one discovered in our galaxy. 
Inn SS 433 we found the first evidence for reheating of atomic nuclei in a jet 
outfloww (Chapter 2). We have proposed a possible re-heating mechanism 
basedd on the 'internal shock' model, as proposed for AGN (Rees 1978). 
Wee then studied the morphology of all the X-ray images available and 
inspectedd the evolution of the arcsec X-ray jets (Chapter 3). We found 
aa considerably more complex picture than previously thought. We pro-
posee an alternative re-heating scenario that might also explain the obser-
vationss in terms of a broad shock wave propagating outwards from the 
core,, revealing a second, otherwise unseen, faster outflow in the jet. 

Fromm the innermost regions of the accretion disc, close to the compact 
object,, we witness violent transient phenomena like fast and powerful 
discc instabilities, besides quasi-periodical rapid temporal variations at 
frequenciess up to more than 1000 Hz (possible direct signatures of the 
physicall  inner radius of the accretion disc; § 1.3), allowing us to study 
accretionn and physics in strong-gravity at a few kilometers from the com-
pactt object. In the second part we study in NSs the variations of the peak 
frequencyy of kHz QPOs in an atoll NS system, which allow to test cur-
rentt models of QPOs and give constraints for future theories (Chapter 4). 
Wee have also studied in detail the spectral variations in one of the most 
intriguingg BH XRB, GRS1915+105, during the fast instabilities that occur 
inn its accretion disc (Chapter 5), also known to be directly related to the 
productionn of transient radio jets emission (e.g. Klein-Wolt et al. 2002). 

Thee last part, which might be considered the 'main part' of the thesis, 
focusess on the coupling between the accretion disc and the jet properties 
inn NSs with a comparison to that in BHs. We found the first coupling 
betweenn radio and X-ray luminosity in an atoll-type NS in its hard state, 
reminiscentt of that found for BHs (Chapter 6), and radio detections of 
otherr two atoll sources when steadily in their soft state (Chapter 7), con-
traryy to what is expected under the assumption that NSs behave similarly 
too BHs. Moreover, analysing all the available simultaneous radio and X-
rayy observations of atoll sources, we have found a striking correlation 
betweenn the radio luminosity and the frequency of X-ray timing features 
(Chapterr 8), revealing timing components as tracers of jet power. In the 
lastt Chapter (Chapter 9) we discuss all we know about radio/X-ray cou-
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plingg in NS XRBs through a direct comparison with BHs. 
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