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Jetss in neutron star X-ray binaries: a 

comparisonn with black holes 

S.S. Migliari  & R. R Fender 
Mon.Mon. Not. R. Astron. Soc, 2005, submitted 

Abstrac tt  We presen t a comprehensiv e stud y of the relatio n between 
radioo and X-ray emissio n in neutro n star X-ray binaries , use this to infer 
thee genera l propertie s of the disc-je t couplin g in such systems , and 
compar ee the result s quantitativel y with thos e already establishe d for black 
holee systems . There are clear qualitativ e similaritie s between the two 
classe ss of object : hard states below about 1% of the Eddingto n luminosit y 
produc ee steady jets , whil e transien t jets are associate d with outburstin g 
andd variabl e source s at the highes t luminosities . However , ther e are 
importan tt  quantitativ e differences : the neutro n stars are less radio-lou d for 
aa given X-ray luminosit y (regardles s of mass corrections) , and they do not 
appearr  to show the stron g suppressio n of radio emissio n in steady sof t 
statess whic h we observ e in black hole systems . Furthermore , in the hard 
statess the correlatio n between radio and X-ray luminositie s of the neutro n 
starr  system s is steepe r than the relatio n observe d in black holes by about 
aa facto r of two. This resul t strongl y suggest s that the X-ray emissio n 
inn the black hole system s is radiativel y inefficient , with an approximat e 
relatio nn of the form Lx^m 2, consisten t with both advection-dominate d and 
jet-dominate dd scenarios . On the contrar y the jet power in both classe s of 
objec tt  scales linearl y with accretio n rate. 

9.11 Introductio n 

Multiwavelengthh studies of X-ray binaries (XRBs), especially in the past 
decade,, have shown that a significant fraction of the dissipated accre-

149 9 



150 0 Neutronn star vs. black hole jets 

tionn power may be released in form of radiatively inefficient collimated 
outflows,, or jets. In general, relativistic jets are very common features as-
sociatedd to accretion onto relativistic compact objects on all mass scales, 
fromm neutron stars (NSs) and stellar-mass black holes (BHs) in XRB sys-
temss to supermassive BHs in active galactic nuclei (AGN), and thought 
too be at the origin of gamma-ray bursts (GRBs), the most powerful tran-
sientt phenomena in the universe. The advantage of studying relativistic 
jetss in XRBs is mainly due to the fact that the accretion process varies 
onn much faster (humanly-accessible) timescales than in AGN, allowing 
uss to observe and follow significant evolution of the systems, and to in-
vestigatee the link between the jet production and the different accretion 
regimes.. At present, most of our knowledge about jets in XRBs has come 
fromm studies of black hole candidates. This is mainly due to the fact that 
inn general, exceptions are the so-called 2-type NSs, BH XRBs are more 
radioo loud than NSs, hence easier to detect. 

9.1.11 Black hole X-ray binaries 

AA non-linear correlation has been found, linking the radio to the X-ray 
luminositiess in BH XRB systems over more than three orders of magni-
tudee in X-rays, when the BHs are in hard state. This relation takes the 
formm LR OC Lb

x where LR and Lx are the radio and X-ray luminosities, and 
bb - 0.7 (Corbel et al. 2003; Gallo, Fender & Pooley 2003). In the hard state 
(i.e.. below a few percent the Eddington luminosity), the radio emission 
iss observed to be optically thick, with a flat or slightly inverted spec-
trum,, and although a jet has been spatially resolved only in two sources 
soo far (Cyg X-l : Stirling et al. 2001; GRS 1915+105: Dhawan, Mirabel 
&&  Rodriguez 2000), indirect evidence indicates that this is the signature 
off  a continuously replenished steady jet, the so-called 'compact jet' (see 
Fenderr 2005 for a review). 

Inn BH XRBs (but maybe also in AGN, see Maccarone, Gallo & Fender 
2003)) there is evidence for a quenching of radio emission when the source 
iss steadily in the soft state, probably due to a physical suppression of the 
jett (Fender et al. 1999; Gallo et al. 2003). The rapid X-ray transition from 
hardd to soft states [i.e. very-high (VHS) or steep power-law state] is as-
sociatedd with radio flares which show optically thin spectra. These radio 
flaress are the signatures of powerful ejection events, spatially resolved 
ass large-scale (from tens to thousands of milliarcsec) extended jets (e.g. 
Mirabell  & Rodriguez 1994; Hjellming & Rupen 1995; Fender et al. 1999; 
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Corbell  et al. 2001; Gallo et al. 2004). A unified semiquantitative model 
forr the disc-jet coupling in BH XRBs, covering both steady and transient 
jets,, has been presented by Fender, Belloni & Gallo (2004) 

Extendingg the correlation found for BH XRBs in the hard state also to 
supermassivee BHs, and with the addition of the mass parameter, there is 
evidencee for a 'fundamental plane of BH activity' in which a single 3D 
power-laww function can fit all the BH data (XRBs and AGN) for a given 
X-rayy luminosity, radio luminosity and mass of the compact object. This 
planee takes the approximate form LR OC L°-6M°8 where M is the mass of 
thee compact object (Merloni, Heinz & Di Matteo 2003; Falcke, Körding 
&&  Markoff 2004). The existence of this relation connecting BH XRBs and 
AGNN points towards the same physical processes as drivers of the disc-
jett coupling, regardless of the mass of the BH involved. The radio:X-ray 
luminosityy power-law correlation previously found by studying only BH 
XRBss has, within uncertainties, the same slope found in the correlation 
off  the 'fundamental plane' with BH XRBs and AGN. Clearly the studyy of 
XRBss can be fundamental for our understanding of the physical proper-
tiess of discs and jets in compact objects in general, including supermas-
sivee black holes in the centres of distant galaxies. 

9.1.22 Neutron star  X-ray binaries 

Low-magneticc held NS XRBs have been classified, based on their X-ray 
spectrall  and timing properties, in two main distinct classes whose names 
derivee from the shape they trace in the X-ray colour-colour diagram (CD): 
Z-typee and atoll-type NSs (see Hasinger & van der Kli s 1989). The 'broad' 
definitionn of atoll sources as having the apparent characteristics of low 
magneticc field neutron stars accreting at relatively low rates (compared 
too the Z sources) rather oversimplifies the more complex classifications 
off  e.g. 'burster', 'dipper', etc., but is appropriate for the discussion in 
thiss paper. Fig. 9.1 summarises the simplified classifications adopted in 
thiss paper (see van der Kli s 2005 for a more detailed classification). 

Thee galactic Z-type NS XRBs represent a class of six low-mass XRBs 
(possiblyy seven if we include Cir X-l which may be considered as a 'pe-
culiar'' Z source; Shirey, Bradt & Levine 1999) accreting near or at the 
Eddingtonn rate, and are the most luminous NS XRBs in our Galaxy. The 
namee of this class of sources derives from the typical 'Z' track traced by 
theirr CD (Fig. 9.1). The three branches which form the Z-shaped CD are 
calledd Horizontal (HB), Normal (NB) and Flaring (FB), top-left to bottom-



152 2 Neut ronn star vs. black hole jets 

-- Atoll sources 

SEE?** * 

::  £ ( Jt 
Mfe>::  *^£~J 
LB B 

--

fv v 
UB B 

11 v̂  1.1 1.2 1.3 1.4 
So(tt color (Crab) 

CO O 

Ö Ö 

3" " 
gg « 
u u 
"o o 

ii  * 
ECC o 

d d 

z z 

. . 

' ' 

sources s 

m m 

^ ^^ . v.: 

' ' 

\FB \FB 

- V L --

HB B 
ft ft 

wis-wis-

NB B 

i i 

1.88 f 2 
Softt color'(Crab) 

-0.011 ~0.l 
'Hard'' atoll sources 'Soft' atoll sources 

Luminosit yy / Eddington 

'Z'' sources 

Figuree 9.1 — A summary of the simplified description of the relation of accre-
tionn / luminosity to patterns of X-ray behaviour, for low magnetic field neutron 
stars,, as adopted in this paper. For both types of sources the expected direc-
tionn of increasing mass accretion rate, m, is indicate. For the atoll sources, the 
acronymss are: IS = island state, LB = lower banana; UB = upper banana. For the 
ZZ sources the acronyms are: HB = horizontal branch, NB = normal branch, FB = 
flaringg branch. CDs are from van Straaten et al. (2003) and Jonker et al. (2000). 
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right,, and define three distinct spectral states of the systems. Z sources 
aree rapidly variable in X-rays and can trace the whole CD, transiting in 
thee different states, in hours to days. This variability is thought to be 
physicallyy related to changes in the mass accretion rate, which should in-
creasee along the Z-track from HB to FB (Hasinger & van der Kli s 1989). 
Inn the radio band, we also observe large and rapid variability, optically 
thickk and optically thin emission. All the Z-type NS sources have been 
detectedd in radio. Looking in detail at the radio behaviour of Z sources as 
aa function of X-rays, Penninx et al. (1988) first found in GX 17+2 a quali-
tativee relation between disc and jet properties: the radio emission varies 
ass a function of the position in the X-ray CD, decreasing with increas-
ingg (inferred) mass accretion rate from HB (strongest radio emission) to 
FBB (weakest radio emission). A behaviour consistent with GX 17+2 has 
beenn found also in Cyg X-2 (Hjellming et al 1990a) and Sco X-l (Hjellm-
ingg et al 1990b). An exception is GX 5-1, which showed a low and steady 
radioo flux when the source was in the HB, then increasing when in the 
NBB (Tan et al. 1992). Extended radio jets have been spatially resolved 
forr two Z sources: Sco X-l (Fomalont et al. 2001a) and Cir X-l (Fender 
ett al. 1998). In this two sources there is also evidence for an association 
betweenn radio flares and powerful (ultra-relativistic) ejections from the 
systemm (Fomalont et al. 2001b; Fender et al. 2004). 

Atoll-typee NS XRBs share many X-ray spectral and timing properties 
withh BH XRBs and show two distinct (hard and soft) X-ray states, defined 
byy the position in the CD, that can be directly compared to thee hard and 
softt state of BH XRBs: the hardest X-ray state is called 'island' and the 
softestt 'banana' (Fig. 9.1). Although atolls represent the largest class of 
knownn X-ray binaries, only a few are detected in the radio band because 
off  their lower radio luminosity (~ 30 times less 'radio loud' than BH and 
Z-typee NS XRBs: Fender & Kuulkers 2001; Migliari et al. 2003; Muno et 
al.. 2005; this paper). To date, five atoll sources have been detected in 
thee radio band during simultaneous radio/X-ray observations: 4U1728-
34,, 4U 1820-30, Ser X-l , Aql X-l and MXB 1730-335 (Migliari et al. 2003, 
2004;; Rupen et al. 2004; Rutledge et al. 1998; Moore et al. 2000). In 
particular,, 4U 1728-34, which is to date the only atoll source detected in 
radioo when steady in its hard state, shows a positive correlation between 
radioo and X-ray fluxes, similar to what observed in BHCs (Migliari et 
al.. 2003). Homan et al. (2004) have also investigated the 'peculiar' atoll 
sourcee GX 13+1 which is persistently at a very high X-ray luminosity of 
aa few tens per cent Eddington, showing that its radio behaviour is much 
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moree similar to Z sources 
Twoo accreting ms X-ray pulsars, SAX J1808.4-3658 (e.g. Gaensler, 

Stapperss & Getts 1999) and IGR J00291+5934 (Pooley 2004), have shown 
transientt radio emission related to X-ray outbursts. These flares may 
bee signatures of transient relativistic outflows from the system as ob-
servedd in BH XRBs and Z sources. In the context of the general picture 
off  low magnetic field neutron stars, we assume (initially at least) that 
thesee systems behave like atoll sources, although Chakrabarty (2005) has 
suggestedd they may have systematically higher magnetic fields. 

Nonee of the high-magnetic field X-ray pulsars has ever been convinc-
inglyy detected as a synchrotron radio source (e.g. Fender & Hendry 2000 
andd references therein). This has been explained by the fact that surface 
high-magneticc field, which probably disrupts the inner regions of the ac-
cretionn disc around the NS (e.g. White, Nagase & Parmar 1995; Bildsen 
ett al. 1997) or which may strongly interact with the jet magnetic fields 
coupledd with the inner regions of the disc (Migliari, Fender & van der 
Kli ss 2005), results in suppressed jet formation (Fender & Hendry 2000). 

9.22 The sample 

Inn Table 9.1 we list the names, X-ray states, fluxes and estimated distances 
off  all the NS XRBs in our sample. 

9.2.11 New radio observations of NS XRBs 

Thee atoll-type NS XRB 4U 1608-52 (located at a distance of ~ 3.3 kpc; 
Jonkerr & Nelemans 2004) has been observed in 2004, on March 31 and 
Aprill  03 for a total of ~ 12 hr with the Australian Telescope Compact 
Arrayy (ATCA) at 8.5 GHz. During the observation ATCA was in configu-
rationn 1.5A. We have analysed the data with the package MIRIAD (Sault, 
Teubenn & Wright 1995), using PKS1934-638 as flux calibrator and 1646-50 
ass phase calibrator. At the best (X-ray) coordinates, RA 16A12m43\0 Dec 
-52°25'23",, we did not detect the radio counterpart with a 3<x radio flux 
densityy upper limit of F < 0.19 mjy. The source was in a quiescent (hard) 
X-rayy state with a mean (two-day average) count rate of 3.21  0.15 in the 
All-Skyy Monitor (ASM; 2-10 keV) on board the Rossi X-ray Timing Ex-
plorerr (RXTE). The X-ray flux reported in Table 9.1 have been estimated 
convertingg the ASM count rates to Crab based on Levine et al. (1996: 
11 Crab=75 c/s) and then to 2-10 keV flux. 
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Thee atoll-type NS XRB 4U 0614-09 (which is at a distance of less than 
33 kpc; Brandt et al. 1992) has been observed on 2001 April 24 for 12 hr 
withh the Westerbork Synthesis Radio Telescope (WSRT) at 5 GHz. We 
havee analysed the data with the package MIRIAD , using 3C286 as flux 
calibrator.. At the best (optical) coordinates, RA 06 17 07.3 Dec +09 08 
13,, we did not detect the radio counterpart with a 3cr radio flux density 
upperr limi t of F < 0.09 mjy. The source was in a quiescent (hard) X-ray 
statee with a one-day averaged RXTE/ASM count rate of 2.71  0.81 c/s. 

Thee XRB pulsar X Per (the nearest known, at a distance of only 
0.77  0.3 kpc) has been observed on 2004 November 25 for 12 hr with the 
Westerborkk Synthesis Radio Telescope (WSRT) at 1.4 GHz. We have anal-
ysedd the data with the package MIRIAD , using 3C286 as flux calibrator. 
Att the best (optical) coordinates, RA 03*55m23*.08 Dec +31°02,45/,.0, we 
didd not detect the radio counterpart with a 3<x radio flux density upper 
limi tt of F < 0.08 mjy. The simultaneous one-day averaged RXTE/ASM 
countt rate was 1.61  0.34 c/s. 

Noo radio counterparts of the X-ray sources 4U 1608-52, 4U 0614-09 
andd X Per have ever been detected and these are the most stringent upper 
limit ss to date. 

9.2.22 Other  atoll-typ e NS XRBs 

4U1728-34:4U1728-34: based on two distinct epochs of observations, we found 
correlationss between radio flux density and both X-ray flux and X-ray 
timingg features (Migliari et al. 2003). One data point - that with the high-
estt X-ray flux - lay well off the correlation, possibly indicating 'quench-
ing'' of the jet as observed in black holes (but see discussion in Migliari et 
al.. 2003). 4U1728-34 has been detected in the radio band, both when the 
sourcee was steadily in its hard state (island), and when it was repeatedly 
transitingg between the island state and a softer state (lower banana). The 
strongestt and most variable radio emission seems to be related to the X-
rayy state transitions. These radio detections also allowed us to quantify 
thee difference in radio power between BH and NS XRBs when steadily 
inn their hard state: NSs are a factor of ~ 30 less radio loud than BHs 
(att a soft X-ray luminosity of - 1036 erg s_1). Setting the upper limi t on 
thee brightness temperature of the radio emitting region to 1012 K (above 
which,, for steady states, inverse Compton losses wil l rapidly cool the 
plasma),, we can estimate a lower limi t on the size R of the emitting re-
gionn of R> 1.4 x 10n cm, likely to be larger than the binary stars sep-
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arationn [typical low-luminosity (1036 - 1037 erg/s) low-mass XRBs have 
starss separations smaller than ~ 3 x 1011 cm; White et ah 1995], and thus 
unboundd to the system. The dual-band radio spectra of these observa-
tionss are consistent with a steady jet emission as observed in BH XRBs in 
thee hard state (even if errors on the detections cannot definitely rule out 
ann optically thin spectrum). In Table 9.1 we show X-ray and radio fluxes 
reportedd in Migliari et al. (2003) and the mean of the estimated distances 
inn Galloway et al (2003). 

4U4U 1820-30 and Ser X-l: we detected the radio counterparts of 
4UU 1820-30 and Ser X-l when the sources were steadily in their soft X-
rayy state (lower-banana; Migliari et al. 2004). From the measured radio 
fluxx densities we estimate the size of the radio emitting regions to be 
R>R> 7 x 1010 cm for 4U 1820-30, larger than the star binary system separa-
tiontion (~ 1.3 x 1010 cm; e.g. Arons & King 1993), and R> 101! cm for Ser X-l , 
alsoo likely to be larger than the binary stars separation (White et al. 1995). 
Inn Table 9.1 we show the X-ray and radio fluxes reported in Migliari et al. 
(2004)) and the estimated distances from Jonker & Nelemans (2004). 

AqlAql X-l: Rupen et al. (2004) reported a radio transient emissions in 
Aqll  X-l associated with an X-ray, optical and IR outburst of the source. 
Notee that during the X-ray outburst the source never entered the soft 
statee (see also Reig, van Straaten & van der Kli s 2004). Hereafter, we wil l 
referr to such an outburst as a 'hard' X-ray outburst, while we wil l call 
'soft'' outbursts, X-ray outbursts during which the source enters the soft 
state.. On 2004 May 26 two quasi-simultaneous observations at 8.5 GHz 
andd 5 GHz, give a spectral index a = +0.4  0.8 (where Sv oc v" and Sv is 
thee radio flux density at a frequency v) which seems to suggest optically-
thickk emission typical of BH XRBs in their hard state, although uncer-
taintiess on the estimated flux densities cannot rule out the possibility of 
ann optically-thin emission (usually with a 0.6). In Table 9.1, we re-
portt the mean of the estimated distances in Jonker & Nelemans (2004), 
thee flux densities of the radio detections reported in Rupen et al. (2003), 
andd the X-ray flux calculated from simultaneous RXTE/ASM (2-10 keV) 
daily-averagedd observations. 

MXBMXB 1730-335 (the Rapid Burster): Rutledge et al. (1998) and Moore et 
al.. (2000) reported simultaneous observations with RXTE/ASM and the 
Veryy Large Array (VLA ) at 5 GHz and 8.5 GHz that revealed a transient 
radioo emission correlated with the X-ray flux, during a (soft) X-ray out-
burst.. The dual-frequency radio observations indicate a flat or slightly 
invertedd spectral index. In Table 9.1 we show the X-ray and radio fluxes 
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reportedd in Reynolds et al. (1998) and the distance in Kuulkers et al. 
(2003)) and references therein. 

9.2.33 Low-magnetic field accreting ms X-ray pulsars 

SAXSAX J1808.4-3658: Gaensler et al. (1999) reported a radio detection 
off  SAX J1808.4-3658 during the (soft) X-ray outburst in 1998. The size 
off  the radio emission region can be constrained to be R> 3.6 x 1010 cm, 
largerr than the binary stars separation (Chakrabarty & Morgan 1998), In 
Tablee 9.1 we show radio flux densities reported in Gaensler et al. (1998) 
andd the estimated distance from in't Zand et al. (2001). Rupen et al. (2002 
andd 2005) reported radio detections at 8.5 GHz during the X-ray out-
burstss on 2002 October 16 and on 2005 June 16, both at the same flux level 
(~~ 0.44 mjy). We estimated the 2-10 keV X-ray fluxes of the observations 
inn 1998 and 2002 analysing the X-ray energy spectrum of the RXTE/PCA 
observationss coordinated to the radio detection (see also Gilfanov et al. 
19988 and Gierlinski, Done & Barret 2002). The 2-10 keV luminosity of the 
observationn on 2005 June 16 was estimated using the ASM count rate of 
1.99  0.4. We fitted the PC A energy spectra in the range 3-20 keV with a 
Gaussiann emission line at ~ 6.4 - 6.6 keV, a blackbody with temperatures 
off  kT~ 0.6 - 0.7 keV and a power-law with a photon index of ~ 1.9 (the 
equivalentt hydrogen column density was fixed to NH = 4 X 1021 cm-2). 

IGRIGR J00291+5934: the newly discovered accreting ms X-ray pulsar 
IGRR J00291+5934 (Eckert et al. 2004; Markwardt, Swank & Strohmayer 
2004)) has been detected in radio at 15 GHz at the peak of the (soft) X-ray 
outburstt (Pooley 2004). In Table 9.1 we show the X-ray flux reported in 
Markwardtt et al. (2004), radio flux densities in Pooley (2004), and the 
estimatedd distances in Galloway et al. (2005). The radio flux density at 
155 GHz has been converted to 8.5 GHz assuming an optically thin emis-
sionn with a = -0.6. 

9.2.44 Other  high-magnetic field NS XRBs 

4U4U 2206+54: Blay et al. (2005) reported results from INTEGRAL and 
VLAA observations of the XRB 4U 2206+54. High-energy spectral analysis 
revealss the presence of an absorption line at 32 keV, which indicates the 
presencee of a cyclotron scattering feature, thus identifying the XRB as a 
high-magneticc field (~ 3.6 x 1012 G) NS. VLA observations at 8.5 GHZ 
didd not detect the radio counterpart with a 3cr upper limit of 0.039 mjy. 
Inn Table 9.1 we report the distance from Negeruela & Reig (2001), the 
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radioo flux density in Blay et al. (2005) and the 2-10 keV X-ray flux from 
thee RXTE/ASM simultaneous daily-averaged count rate. 

9.2.55 Z-type NS XRBs 

Forr all the Z sources (Sco X-l, GX 17+2, GX 349+2, Cyg X-2, GX 5-1, 
GXX 340+0) and for GX 13+1 we have calculated the mean X-ray flux based 
onn the ASM count rate since the beginning of the RXTE mission until Dec 
14,, 2004. The mean radio flux is from Fender & Hendry (2000). Note 
that,, even though the classification of GX 13+1 as either atoll- or Z-type 
NS,, is controversial (e.g. Schnerr et al. 2003), we decided to list it among 
ZZ sources because, as far as radio power is concerned, this source seems 
too be part of this group (see Homan et al. 2004). 

9.2.66 Transient BH XRBs 

Inn our sample we consider the jet ejection events associated with X-ray 
outburstss of eight transient BH XRBs [GRS 1915+105 (flare), GRO J1655-
40,, XTE J1859+226, XTE J1550-564, GX 339-4, V4641 Sgr, Cyg X-l and 
XTEE J1748-228] from Fender etal. (2004 and references therein). We used 
thee values for distance and radio and X-ray luminosities listed in Table 1 
inn Fender et al. 2004; the radio flux densities at 5 GHz has been converted 
too flux densities at 8.5 GHz, assuming a radio spectral index a = -0.6, and 
thee fraction of X-ray Eddington luminosity at the peak of the outburst in 
thee very-high state has been converted to 2-10 keV luminosity, assuming 
thatt the latter is 80% of the bolometric flux (see § 9.2.8). 

9.2.77 Persistent BH XRBs 

Forr clarity, we plot in Fig. 9.2 only GX 339-4 as a sample of BH XRBs in 
hardd state (for a complete sample of BH XRBs see Gallo et al. 2003). We 
usedd fluxes form Corbel et al. (2003); the 2-10 keV X-ray fluxes have been 
extrapolatedd from the 3-9 keV ones they reported, assuming a spectral 
indexx of 1.7. We calculated the luminosities assuming the (minimum) 
distancee of 7 kpc, inferred by Zdziarski et al. (2004). 
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9.2.88 Conversion from 2-10 keV luminosities to Eddington 
units s 

Inn order to extrapolate the bolometric flux of the XRBs, and then to con-
vertt their X-ray luminosities in Eddington units, we have divided the 
XRBss in five main groups: BHs in the hard state, BHs during X-ray out-
bursts,, atoll sources in the hard state, atoll sources in the soft state, and Z 
sources.. We assumed that each group has the same fraction of bolomet-
ricc luminosity in the 2-10 keV band. For each group we used the best-fit 
modell  parameters for the PCA-HEXTE energy spectra to create a simu-
latedd spectrum with xspec. We used PCA and HEXTE response matrices 
andd ancillary files to calculate the flux in the range 3-200 keV, and a Chan-
draa HETGS (MEG) response matrix and ancillary file to extend the range 
beloww 3 keV, down to 0.5 keV, especially important for soft X-ray states. 
Thee 0.5-200 keV has been taken as a good approximation of the bolo-
metricc flux of the sources. The conversion to Eddington units is given 
dividingg the bolometric luminosity by 1.3 x 1038 x (M/MQ) erg/s, where 
M=1.44 MQ for all the NSs, while for the BHs we used the masses listed in 
Tablee 1 of Fender et al. (2004). The bolometric flux wil l be F2_io = Fboi x £ 
wheree we used £=0.2 for BHs in the hard state, £=0.8 for BHs during X-ray 
outbursts,, £=0.4 for atoll sources in the hard state, £=0.7 for atoll sources 
inn the soft state and £=0.8 for Z sources. 

9.33 Results 

9.3.11 X-ray/radi o luminosities in NS XRBs 

Inn Fig. 9.2 we show the radio/X-ray luminosity plane with all the NS 
XRBss in our sample. Four groups of sources are plotted: Z-sources, 
atolll  sources in the hard state, atoll sources steadily in the soft state and 
sourcess in soft outbursts (i.e. the Rapid Burster and the two accreting 
mss X-ray pulsars). There is an overall positive ranking correlation be-
tweenn radio and X-ray luminosities, at a significance level of > 99 per 
cent.. The fit with a power-law to the Z- and atoll-type NS XRBs (exclud-
ingg the three sources in soft outburst) gives a slope of r = 0.56  0.02, or 
TT = 0.67  0.02 excluding only the ms X-ray pulsars (where LR OCL£). 

Z-sourcess (triangles) lie towards the top-right part of the plot, with X-
rayy and radio luminosities higher than atolls. We have plotted the mean 
off  the radio and X-ray luminosities: their radio luminosities are the su-
perpositionn of optically thick emission and optically thin flaring activity, 
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Figuree 9.2 — Radio (8.5 GHz) luminosity as a function of X-ray (2-10 keV) lumi-
nosityy of NS XRBs: atoll sources in hard state (4U 1728-34: open circles; Aql X-l : 
openn stars; 4U 1608-52 and 4U 0614-09: filled circles with radio upper limits), 
atolll  sources steadily in soft state (4U 1820-30 and Ser X-l : filled stars), an 'atoll' 
sourcee in X-ray outburst (MXB 1730-335: filled squares), accreting ms X-ray pul-
sarss in X-ray outbursts (SAX J1808.4-3658 and IGR J00291+5934: asterisks; IGR 
J00291+59344 is the one with the highest radio luminosity), the high-magnetic 
fieldd XRBs (open diamonds with radio upper limits), and Z sources (filled trian-
gles). . 
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Figuree 9.3 — Radio (8.5 GHz) luminosity as a function of X-ray (2-10 keV) lumi-
nosityy for NS and BH XRBs: GX 339-4 in hard state (open circles), transient BHs 
(openn squares), atoll sources steady in a hard or soft state (filled circles), MXB 
1730-3355 during a soft outburst (filled squares), and Z sources (filled triangles). 
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whilee the X-ray luminosities are the average of the luminosities in their 
threee possible X-ray states (see a more detailed discussion in § 9.4.5). 
Theree is only marginal evidence for a positive ranking correlation be-
tweenn radio and X-ray luminosities in the Z sources as a separate group 
(~~ 96 per cent significance level; power-law fit index T = 0.81  0.24). 

Atolll  sources in the hard X-ray state (4U 1728-34: open circles; Aql X-
1:: open stars) show a positive correlation between radio and X-ray lu-
minositiess over one order of magnitude in X-rays (with the exception of 
thee point with the highest X-ray luminosity: see discussion in Migliari et 
al.. 2003): a rank-correlation test gives a significance of > 99 per cent. 
Inn order to compare the luminosity correlations in NSs with those in 
BHss (see also § 9.3.2), we fitted the correlation with a power-law model: 
4UU 1728-34 gives r = 1.61  0.18, and considering also Aql X-l we obtain 
TT = 1.40  0.17. We should stress once more that the NS observations 
spann a range of only about one order of magnitude in X-ray luminos-
ity,, to be compared with the three orders of magnitude of the BH XRBs 
(seee Fig. 9.3). However, we can place constraints on the slope of the 
power-laww over a larger range of luminosities. If we consider also the 
radioo upper limits of 4U 0614+09 at low X-ray luminosities, fitting them 
ass detections, we obtain a lower limit on the slope of the power-law of 
TT > 1.63 , clearly indicating that the radio/X-ray luminosity correla-
tionn in NSs is steeper than that in BHs. This has important consequences 
forr our understanding of the relation of Lx and LR to the accretion rate 
mm as shall be discussed later. [Note that the overall flatter slope of the 
radio/X-rayy luminosity correlation considering the whole sample of NSs 
(rr ~ 0.6 - 0.7, see above) is dominated by the slopes within the transients 
andd between the hard-state sources and the transients.] 

Atolll  sources steadily in soft state (filled stars) have been detected in 
radio.. This is contrary to what found in BHs, where there is a quenching 
off  radio emission in the soft state (see Fig. 9.4). This finding indicates 
thatt NSs may not suppress completely the (compact?) jet in the soft state. 
Inn fact, considering the ensemble of neutron star data points, there is no 
strongg evidence at all for suppressed radio emission in steady soft states. 

Thee Rapid Burster (filled squares) shows radio flaring emission as-
sociatedd with X-ray outbursts. It has X-ray luminosities consistent with 
atolll  sources in the soft state. There is a significant (99 per cent) positive 
rankingg correlation between radio and X-ray luminosities in atoll sources 
pluss the rapid burster, suggesting that it lies on a sort of natural exten-
sionn of atolls in hard state (as in persistent and transient BHs; see Fender 



9.33 Results 165 5 

S0II  t01 0001 001 01 

( , , _0 i x)) P P V5 ' ° 1 

Figuree 9.4— Le/f pane/: Same as Fig. 9.2, but in Eddington units (see § 9.2.1). 
RightRight panel: Zoom in the range 0.01-1 Lgdd showing that in this range there is a 
radioo quenching in BHs (dashed circle), while in NSs the suppression of the jet 
iss not observed (at least as extreme as in BHs). 
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ett al. 2004). 
Thee radio peak of IGR J00291+5934 is consistent with the rapid 

bursterr radio peak and with the highest radio emission from 4U 1728-
344 (maybe also in a radio flaring emission state; see Migliari et al. 2003). 
SAXX J 1808.4-3658 has been detected in radio a few days after the peak of 
thee outburst in 1998, when the X-ray and radio emissions already faded 
(butt see Gaensler et al. 1999) and during the outbursts in 2002 and 2005 
(Rupenn et al. 2002, 2005). The radio luminosities seem to be consistent 
withh those of Aql X-l , lower than those of IGR J00291+5934. Additional 
discussionn of the radio emission from the millisec X-ray pulsars is pre-
sentedd in Migliari , Fender & van der Kli s (2005), in which it is suggested 
thatt they may be slightly less radio-loud than other atoll sources as a re-
sultt of a generally higher surface magnetic field (Chakrabarty 2005). 

Thee high-magnetic field NSs (X Per and 4U 2206+54) have not been 
detectedd in the radio band. The radio upper limits are still consistent 
withh the radio/X-ray luminosity expected extrapolating the correlation 
forr atoll sources to lower X-ray luminosities. This in fact means that we 
cannott confidently state that the high-magnetic field NS are significantly 
fainterr in the radio band than 'normal' atoll sources, when at relatively 
loww (< 10"2 Eddington) luminosities. 

9.3.22 Neutron stars vs. black holes 

Iss the 'fundamental plane of BH activity' also a fundamental plane for 
NSs?? Put in another way, is the X-ray : radio coupling in accreting black 
holess related exclusively to the properties of the accretion flow, or also to 
somee property unique to black holes? Clearly we may attempt to address 
thiss question by comparing the X-ray : radio coupling in NS XRBs with 
thatt of BH in XRBs, and AGN. 

Observationally,, there are clear qualitative similarities in the disc-jet 
couplingg between neutron stars and black holes (see Fig. 9.3 and Fig. 9.4): 

 below a certain X-ray luminosity, in hard X-ray states (i.e. Lx < 
0.11 xLedd)/ both classes of objects seem to make steady, self-absorbed 
jetss (caveat very poor measurements of radio spectra in the case of 
NSs)) which show correlations between Lx and LR. 

 at higher X-ray luminosities, close to the Eddington limit , bright, 
opticallyy thin, transient events occur (specifically associated with 
rapidd state changes). 
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Thesee similarities indicate that the coupling between the jet and the 
innermostt regions of the accretion disc does not depend (at least entirely) 
onn the nature of the compact object, but it is related to the fundamental 
processess of accretion in strong gravity. 

However,, there are quantitative differences in the disc-jet coupling 
also: : 

 The neutron stars in the hard state appear to show a steeper depen-
dencee of LR on Lx, also with a lower normalisation in LR. 

 The neutron stars do not appear to show anywhere near as much 
suppressionn of radio emission in steady soft states as the black holes 

Wee performed a Kolmogorov-Smirnov test on the ratios between Lx 

andd LR in the two XRB systems, to check if the BHs and NSs X-ray/radio 
luminositiess are drawn from the same distribution. The null hypothesis 
thatt the data sets are drawn from the same distribution is ~ 10"3 for the 
observationss in the hard state only (i.e. GX 339-4 vs. 4U 1728-34 and 
Aqll  X-l ) and ~ 10~5 using the whole sample. This indicates clearly a 
differentt dependence of LR over Lx in the two systems. 

Inn fact, whether in absolute units, Eddington-scaled units, or apply-
ingg the mass-correction appropriate for the 'fundamental plane of black 
holee activity' (LR oc M°8; Merloni et al. 2004), the neutron stars re-
mainn stubbornly less radio-loud than the black holes for a given X-ray 
luminosity.. Bolometric corrections are however only poorly estimated 
att lower luminosities, and could conceivably bring the data sets signifi-
cantlyy closer together if severely underestimated for the BH sample. 

9.44 Discussion 

Inn the following we wil l briefly discuss some possible implications de-
rivingg from the comparison between disc-jet coupling in BHs and NS 
systems. . 

9.4.11 Jet velocity and power 

Observationss of the ultrarelativistic radio jets in the NS XRB Cir X-l (i.e. 
withh a bulk Lorentz factor > 15; Fender et al. 2004) havee already shown 
thatt the (often accepted) 'escape velocity' paradigm, which states that the 
jets'' velocity should be about the escape velocity of the compact object 
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Figuree 9.5 — Computed variation of jet and X-ray power as a function of mass 
accretionn rate (all in Eddington units) for black holes (upper panel) and neutron 
starss (lower panel). This is a reworking of the model presented in Fender, Gallo 
&&  Jonker (2003), based upon the new observational evidence presented in this 
paperr and elsewhere. We now presume that in all hard X-ray states black holes 
aree jet-dominated, whereas neutron star systems never enter the jet-dominated 
regime.. The grey bars indicate the observed 'quiescent' X-ray luminosities of 
mostt X-ray transients. 
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involved,, is not valid in the relativistic regime. Their observations also 
indicatee that properties unique to BHs are not necessary for the production 
off  relativistic jets. However, characteristics proper of the compact object 
seemm to play, at least partially, a role in the jet production. 

Regardingg radio and jet power, it is important to know at what Lx 
too compare the NS and BH samples. We would argue (see below) that 
thee least radiatively inefficient point, while still in the hard state and 
thereforee producing a steady jet in both samples, should be selected. 
Thiss point naturally corresponds to the brightest low /hard / hard-atoll 
states.. Comparison of the fits to the NS and BH samples indicates that 
att Lx ~ 0.02, the ratio of radio luminosities is - 30. As notedd in Migliari 
ett al. (2004), assuming a scaling Lj? oc Lj.A this indicates that neutron star 
jetss are about one order of magnitude less powerful than black hole jets 
att this X-ray luminosity. As we shall see below, the diverging L/?:Lx cor-
relationss do not require that this ratio change as a function of accretion 
rate. . 

9.4.22 Event horizons and radiativel y inefficient flows 

Thee different correlations between Lx and LR in the BH and NS samples 
(too recall, bsH ~ 0.7, bus £ 1 A, where Lradio K Lb

x) are telling us something 
quitee fundamental about the accretion processes in these two types of 
object.. In the following we shall take b^s = 1 A. Assuming, as before, 
thatt Lj? oc LljA, we get 

BHH Lj oc L°x
5 

NSS Lj oc Lx 

wheree the quadratic relation for the black holes was already pre-
sentedd in Fender, Gallo & Jonker (2003). The linear relation between jet 
andd X-ray powers in the NS sample implies that neutron star systems 
wil ll  never reach a jet-dominated state (unless sources like 4U 1728-34 are 
alreadyy in jet-dominated states, but this seems unlikely). 

Thee different relations may seem to imply, att face value, that the cou-
plingg between accretion rate and jet power may be different in these two 
setss of sources. If we assume that the relation between Lx and m is the 
samee for both BH and NS this is clearly true. However, we believe it is 
farr more likely that it is the coupling between Lx and m which is different 
inn the two samples, as we shall outline below. 

Assumingg that the relation between Lj, and not Lx, and the accretion 
ratee m is the same for both classes of object, we can draw some simple 



170 0 Neutronn star vs. black hole jets 

yett important conclusions. Assuming that accretion in NS sources is es-
sentiallyy radiatively efficient (in the presence of a solid surface, the only 
wayy to avoid this criterion is if a large fraction of the accreting mass were 
ejectedd before it had radiated or impacted on the NS surface), then for NS 
wee get simple linear relations: 

NSS Lj oc Lx <*  fh 

andd since we estimate Lx > Lj, then in Eddington units 

NSS Lx ~ m 
Keepingg the same coupling between accretion rate and jet power for 

blackk holes, we arrive at 
BHH Lj OC L°X

5 OC m 

Thiss is exactly the prescription presented in Fender, Gallo & Jonker 
(2003)) for jet-dominated states in X-ray binary systems. Therefore, one 
clearr explanation for the observed differences between the LR'LX correla-
tionss in the two samples is that the NS are in a 'X-ray dominated' state 
andd the BH are 'jet-dominated'. The different coupling between Lx and 
mm ensures that the samples remain fixed in these states as the accretion 
ratee decreases. In Fig. 9.5 we plot the situation as we now envisage it. 
Notee that we have adopted jet power normalisations of Asteady,BHC = 0.1, 
>4steady,NSS = 0.01 (Fender, Gallo & Jonker 2003; Fender, Maccarone & van 
Kesterenn 2005). The value of Asteady,BHC =0.1 corresponds to equipartition 
betweenn jet and X-ray powers at around the soft —>transition luminos-
ityy of Lx,trans ~ 0.02. This is a larger normalisation than the conservative 
lowerr limi t presented in Fender, Gallo & Jonker (2003) but we consider 
itt to be more likely given the lack of apparent accretion efficiency tran-
sitionss within the hard state (see discussions in e.g. Malzac, Merloni & 
Fabiann 2004; Maccarone 2005) and recent, higher, estimates of the steady 
jett power (e.g. Gallo et al. 2005). In this framework, the difference in qui-
escentt luminosities of BH and NS X-ray binaries (e.g. Garcia et al. 2001) 
aree simply explained by the jet removing most of the liberated gravita-
tionall  potential energy in the quiescent BH, but not in the NS, conclusions 
identicall  to those drawn in Fender, Gallo & Jonker (2003). Accretion rates 
10"66 < m <, 10~4 (Eddington units) for both classes of object in quiescence 
cann produce the observed discrepancy in Lx (Fig. 9.5). 

However,, the result that for the BH Lx oc m2 is generically indica-
tivee of radiatively inefficient accretion in the black hole systems. We define 
radiativelyy inefficient to mean that the majority of the liberated gravi-
tationall  potential is carried in the flow and not radiated locally; in this 
sensee the jet-dominated configuration outlined above corresponds to ra-
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diativelyy inefficient accretion, since most of the liberated accretion power 
iss in the form of the internal and bulk kinetic energy of the ejected matter. 
Theree is of course another appealing possibility, namely that we are wit-
nessingg the observational effect of advection-dominated accretion flows 
(ADAFs,, e.g. Ichimaru 1977; Narayan & Yi 1994,1995), in which case the 
discrepancyy between Lx and m corresponds to the majority of the liber-
atedd gravitational potential energy being advected across the black hole 
eventt horizon. 

Clearly,, despite their similarities in being radiatively inefficient ac-
cretionn configurations, the jet-dominated scenario and the ADAF model 
aree very different. Estimates of the jet power normalisation (see above) 
indicatee that, in our opinion, ADAF-like solutions in which most of the 
availablee gravitational potential crosses the event horizon are not required 
byy the observations. However, uncertainties in the estimates of the jet 
powerr normalisation, the true accretion rate, etc. mean that it may still be 
ann important, even dominant, channel. Models of radiatively inefficient 
accretionn flows in which powerful outflows are driven (e.g. Blandford 
&&  Begelman 1999) may be the most appropriate. It is worth noting that 
relationn Lj oc m is similar / identical to several previous models of jet 
poweringg (e.g. Falcke & Biermann 1996; Meier 2001). 

9.4.33 The role of the magnetic field 

Itt is a general accepted idea that very high-magnetic fields at the sur-
facee of the NSs inhibit the production of steady jets (while a large amount 
off  energy can be extracted from magnetic fields to power extremely en-
ergeticc transient jets, as e.g. in the case of the magnetar SGR 1806-20; 
Gaenslerr et al. 2005; Cameron et al. 2005). However, besides theoreti-
call  arguments, actual observational proves are missing. The upper lim-
itss on previous observations (e.g. Fender & Hendry 2000 and references 
therein),, although significantly lower than radio detections of BH XRBs, 
aree not at all stringent if compared with other NS sources detected in ra-
dio,, and actually higher than the radio detection levels of atoll sources at 
thee same accretion rate (as traced by the X-ray luminosity). Chakrabarty 
(2005)) suggested that accreting ms X-ray pulsars have a slightly higher 
magneticc field than other atoll sources. This would suggest that we 
shouldd see a decreasing radio luminosity (for a given mass accretion rate) 
fromm atoll sources to accreting ms X-ray pulsars to high-magnetic field 
X-rayy pulsars (see discussion in Migliari et al. 2005). Up-coming radio 
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observationss of high-magnetic field and accreting ms X-ray pulsars wil l 
givee us the opportunity to test these ideas, and in general the role of the 
magneticc field in the jets production. 

9.4.44 X-ray timin g features and radio jet power 

Theree is a correlation between the radio luminosity and the characteristic 
frequenciess of the low-frequency timing components in the X-ray power 
spectraa in NS and BH XRBs (Migliari et al. 2005): the timing features 
aree direct tracers of the radio jet power. The fitting power-laws of the 
correlationss between radio luminosity and the characteristic frequencies 
off  the L^ Lorentzian component of the power spectrum in NSs and the 
UU Lorentzian component in the BH GX 339-4 are: LR oc v^

0 10 and 
TT „ 2 
L,RL,R oc v( 

Timingg features are related to accretion disc properties, and in partic-
ularr kHz quasi-periodic oscillation (QPO) frequencies are generally inter-
pretedd as being related to the motion of matter in the accretion disc at a 
preferentiall  radius, very close to the compact object (see van der Kli s 2004 
forr a review). All the variability components in the power spectra follow 
aa universal scheme, when plotted against the upper-kHz QPO, therefore 
mm may be in principle inferred also by low-frequency timing features. In 
particular,, a tight correlation exists between the characteristic frequency 
off  the upper-kHz QPO vu and v/, in atoll sources: the best-fit power-law 
iss v/t oc y2-4 3 (v an straaten, van der Klis & Wijnands 2005). In jet mod-
els,, the total power of a steady compact jets is related to the radio power 
ass LR ocVy4 (Blandford & Konigl 1979; Falcke & Biermann 1996; Markoff, 
Falckee & Fender 2001)). A linear relation between Ly and the mass ac-
cretionn rate m is suggested by the comparative quantitative study of the 
radio/X-rayy luminosity correlations between NS and BH XRBs in hard 
X-rayy state (see above). If this scaling is correct, v/, in NSs and vg in BHs 
scalee about linearly with m. Using the v/, oc y^ 0 °3 empirical correla-
tionn and LR oc v o founci  m atoll NSs, we obtain a relation that link 
aboutt quadratically the upper kHz QPO frequency (possible indicator of 
thee inner disc radius) and the mass accretion rate: m oc 0 

9.4.55 Z sources: the NS equivalents of GRS 1915+105 

Studyingg the disc-jet connections in BH XRBs during X-ray outburst 
eventss (throughout transitions between X-ray states), Fender et al. (2004) 
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Figuree 9.6 — Sketch of the disc-jet coupling in Z-type sources, which we believe 
too be the neutron star equivalents of the black hole GRS1915+105, constantly ac-
cretingg at ~Eddington rates and producing powerful jets associated with rapid 
statee transitions. See § 9.4.5 for a discussion 
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developedd a sketch-model which shows how the accretion disc proper-
tiess (as traced in X-rays) are connected to the jets production (traced with 
radio).. In their picture, sources like GRS 1915+105 are persistently at 
thee 'edge' between the X-ray state in which the source produces a core 
compactt jet (hard state), and the state [very-high state or steep power-
laww state in the nomenclature introduced by McClintock & Remillard 
(2005)]]  in which the compact jet is disrupted and a radio optically thin 
flaree (associated to a fast ejection of matter) is observed. The semicon-
tinuouss crossing of the 'line' between the hard and the soft states could 
explainn the sequence of rapid radio flares observed in this source (Fender 
&&  Belloni 2005; Fender et al. 2005). Z-type NS XRBs, strongly variable in 
X-rays,, show rapid variability also in the radio band, where we observe 
besidess the approximately steady optically thick emission, frequent opti-
callyy thin flares (see Fig. 9.6). These optically thin radio flares are possible 
signaturess of fast ejected plasmons, already observed as extended lobes 
inn Sco X-l (Fomalont et al. 2001a,b) and Cir X-l (Fender et al. 1999). Z 
sources,, which are always near or at the Eddington accretion rate, seem 
too be like e.g. GRS 1915+105 semicontinuously at the edge between the 
statee in which a powerful core compact jet still exists and the launch of 
opticallyy thin plasmons which follow the disruption of this compact jet. 
Wee might say that Z sources are the NSs 'counterpart' of transient BHs at 
veryy high accretion rates. 

AA disc-jet coupling for  Z-type neutron stars 

Inn four Z-type NSs (Sco X-l , GX 17+2, Cyg X-2 and GX 5+1) an associ-
ationn between the position on the CD and the radio flux have been re-
ported,, the radio flux decreasing from HB to NB to FB (Penninx et al. 
1988;; Hjellming et al. 1990a,b; with the exception of GX 5+1 for which the 
radioo flux is higher in the NB than in the HB; Tan et al. 1992). Z sources 
showw a variable radio activity, where rapid and powerful flares are often 
observedd besides a more steady radio emission. Sco X-l , in particular, is 
thee only Z source among the four for which the extended radio jets have 
beenn spatially resolved moving away form the radio core. Sco X-l has 
beenn observed for 56 hr on June 11-13,1999 (MJD 51340 - 51342.5) simul-
taneouslyy in radio with the Very Long Baseline Interferometer (VLBI) and 
inn X-rays with RXTE. The results are reported in Fomalont et al. (2001b; 
radioo analysis) and Bradshaw, Geldzahler & Fomalont (2003; X-ray anal-
ysis).. These are the most complete observations of a Z source we have to 
datee in order to study the disc-jet coupling. The radio activity of Sco X-l , 
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i.e.. the flux and spectral evolution of each of the spatially resolved radio 
componentss (core, north-west lobe and south-east lobe), can be moni-
toredd in relation to the changes of the X-rays properties (e.g. position 
onn the CD). In the following we wil l concentrate on these observations, 
inn particular using Fig. 3 and Fig. 4 in Fomalont et al. (2001b) and Ta-
blee 1 and Fig. 1 in Bradshaw et al. (2003), and wil l attempt to draw a 
phenomenologicall  disc-jet coupling model accounting for these and the 
otherr Z sources' observations (see Fig. 9.6). 

Wee follow in detail the evolution of two radio components of Sco X-
1,, the core and the north-west (NW) extended jet, from MJD 51340 to 
MJDD 51342.5 (Fig. 3c,d and Fig. 4a,b in Fomalont et al. 2001). From Table 1 
andd Fig. 1 of Bradshaw et al. (2003) we know that Sco X-l is mainly in the 
HBB on MJD 51340, in the NB on MJD 51341 and in the FB on MJD 51342. 

 On MJD 51340 (HB) the radio flux of the core rises. The radio 
spectrumm is optically thick, indicating that the radio emission likely 
comess from a compact jet. Contemporaneously the NW extended 
jett is fading, meaning that it is still decoupled from the activity of 
thee core jet. 

 On MJD 51340 (NB) the core shows optically thin radio emission, 
suggestingg a renewed transient ejection activity (not yet spatially 
resolved).. Note that Fomalont et al. (2001a) already noted that 
flaress in the core are followed by flares in the NW lobe indicating 
(unseen)) relativistic ejections from the core. Put in another way, 
whatt we see in the core is likely the superposition of the optically-
thickk compact jet and of the optically-thin emission from discrete 
plasmonn ejections. Making a parallel with the behaviour of BHs 
wheree transient jets are associated with X-ray state changes (e.g. 
Mirabell  et al. 1999; Gallo et al. 2003; see Fender et al. 2004), we can 
associatee the HB-to-NB state change with the ejection of transient 
jetss [in BHs the transient jets are associated with the VHS (or Steep 
Power-laww state); Fender et al. 2004]. Around MJD 51341.5, the flux 
inn the core decreases while the source is in the FB, to increase again 
inn correspondence of the FB-to-NB transition. We do not have a 
dual-frequencyy monitoring during this period, so we cannot know 
thee nature of the radio spectrum of the flare, although, given the 
opticallyy thin decay of the flare observable on MJD 51342, a tran-
sientt jet activity associated with the FB-to-NB state change as well 
iss a plausible scenario. 
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 On MJD 51342 (FB) we observe a decay in the core radio flux with 
ann optically thin radio spectrum. In general, during the FB the 
sourcee has been observed to have the lowest radio flux, therefore 
suggestingg a suppression of the (compact) jet and of the transient 
plasmonss ejection activity (the faint optically thin emission we ob-
servee is possibly the 'relict' of a transient jet previously ejected). 

Inn Fig. 9.6 we show the schematic of the disc-jet coupling in Z sources. 
Thee typical HID of a Z source is sketched as a 'snake' track. The mass 
accretionn rate m is thought to increase along the track from HB to FB. 
Startingg from HB, as m increases so does the compact jet power. Crossing 
thee HB-to-NB state transition point (circle on the HID track) a transient 
jett is launched. Meanwhile, the compact jet power decreases. When the 
sourcee is in the FB the jet activity is quenched, possibly due to a very 
highh mass accretion rate. The cycle HB-NB-FB-NB-HB lasts no more than 
aa few days. Therefore, Z sources, like GRS 1915+105, are continuously 
crossingg the 'jet transition' point, showing a frequent transient jet activity. 

Al ll  the other coordinated X-ray/radio observations of Z sources (Pen-
ninxx et al. 1988; Hjellming et al. 1990a,b; Tan et al. 1992) are consistent 
withh this model. Note that Tan et al. (1992) reported that the radio flux in 
GXX 5+1 is weaker in the HB than in the NB (contrary to the more simple 
qualitativee association between an X-ray state and a radio flux: the radio 
fluxx decreasing from the HB to the NB to the FB). Looking at their Fig. 1, 
wee can see that during the observations on September 1,1989, the source 
wass in a 'very hard' state, i.e. at the bottom right of the HID track in our 
Fig.. 9.6 (with the lowest m), where the compact jet was possibly still not 
veryy powerful. On September 4, 1989, they observed a powerful radio 
flaree when the source was in the NB where, indeed, we expect (optically 
thin)) flaring activity. 

9.55 Conclusions 

Comparingg the connections between X-ray and radio properties in 
NSS and BH systems, we have found many similarities and differences, 
thatt can be read in terms of physical ingredients for the production of jets. 

i)i)  Below a certain X-ray luminosity, in hard state (i.e. Lx < 0.02L£dd)/ 
bothh classes of objects seem to make steady, self-absorbed jets while at 
higherr X-ray luminosities, close to the Eddington limit , bright, optically 
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thin,, transient events occur (specifically associated with rapid state 
changes). . 

ii)ii)  In the hard X-ray states, correlations between radio and X-rays 
emissionn have been found in both BHs and NSs. This indicates that 
thee link between the power of the jet and the innermost regions of the 
accretionaccretion disk does not depend (at least entirely) on the nature of the 
compactt object, but it is related to the fundamental processes of accretion 
inn strong gravity, and can be inferred as the mass accretion rate. 

Hi)Hi)  Neutron star X-ray binaries are definitely less 'radio loud' than 
blackk hole X-ray binaries. At a given X-ray luminosity, and at a given 
fractionn of Eddington luminosity the BHs produce more powerful jets 
thann NSs. The difference in radio power is > 30, which can be reduced 
too £ 7 if we consider possible mass corrections as derived from the black 
holes'' fundamental plane or to a factor of > 5 if we consider the mass 
correctionn coming from the conversion of the 2-10 keV luminosities in 
Eddingtonn units. 

iv)iv) Contrary to BHs, atoll-type NSs have been detected in radio when 
steadilyy in soft X-ray states, suggesting that quenching of jet formation 
inn disc-dominated states may not be so extreme, or that neutron stars 
havee another channel for producing radio emission. 

v)v) The slope of the power-law correlation in the hard state of BHs is 
~~ 0.7, while for NSs is steeper (possibly > 1.4) 

vi)vi) A power-law slope greater than 1.4 in NSs implies that NSs never 
enterr a jet-dominated state. 

vii)vii)  Both the jet-dominated and ADAF frameworks can naturally 
explainn the difference in slope of the radio/X-ray luminosity correlations 
betweenn NSs and BHs, if the total jet power is about linearly proportional 
too the disc mass accretion rate: Ly oc rh. In particular both frameworks 
derivee the same relations between the X-ray luminosity and the mass 
accretionn rate: hx oc fh for NSs and L*  oc m2 for BHs. This is strong 
independentt evidence that the X-rays in hard state black holes originate 
inn a radiatively inefficient flow, independent of whether the 'missing' 
energyy escapes to infinity in an outflow or crosses a black hole event 
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horizon. . 

viii)viii)  There are correlations between radio luminosity and the char-
acteristicc frequency of X-ray timing components in NSs and in BHs: 
timingg features are direct tracers of the radio jet power. Assuming a 
linearr relation between the total jet power and the mass accretion rate, a 
relationn between the characteristic frequency of the upper kHz QPO and 
thee mass accretion rate can be inferred: m oc y~2. 

ix)ix) The role in the production of jets of the magnetic field at the 
surfacee of the NS is not clear yet although it is believed that the 
higherr the magnetic field the lower should be the jet power: fur-
therr radio observations of X-ray pulsars and millisec accreting X-ray 
pulsarss are needed to give observational constraints and quantify its role. 

x)x) Z-type NSs, which are always near or at the Eddington accretion 
rate,, seem to be like GRS1915+105 semicontinuously at the edge between 
thee state in which a powerful core compact jet still exists and the launch 
off  optically thin plasmons. Following, in particular, detailed simulta-
neouss radio/X-rays observations of Sco X-l we draw a model that can 
describee the disc-jet coupling in Z sources, finding a possible association 
betweenn the NB-to-FB state change and the emission of transient jets. 
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