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ABSTRACT

We present a unified semi-quantitative model for the discgeipling in black hole X-ray
binary systems. In the process we have compiled obsere@epects from the existing lit-

erature, as well as performing new analyses. We argue thiagatihe rising phase of a black
hole transient outburst the steady jet known to be assaciaii the canonical 'low/hard’
state persists while the X-ray spectrum initially softeBsbsequently, the jet becomes un-
stable and an optically thin radio outburst is always asdediwith the soft X-ray peak at
the end of this phase of softening. This peak correspondsstftavery high state’ or 'steep
power law’ state. Softer X-ray states are not associateu’adtre’ radio emission. We further
demonstrate quantitatively that the transient jets aasetivith these optically thin events are
considerably more relativistic than those in the 'low/Ha¢day state. This in turn implies that
as the disc makes its collapse inwards the jet Lorentz faafmdly increases, resulting in an
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internal shock in the outflow, which is the cause of the obe@pptically thin radio emission.
We provide simple estimates for the efficiency of such a shidke collision of a fast jet
with a previously generated outflow which is only mildly réléstic. In addition, we estimate
the jet power for a number of such transient events as a fumofiX-ray luminosity, and find
them to be comparable to an extrapolation of the functiotimaged for the low/hard’ state
jets. The normalisation may be larger, however, which magest a contribution from some
other power source such as black hole spin, for the trangé&tFinally, we attempt to fit
these results together into a coherent semi-quantitatadeirfor the disc-jet coupling in all
black hole X-ray binary systems.

Key words: Accretion, accretion discs — Black hole physics — ISM: jetd autflows — X-

rays: binaries

1 INTRODUCTION

Relativistic jets are a fundamental aspect of accretion dfeck
holes on all scales. They can carry away a large fractionechtail-
able accretion power in collimated flows which later energiar-
ticles in the ambient medium. The removal of this accretiowgr

ponent in the radio, millimetre and (probably) infrared t&ue.g.
Fender 2001b, Corbel & Fender 2002). The radio luminosity of
these jets shows a strong, non-linear correlation with yhuani-
nosity (Corbel et al. 2003; Gallo, Fender & Pooley 2003) aad h
only been directly spatially resolved in the case of Cyg XSfirf
ling et al. 2001), although the ‘plateau’ jet of GRS 1915+165

and angular momentum must have a dramatic effect on the over-phenomenologically similar and has also been resolved ha

all process of accretion. In their most spectacular forny the
associated with supermassive black holes in active gelaatlei

et al. 2000; Fuchs et al. 2003). The suggestion that sucllystea
compact jets are produced even at very low accretion ratao(G

(AGN), and with Gamma-Ray Bursts (GRBs), the most powerful Fender & Pooley 2003; Fender, Gallo & Jonker 2003) has re-

and explosive engines in the Universe respectively. Howe@ae-

allel processes, observable on humanly-accessible tatessare
occurring in the accretion onto black holes and neutrors stai-

nary systems within our own galaxy.

The current observational picture of X-ray binary jets isstno
simply put as follows: in the low/hard state, which existgitally
below a few % of the Eddington luminosifyzaq (€.9. Maccarone
2003; McClintock & Remillard 2004) there is a ‘compact’ self
absorbed jet which manifests itself as a ‘flat’ (spectraéia ~ 0
wherea = Alog S, /A logv) or ‘inverted’ (o« > 0) spectral com-

cently received support in the flat radio spectrun observerh f
the ‘quiescent’ transient V404 Cyg at an average X-ray lasiiy
Lx ~ 107%Lgqq (Gallo, Fender & Hynes 2004). During steady
'soft’ X-ray states the radio emission, and probably themefjet
production, is strongly suppressed (Tanabaum et al. 1982qét
et al. 1999b; Corbel et al. 2001; Gallo, Fender & Pooley 2003)

Additionally there are bright events associated with tiemts
outbursts and state transitions (of which more later), tvhice of-
ten directly resolved into components displaying relatigi mo-
tions away from the binary core (e.g. Mirabel & Rodriguez 4,99
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Hjellming & Rupen 1995; Fender et al. 1999) not only in theioad
but also — at least once — in the X-ray band (Corbel et al. 2002)
These events typically display optically thin (synchrofraadio
spectra ¢ < —0.5). Both kinds of jets are clearly very power-
ful and coupled to the accretion process. See Mirabel & Rodd
(1999) and Fender (2004) for a more thorough review of thembs
vational properties of X-ray binary jets.

In this paper we attempt to pin down as accurately as pos-
sible the moment at which the major radio outburst occurredl a
relate this to the X-ray state at the time. We subsequenty-co
pare this with the X-ray state corresponding to the lowemnihosity
steady jets, to the evolution of transient outbursts, ariddweloc-
ity and power associated with each 'type’ of jet, in order tavd
up a framework for a unified model of black hole X-ray binary je
production.

Several black hole systems are investigated in this papér, a
in addition we compare these with the neutron star systemX-Ci
1 and Sco X-1. The data relating to the radio flares, jet Larent
factors (if measured), corresponding X-ray luminositesgtjmated
distances and masses, are summarised in Table 1.

2 THE SAMPLE: FOUR BLACK HOLES UNDERGOING
JET FORMATION

Is there a signature in the X-ray light curve of an outbugssource
which indicates when the relativistic jet is launched ? imftbilow-

ing we investigate radio and X-ray light curves of four blduke
binaries — GRS 1915+105, GX 339-4, XTE J1859+226 and XTE
J1550-564 — undergoing state transitions in order to inyat this
point.

2.1 X-ray Data analysis

For XTE J1550-564, XTE J1859+226 and GX 339-4, we extracted
the background-subtracted PCA count rate, using PCU2 &only,
the each available RXTE observation relative to the first pithe
outburst considered. For each observation, we also prddutce-

ray color (or hardness ratio) by dividing the backgrounbtsacted
count rates in the 6.3-10.5 keV band by those in the 3.8-6\3 ke
band. For GRS 1915+105, given the much shorted time scales in
volved, we analyzed a single observation (see Sect. 2@dduc-

ing a PCA light curve at 1 second resolution from all PCUs s@ahm
together, and an X-ray color curve at the same time resolLibe
energy bands used for the color, 15.2-42.3 keV and 2.1-50 ke
were different. The reason for which is that the thermal dsm-
ponent in GRS 1915+105 is considerably higher than in oty®r s

cutoff power-law €utoff), a disk blackbodydi skbb), a Gaus-
sian emission line between 6 and 7 keV, all modified by inédliest
absorption. The actual models might be more complex, butreve a
interested in the determination of the flux only, so that thesp
ence of additional components like iron absorption edges dot
change significantly our results. The reduggdvalues were be-
tween 1.3 and 1.5. From the best fit models for each source, in
order to estimate the bolometric flux, we computed the urnrdlesb
flux of the disc blackbody component in the 0.001-100 keV eang
and that of the power-law component in the 2-100 keV range. Fo
GRS 1915+105, given the much shorter time scales involved fo
the short oscillations, we applied the procedure outlinealva to
the RXTE/PCA+HEXTE data of the observation of 1997 October
25, the last one before the launch of the major jet observéid wi
MERLIN (Fender et al. 1999). In order to approximate the flux
evolution from the count rate light curves, we applied top#-
ceding and following observations the count rate to flux eosion
factor obtained from the peak. A comparison with publisheet fl
values for XTE J1550-564 (Sobczak et al. 2000) this proveukto

a reasonable approximation for our purposes.

Much of the following discussion is based upon the associa-
tion of radio emission with the X-ray ’states’ of differerdigces.
We will use the following abbreviations throughout the papee
‘low/hard’ state as 'LS’; the 'high/soft’ state as 'HS’, atite 'very
high’ or 'intermediate’ states as 'VHS/IS'. In fact, as weafildis-
cuss further (see also Belloni et al. 1994; Homan & Bellord0Q
the VHS/IS is not a single state but has both 'hard’ (as usettto
scribe the X-ray spectrum) and ’soft’ varieties.

Note that recently McClintock & Remillard (2004) have pro-
posed a modification to this classification scheme in whiehlif
is referred to as the 'hard’ state and the HS as the 'thermali-do
nated state’, while revised definitions are introducedientHS/IS
states. While we retain the 'classical’ definitions of statge dis-
cuss later on how these correspond to the revised statetuefii
of McClintock & Remillard.

2.2 Individual sources

2.2.1 GRS 1915+105

GRS 1915+105 has long been a key source in our understaniding o
the disc-jet coupling in X-ray binary systems (see Fenderefdi

2004 and references therein). In the context of this stuidyintter-
esting because its X-ray state never seems to reach thenicatio

LS or HS but instead switches between 'hard’ (state 'C’ ofi@el

et al. 2000) and 'soft’ (states 'A’ and 'B’) VHS/IS states ¢salso

tems (see Fender & Belloni 2004): using the same energy bandsReig et al. 2003). It has clearly been established in thiscgothat

results in the harder C state having a softer color than tfierdd
state. The use of a harder energy band for the numeratoresnsur
that the thermal disc component does not strongly contamina

In order to estimate in a homogeneous way the source lumi-
nosity at peak of the outburst for XTE J1550-564, XTE J185%5+2
and GX 339-4, we extracted RXTE PCA+HEXTE spectra from the
public archive corresponding to the peak flux in the PCA band.
Spectra were created from PCU2 data (3-25 keV) for the PCA
and from cluster A data (20-200 keV) for HEXTE, using FTOOLS
5.3. The spectra were corrected for background and deaxefm

phases of hard (C) X-ray emission lasting more than a few hun-
dreds of seconds are associated with radio events, and Heat w
the source is only in soft (A,B) states there is no radio eimiss
(Klein-Wolt et al. 2002). In the context of this work its impance

is therefore in establishing that state changes 'withig’ WHS/IS

can produce radio outbursts without requiring any 'contarth

the canonical LS or HS. Fig 1(a) presents the lightcurve gpa t

cal 'oscillation’ event in which the source makes a trapsitirom
state C to state A/B. The data correspond to the RXTE observat
of 1999 June 14 (classg), time zero is 01:00:40 UT.These oscil-

fects. A 0.6% systematic error was added to the PCA to account lation events can occur in very long sequences and are dignera

for residual calibration effects. We fitted the spectra wlith stan-
dard phenomenological model for these systems, consisfirzg

associated with sequences of synchrotron oscillationstwduie al-
most certainly from the jets (e.g. Klein-Wolt et al. 2002).
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Figure 1. Radio and X-ray light curves, X-ray colours and X-ray stadsessifications during periods around transient jet foromatifor four black hole
(candidate) X-ray binaries. In GRS 1915+105 the canoni&lok HS are never reached; in GX 339-4, XTE J1859+226 and XB5@564 the delay
between the canonical LS peak and subsequent VHS/IS pegésémom a few days to two weeks. Nevertheless, in all foues#e radio flare occurs at the
time of the VHS peak, indicating a clear association betwbes and not the previous LS, and the major ejection. Thiswfithe X-ray flux are ergst
cm—2,
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Source d M Date At S5GHZ T Ly Lx vus Ref
(kpc) My (MID) (sec) (mJy) (Edd) (Edd)
GRS 1915+105 (flare) 11 14 50750 43200 320 <14 0.6 11 F99
GRS 1915+105 (osc.) 11 14 many 300 50 >2 0.05 11 F99
GR0J1655-40 3.5 7 49580 43200 2000 > 1.7 1.0 0.1 HR95
XTE J1859+226 6 7 51467 21600 50 ? 0.2 0.2 B02
XTE J1550-564 6 9 51077 43200 130 >2 0.3 0.5 w02
GX 339-4 8 7 52408 19800 55 >23 0.3 0.07 G04
V4641 Sgr 8 9 51437 43200 420 >9.5 0.8 4 Hjo1, Or01
Cyg X-1 2.5 10 53055 2000 50 ? 0.02 ~ 0.05 P04
XTEJ1748-288 8.5 7 50980 172800 530 >2.7 1.9 ~ 0.1 B0O4
Cir X-1 6 1.4 51837 43200 20 >15 0.6 ~ 0.7 Fo4
Sco X-1 2 1.4 many 3600 15 > 3.2 0.02 ~1 F02

Table 1. Parameters for the X-ray binary systems and selected jatsdéscussed in this paper; the last two sources contametagy neutron stars, the rest
black hole candidates. The first three columns give the sauame, distance and mass of the accretor. Columns 4-9 giwath, rise time, peak radio flux,
constraints on bulk Lorent factor, estimated jet power amdesponding estimated X-ray power for jet production évefhe final column gives references
(F99 = Fender et al. 1999; HR95 = Hjellming & Rupen 1995; BO2red&sopp et al. 2002; W02 = Wu et al. 2002; G04 = Gallo et al426001 = Hjellming

et al. 2001; Or01 = Orosz et al. 2001; P04 = Pooley 2004; BO4oelBropp et al

222 GX339-4

GX 339-4 is also a key source in our understanding of the disc-
jet coupling in X-ray binaries (Fender et al. 1999b; Corltedle
2000, 2003; Gallo et al. 2003; Belloni et al. 2004), albei arhich
varies on timescales considerably longer than in GRS 190%+1
Recently, a clear bright optically thin radio flare was olbedrfrom

this source, and subsequently found to be associated withaa r
tivistic ejection event (Gallo et al. 2004). The light cura®rre-
sponding to the first part of the 2002/2003 outburst (Belkdral.
2004), presented in Fig 1(b) shows many similarities witht tbf
GRS 1915+105 (Fig 1(a)) in the X-ray band, with a rising hard
(in this case the canonical LS) state softening shortly deefosoft
VHS/IS peak. Subsequently both sources show a drop in theyX-r
flux and then a slow recovery to even higher levels. Compared t
GRS 1915+105 we see that the softening of the X-ray statenbega
a few daysheforethe radio flare, which seems to correspond to the
VHS/IS peak near thendof the softening. However, the key thing
we learn from GX 339-4 compared to GRS 1915+105 is that the
major radio event is also associated with the state transisiome-
thing which is not unambiguous in GRS 1915+105. In this cante

it is interesting to note that the rise and decay timescaldheo
radio oscillation events in GRS 1915+105 are comparabldééo t
durations of both the hard VHS/IS and soft VHS/IS statescésin
the source is in general 'oscillating’ between the two). dwer,

in GX 339-4 we see that this is clearly not the case, and tleat th
transient radio event is associated with a specific and veriyeld
instant in time.

2.2.3 XTE J1859+226

XTE J1859+226 (Fig 1(c)) is a more 'traditional’ transienan ei-
ther GRS 1915+105 or GX 339-4, and underwent a bright outburs
in 1999 (Wood et al. 1999; Markwardt et al. 1999; Brocksopal et
2002; Casella et al. 2004). It showed an initial LS peak dytire
rise to outburst, which preceded the subsequent soft peséveayal
days. This allows us to separate the LS and VHS/IS peaks -hwhic
was impossible for GRS 1915+105 and still difficult for GX 389
— and identify which is associated with the radio event. Tdoia
data used in Fig 1(c) are from Brocksopp et al. (2002).

This source peaked in hard X-rays (see BATSE light curve

. (in prep); FO4 = Fender et al. 2004; FO2 = Foma&bal. 2001a,b).

in Brocksopp et al. 2002) about a week before the soft peak. Th
X-ray state between the two peaks can be formally described a
a 'hard VHS/IS’ which is gradually softening. The opticatlyin
radio event is clearly associated not with the peak of thedft®r
which the X-ray spectrum starts to soften, but with the VISS/I
peak, which seems to occur just at the end of the spectraitiam
Note also that some radio emission persists after the LS, jretak
the VHS/IS (further discussion below).

2.2.4 XTE J1550-564

XTE J1550-564 (Fig 1(d)) is another bright transient whiels bin-
dergone several outbursts in recent years. The data addhgse
correspond to the brightest one, in 1998/1999 (see Sobdzalk e
2000; Homan et al. 2001; Remillard et al. 2002). This outburs
was associated with a very strong optically thin radio esri-
sequently resolved into a radio (Hannikainen et al. 200d) amost
spectacularly, an X-ray jet moving relativistically (Cetbet al.
2002). The radio data plotted in Fig 1(d) are from Wu et al0@)0
and Hannikainen et al. (2004).

As in XTE J1859+226, the LS and VHS/IS peaks are clearly
separated in time, in this case by approximately two weelss@y
inspection of Fig 1(d) clearly indicates that the opticdHlin jet is
launched at the time of the VHS/IS peak, which occurs, agan,
at the end of the X-ray spectral transition. Once more, asTi X
J1859+226, we also note low-level radio emission betweerth
and VHS/IS peaks.

3 JETS AS A FUNCTION OF X-RAY STATE: NEW
PERSPECTIVES

Based upon the investigation we have performed, we arer laddtie
to associate the characteristics of the radio emission asaién
of X-ray state, and therefore to probe the details of theligt:cou-
pling. While the previously-established pattern of:

e LS =steady jet
e HS=no jet
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Figure 2. Behaviour of radio emission immediately prior to opticatiyn flare events. The top panel shows data for the GRS 195ptHieau reported in
detail in Fender et al. (1999); the lower panel the outbuir3tTE J1859+226 reported in Brocksopp et al. (2002) and algordg 1. The right-hand panels
show in detail the radio light curves and fitted spectral éadiover this period, and are separated for each sourcehire® phases. The location of these
phases in the radio luminosity : X-ray luminositi.(.q4;0:Lx) plane (Gallo, Fender & Pooley 2003) is indicated in thetefhd panels (the X-ray luminosity
is calculated from the RXTE ASM, as in Gallo, Fender & Pool@p2, and is therefore much less accurate than the fluxesyeesia Fig 1). Initially, while
still in a *hard’ VHS/IS, both sources display optically ¢kiradio emission which lies close in theé (. 4;0:Lx) plane to the mean relation for LS BH XRBs,
as marked out by the data for GX 339-4 (Gallo, Fender & Poo2§32 Subsequently, the radio emission seems to becomeanattéec and occasionally
optically thin.

remains valid, additional information has clearly comedgot X-ray emission ad ;adio Lé} whereb ~ 0.7 with a small ap-
about the details of jet formation in the VHS/IS during triens parent range in normalisations for several different systéCorbel
outbursts. et al. 2003; Gallo, Fender & Pooley 2003; see also Fendelp Gal
& Jonker 2003 and Jonker et al. 2004 for further discussiamk a
implications).

While the HS was known to be associated with a dramatic de-
crease in the radio emission (e.g. Tananbaum et al. 1972ieFen
It has by now been established for several years that thengano et al. 1999b; Gallo, Fender & Pooley 2003) it was not well know
cal LS is associated with persistent flat- or inverted-spettra- how the radio emission behaved in the VHS/IS. Fender (2001a)
dio emission which probably arises in a self-absorbed;sgiflar suggested, based upon GRS 1915+105, that the VHS/IS was asso
outflow (Fender 2001). This radio emission is correlatedhilie ciated with unstable, discrete ejection events. Corbel. €2601)

3.1 Persistence of the steady jet in the 'hard’ VHS/IS
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luminosity. Most of the data points correspond to varyingrdes of the
VHS/IS, and not the canonical LS (to the right) or HS (to tH&le

reported that the radio emission from XTE J1550-564, elelzs
after a transition to the VHS/IS, was reduced ('quencheg’ab
factor of 50 compared to the previous LS.

However, it is clear from Fig 1 that some radio emission per-
sists beyond the end of the canonical LS, before the outlfoste
of the best data available are those of XTE J1859+226 (Brock-
sopp et al. 2002), which are plotted in Fig 1(c) and Fig 2. Ror a
least three days following the LS peak, while the X-ray speut
is softening, the radio emission is persistent with an agiprately
flat spectrum. Furthermore, the radio luminosity remainsisient
with the universal relation of Gallo, Fender & Pooley (2008)s
is demonstrated in the left panels of Fig 2. In fact, inspertrig

3.2.1 GRS 1915+105

Given that in GRS 1915+105 we (i) are typically observingioad
emission from théast state transition, (ii) the transition period be-
tween the 'hard’ and 'soft' VHS/IS is very rapid, it is not @ilsle to
investigate this effect for the oscillation-type eventshis source.
However, the effect is seen in the monitoring of the platdates
and subsequent radio flares as reported in Fender et al.gL9%9
noted in that work (see also discussion in Klein-Wolt et 802)
major radio ejections (which were directly resolved) folexl the
plateau. Thus, as in the other sources, a transition fronhtre’
to the 'soft’ VHS/IS (as GRS 1915+105 rarely, if ever, reactie
canonical LS or HS) resulted in a major ejection. However data
also reveal that the radio spectrum started to chanige to the first
major ejection event. This is presented in Fig 2.

In fact the radio spectrum is already 'optically thin’ a cteip
of days before the flux starts rising, reaching a mean valu®6.6f
on MJD 50750, the day before the flare. The change in the radio
spectrum occurs around the time that the spectrum startsftens
dramatically towards the 'soft’ VHS/IS.

3.22 GX339-4

The detailed radio light curve of GX 339-4 around the timehsf t
major radio flare is reported in Gallo et al. (2004). During finst 2
hours of observations on MJD 52408, immediately prior tortbe
of the radio flare, the spectral index seems to vary from flatdoe
optically thin (@ ~ —0.2) and back to flat. Even though the error
bars are relatively large, this is consistent with rapidalatity of
the radio spectrum outflow structure prior to the radio flare.

3.2.3 XTE J1859+226

In this source, over the 4 days prior to the flare on MJD 51465
radio spectrum changes from fl& @37 > « > —0.030) to more
optically thin @ = —0.237 on MJD=51467); see Fig 2 (lower
panels). On this date, the radio spectrum is measured oven se
frequencies: fig. 5 of Brocksopp et al. (2001) shows that ttezh
spectrum, even though overall optically thin, is peakediado3
GHZz (i.e. flat-inverted till 3 GHz and optically thin abovéndi-
cating that a structural change in the outflow has occurrext fir

3 of Gallo, Fender & Pooley (2003) we can see that in the case of ¢ fiare.

Cyg X-1 the turnover in the radio emission occafter there has
already been some softening of the X-ray emission, implgiisg
that the compact jet persists into the 'hard VHS/IS'. Basado
recent study of XTE J1650-500, Corbel et al. (2004) have aso
cluded that the steady jet may persist beyond the initiaksaig

of the canonical LS. The importance of this is that there éady/
not a one-to-one relation between the behaviour of the radis-emi
sion and the X-ray states as currently defined (this will Iseutsed
more later).

3.2 Changes in the jet radio spectrunprior to the outburst

Following the persistence of the steady LS-like radio emissto
the hard VHS/IS, the data indicate that a change in the radis-e
sion does occur prior to the radio flare. In brief, it appehet the
radio emission starts to become more variable, with a peaked
(more) optically thin spectrum shortly before the radiodlawe
present the evidence for this from the four key sources usidiely
here:

3.2.4 XTE J1550-564

The radio coverage of the outburst of XTE J1550-564 as pteden
in Fig 1(d) is reported in Wu et al. (2002). However, furthezan
surements presented in Hannikainen et al. (2004) inditetean
MJD 51073, some 4.5 days prior to the flare, there was rapic spe
tral variability. This included a transition from a peakedan op-
tically thin spectrum, and back to a peaked spectrum agairg o
timescale of less than half a day.

3.3 Association of the outburst with the soft VHS/IS peak

Many — perhaps all — sources which undergo an X-ray outbaxa h
a bright hard state during the rising phase (e.g. Brocksap. e
2002; Maccarone & Coppi 2003; Yu et al. 2003; Yu, van der Klis &
Fender 2004). We know that hard X-ray states correspondasgsh
of powerful jet production, and that the relativistic ejens tend to
occur around the time of X-ray state transitions, and thfitstates
do not seem to produce jets (see Fender 2004 for a review).



What was difficult to tell from investigation of the most-
studied sources like GRS 1915+105 and GX 339-4, was to what
part of the state transition sequence the optically thirfgenha-
tion corresponded. The above examples appear to give aariear
swer — the optically thin radio jet is produced at the VHS/&lg
which occurs at or near the end of the X-ray spectral softenin
We note that this is consistent with the suggestion of Mirabal.
(1998) that the 'spike’ in the X-ray light curve of GRS 191951
corresponded to the trigger point for the optically thinicagvent
although, as we have seen, in the case of GRS 1915+105 tleere ar
many ambiguities which cannot be resolved by studying thisce
in isolation.

Figure 3 presents the hardness-intensity diagrams (Hi@s) f
the three of the four sources presented in Fig 1, with thetair
responding most clearly to the time of the major radio flagi-in
cated with a circle. In these HIDs the canonical LS corredpdn
a nearly vertical branch on the right hand side of the diagsean
here only for GX 339-4; the horizontal right-to-left motiesthib-
ited by these sources is characteristic of a transition fachmard’
to a 'soft’ VHS/IS (Belloni 2004; Belloni et al. 2004; Homan &
Belloni 2004). Furthermore, the X-ray intensity has beemveded
to an Eddington-fraction luminosity, based upon the distaand
mass estimates given in table 1. It is clear that in all casesadio
flare occurs when the sources are in the VHS/IS, having signifi
cantly softened from the LS prior to the event, and with a ¥X-ra
luminosity in the range 10-100% Eddington.

It is worth revisiting the result of Corbel et al. (2001) inieh
XTE J1550-564 was found to be radio-quiet while in the VHS/IS
An inspection of the X-ray data, indicates the following first ra-
dio observation, which resulted in an optically thin deitatt was
made within a day or two of the soft VHS/IS peak. The second ob-
servation, resulting in an upper limit only, was severalsiaye, in
the middle of the soft VHS/IS phase. Thus these observatioas
consistent with the picture presented here, namely thatgtieally
thin radio flare occurs at the soft VHS/IS peak, and in the subs
guent soft VHS/IS phase the core radio emission is suppiesse

Corbel et al. (2004) report a detailed study of the radio emis
sion from the black hole transient XTE J1650-500 (plus a phe-
nomenological comparison with XTE J1859+226 and XTE J1550-
564) in which the canonical LS and HS, as well as various 'de-
grees’ of VHS/IS were observed. Specifically they concluus t
the steady LS jet may persist into the 'hard’ VHS/IS, and that
optically thin radio flare is associated with the soft VHSf&ak
(although they use the state definitions of McClintock & Riéaml
2004). These results seem to be consistent with the conokigie
have drawn (more quantitatively) about the association @)
states and jet production.

3.4 The variation of accretion disc radius with state

It is widely accepted that a geometrically thin, opticaljck, ac-
cretion disc extends close to the black hole in 'soft’ X-ragtes
and is 'truncated’ at larger radii in 'harder’ X-ray statesq. Esin,
McClintock & Narayan 1997; McClintock & Remillard 2004 and
references therein). While the absolute values of the cddéined
from X-ray spectral fits may be severely underestimated (éay-
loni, Fabian & Ross 2000), large changes in the fitted radi ar
likely to be due to real changes in the location of the brigh}¢
ray emitting region. Specifically, for the four sources urdietailed
consideration here:

"Classical’ McClintock & Radio properties
states Remillard
Low/Hard state (LS) Hard state steady jet
'Hard’ VHS/IS Intermediate state steady jet
'Hard’ — 'soft’ VHS/IS  Intermediate— SPL radio flare
'Soft’ VHS/IS Intermediate / SPL no jet
High/Soft state (HS) Thermal dominant no jet

Table 2. Comparison of the classical’ X-ray states, and those of MeC
tock & Remillard (2004), with the radio properties as dismdin detail in
the text. 'VHS/IS’ corresponds to "Very High State/Intemiiege State’ and
'SPL’ stands for 'Steep Power Law'.

3.41 GRS 1915+105

The 'dip-flare’ cycles of GRS 1915+105, such as those present
in Fig 1(a), are well known to be associated with apparenhgés
in the fitted accretion disc radius (e.g. Belloni et al. 198&nder

& Belloni 2004 and references therein). During the 'soft VISS
(states A/B) the fitted inner disc radius reaches a stable Malue
and is considerably larger in the hard VHS’ (state C).

342 GX339-4

Spectral fits over the period focussed on in Fig 1(b) indiedited
inner disc radius which decreased dramatically at the pdigpec-
tral softening (Zdziarski et al. 2004; Nespoli 2004). Thiw lvalue
of the fitted inner radius remained stable for an extendetbger
(> 100 days) until the return to the canonical LS.

3.4.3 XTE J1859+226

To our knowledge, detailed spectral fits over the entire unsttof
XTE J1859+226 have not been published. However, both the gen
eral X-ray spectral and timing evolution and the prelimjnéits
reported by Markwardt (2001) indicate a similar patterntteeo X-

ray binaries. Note that Hynes et al. (2002) discuss the qaiturst
evolution of the accretion disc in XTE J1859+226 but noté the
absolute value of the inner disc radius cannot be well caimsd
and so it is hard to use their results to compare with earti¢hé
outburst.

3.4.4 XTE J1550-564

Sobczak et al. (2000) fitted disc radii to over 200 spectra BEX
J1550-564 during the entire 1998—-1999 outburst. They fahatl
at the peak of the outburst ('soft VHS’) the fitted disc radiried
a lot but were in general very (unrealistically) small. Sedpsently
in the canonical HS state the disc radius remained relgtsmball
and stable over 100 days.

3.5 The alternative state definitions of McClintock &
Remillard

We can summarise these connections between X-ray stataand r
dio emission within the framework of the revised definitiofi$/c-
Clintock & Remillard (2004). This is presented in Table 2.

Two significant points are worth noting:
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(i) Inthe framework of McClintock & Remillard, it may be ex-
actly at the point of the transition to the SPL that corresjsaio the
radio ejection event.

(ii) In the same framework, there appear to be both ’jet ol an
'jet off’ phases associated with the same state 'interntetiiabel.

Point (i), above, was already suggested by McClintock &
Remillard (2004) has been noted as likely also by Corbel et al
(2004). However, considering point (i), it appears thatmiew def-
initions have both advantages and disadvantages.

4 INCREASING VELOCITY AS A FUNCTION OF X-RAY
LUMINOSITY AT LAUNCH

A further key component for the model towards which we are pro
gressing is the variation of jet velocity with X-ray lumints state.
The empirical evidence clearly points to an increase of¢édaity
with X-ray luminosity, at least in the sense of a step up froitdiy
relativistic velocities in the LS to significantly relatstic velocities
resulting from outbursts at a significant fraction of the Bdtbn
limit. Table 1 presents a compilation of estimated jet Lizefac-
tors as a function of the X-ray luminosity at launch. In fagth the
exception of the upper limit for the LS sources (see belohgse
are all based upon observed proper motions in spatiallyivedo
radio maps and are therefore only lower limits (see FendésR0
These data are plotted in Hiby 4. Note that a higher Lorentoffac
transient jets associated with outbursts is further supgdoy the
much larger scatter in the,.4i, : Lx plane compared to the LS
sources (Gallo, Fender & Pooley 2003).

T
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X-ray luminosity (Eddington units)
Figure 4. Limits on jet Lorentz factors as a function of the estimatetbb
metric X-ray luminosity at the time of jet launch. The arroiwghe lower
left of the figure indicate the condition that jets in the gahéS state have
v < 0.8c. The rest of the symbols are lower limits only to the Lorentz
factors from individual black hole (filled symbols) and reut star (open
symbols) X-ray binaries; the data are listed in table 1.

around the correlation can only really be used, in the alesefad-
ditional information, to constrain ttrangein jet velocities, and not
the absolute values. Based upon their arguments, it rerilaahg
that the bulk Lorentz factor of the LS jetslis~ 1 but it is not a
formal requirement. Based upon an analysis of the norniaisa
for GX 339-4 and V404 as estimated in Gallo, Fender & Pooley
(2003) they conclude that the Lorentz factors of the two cesir
differ by no more than a factor of two. Given the 'universalit

The measured spread to the radio/X-ray correlation in LS within about one order of magnitude — of the correlation enésd

black hole X-ray binaries was interpreted by Gallo, Fendé&td®-
ley (2003) in terms of a distribution in Doppler factors arebd
to infer an upper limif” < 2 to the bulk velocity of compact jets.

in Gallo, Fender & Pooley (2003), this in turn implies thatiéna
pendent measurement of the Lorentz factor of a jet in the L&dvo
apply to all LS sources. In the discussion that follows wel siwem-

The value of the spread as it appears in GFP03 is mainly deter-tinue to assume that the Lorentz factor of the steadyljets2 but

mined by the two data sets for which the correlation extengs o
more than three orders of magnitude in X-ray luminosity, agm
V 404 Cyg and GX 339-4. Obviously, errors in the distance-esti
mates to these systems will introduce a further source dfesda
the correlation. While V 404 Cyg is (reasonably well) knowriée

note that it is not proven.

What is not clear from these data is whether the velocity is a
simple ‘step’ function of the X-ray luminosity at launch, @ther
a smoother function. As discussed in Fender (2003) a braagera
in T will, in most circumstances, produce approximately theesam

at ~3.5 kpc (Wagner et. al 1992), the distance to GX 339-4, and proper motions. For the simple unified model discussed Bahi

hence its luminosity, remain uncertain. Recent works (ldyeteal
2004; Zdziarski et al. 2004) have significantly revised thedr
limit of 4 kpc (Zdziarski et al. 1998) adopted in GFP03, phagi
GX 339-4 at a distance larger than 6 kpc. In particular, Hyates.
(2004) discuss the possibility that the system could evdodaed
on the far side of the Galaxy, at 15 kpc. In fact, any value be-
tween 6 and 15 kpc has the effect of lowering the final spredukto
radio/X-ray correlation by shifting GX 339-4 closer to V 404g,
resulting in a more stringent upper limit on the jet bulk Lz
factor. A minimum distance to GX 339-4 of 6 kpc reduces the-mea
sured spread by a factor 1.6, requiring an outflow bulk v&joci
smaller than 0.7. This sets a new upper limit df, 40 5 1.4 to
the average bulk Lorentz factor of LS black hole X-ray binjaitg;
in fact, the distance to GX 339-4 would have to be larger than 1
kpc before the spread exceeds again the value obtained fot.4 k
As discussed in GFPO03, the above arguments are formally wali
case of radio beaming combined with isotropic X-ray emisshmit
if X-rays are moderately beamedx ~ 0.3c, as suggested by e.g.
models of dynamical coronae, Beloborodov 1999), the caimhs
remain essentially unchanged.

However, Heinz & Merloni (2004) argue that the spread

ticle either ('step’ or smooth function) interpretationsisfficient.
The key factor is that the jets associated with the VHS/IX zea
probably more relativistic than those in the LS which gelherae-
cedes it.

5 RADIO EMISSION AND JET POWER

It is also crucial to estimate the jet power as a function afa)-
luminosity / state. In the following we present simplifiedpess-
sions for the power in both optically thick and opticallyrthéts, in
Eddington units, as a function of observable radio and Xerays-
sion.

5.1 The low/hard state optically thick jet

In Fender, Gallo & Jonker (2003) it was argued that the tatl j
power Lj, in the absence of significant advection, was related to
the accretion luminositf.x as follows:

0.5
Ly = AstcadyLX



where Agteady > 6 X 10~ (the normalisation is referred to
simply asA in Fender, Gallo & Jonker 2003).

Studies of the rapid variability from the 'hard’ transienT X
J1118+480, which remained in the LS throughout its outbteste
supported the idea that the optical emission may origimed@ iout-
flow and not reprocessed emission from the disc (Merloni, di-M
teo & Fabian 2000; Kanbach et al. 2001; Spruit & Kanbach 2002;
Malzac et al. 2004). Detailed modelling of the correlatedalzlity
by Malzac, Merloni & Fabian (2004) has resulted in a nornaalis
tion of the jet/outflow power which correspondsAgicaqy ~ 0.3
in the above formalisation, which would imply that all LS soces
are jet-dominated. For now we shall take this as the largesy!|
value of Asteady (S€€ also Yuan, Cui & Narayan 2004 who estimate
a value for the radiative efficiency for the jet in XTE J111864
which lies between the lower limit of Fender, Gallo & Jonké03
and the estimate of Malzac, Merloni & Fabian 2004).

5.2 The optically thin jets

The power associated with the production of optically tleits jcan
be calculated from the peak luminosity and rise time of threngv
adapting the minimum energy arguments of Burbidge (19589),9
as follows:

Ly = 20482717

radioM*P’/7 =2X 10*5At2/7d8/75§é7HzM*1

whereL; is the mean power into jet production (in Eddington
units), At is the rise time of the event, in seconds,aio is the
peak radio luminosity of the event at 5 GHz (in Eddington shit
d is the distance in kpc, 521 is the peak radio flux density at
5GHz (in mJy), andV/ is the black hole mass in solar units. The
equation assumes an emitting plasma with volume correépgnd
to 47 (Atc)?, afilling factor of unity, negligible energy in protons
and a spectral index @f = —0.75. See Longair (1994) for a fuller
discussion.

In addition, since we have argued above that the bulk Lorentz

factor is considerably higher for the transient jets unded these
optically thin outbursts, we need to compensate for theltasu
Doppler effects. Fender (2001b) demonstrated that it isTmogore
likely, for significantly relativistic jets, that the jet p@r is under-
estimated than overestimated, and introduced a correticior
F(T,i) = T6~2 wheres is the relativistic Doppler factor associ-
ated with bulk Lorentz factor' (the correction includes the kinetic
energy of bulk flow). FoR < T" < 5 the mean value of'(T', )
averaged ovetos(i) is ~ 50. We adopt this value as an additional
(upward) correction to the power of the optically thin jeBom-
parison of the formula given above with specific examplesemor
carefully considered, e.g. the 1997 ejections from GRS 1905
reported by Fender et al. (1999), indicate this to be a resdden
correction. As discussed earlier, however, we have no cipper

limit on T" associated with these events, and the correction could

be much larger. For example, far< I" < 7 the mean value of
F(T',4)is~ 160, and for2 < T' < 10is it ~ 575.

In table 1 we list in columns eight and nine the estimated op-
tically thin radio powers during the flare evenis;, and the corre-
sponding peak 'soft VHS/IS’ X-ray luminosity,x vus, both ex-
pressed as Eddington fractions. These values are plot@idsig
each other in Fig 5, and compared with the functions for thadt
/ LS jets as outlined above, for both the Fender, Gallo & Jonke
(2003) lower limit and the Malzac, Merloni & Fabian (2004}ies
mate.

A best-fit power-law to the data for the transient events is of
the form
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Figure 5. Comparing estimated jet power in the steady / LS and tratssien
/ VHS/IS states. Note that the uncertainties on the estiingepowers
are large,at leastone order of magnitude. The solid line marked FGJ03
indicates the lower limit to the steady jet power in the LS stineated by
Fender, Gallo & Jonker (2003). The line marked MMFO04 indésathe same
function with the larger normalisation as calculated by Ma| Merloni &
Fabian (2004). The (solid) points indicate the estimatgetqiower for the
transient events listed in table 1. It is interesting to rib& the data are
therefore compatible with the MMFO04 relation at all X-rayrinosities. If
the steady LS jet power is lower, nearer to the lower limii¢ated by the
FGJO03 function, then there may be a step up in jet power fotréresient
events. A very approximate indication of the regimes tyibiczorrespond-
ing to the different X-ray states is indicated at the bottdrthe figure. The
power estimates for the two neutron star sources, Sco X-Land-1, are
indicated by open symbols.

0.5£0.2
cht - AtransLX

where the fitted value ig;ans = (0.4+0.1). Note that since
for the transient jeté.x ~ 1 this indicates near equipartition 6f
and L ; around the time of such events.

The index of the fit).5+ 0.2 is comparable to that derived for
the LS, namelyLjo; o< L%® (Fender, Gallo & Jonker 2003). The
value of the normalisationd:;ana, iS much larger than the con-
servative value for the steady jet normalisatidgic.qy estimated
in Fender, Gallo & Jonker (2003; see above). However, it Iy on
~ 50% larger than the value ofs.aq, implied by the results of
Malzac, Merloni & Fabian (2004). Were such a large value to be
valid for the LS it would imply that black hole X-ray binariese
likely to be jet-dominated beloitx = Afmady ~ 0.1Lgq4. Since
most sources do not strongly exceed this Eddington ratidevihi
a 'hard’ X-ray state (see e.g. Figs 3 and 5), it implies bl in
the HS and 'soft’ VHS/IS and states, when the jet is supptksse
the X-ray luminosity dominant over the jet (see also disicusm
Malzac et al. 2004). Put another way, for such a large nosaiidin,
whenever the jet is on, it is the dominant power output chinne

5.3 Some caveats

Note that there are very large uncertainties remainingaregtima-
tion of both Asteady and A¢rans. The functions used for the power
of the steady jets are based upon essentially one detaienie —
XTE J1118+480 — and extrapolated to other sources via thegun
sal' Lragio < L% relation (although estimates from a handful of
other sources are also compatible). While this approach wedly
be appropriate, spectral changes — in particular the loeati the
optically thin break in the synchrotron spectrum — coul@rsity
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affect the variation of_; as a function of.x and more work needs
to be done in the future.

In the case of the power function for the transient jets, we
have in fact more independent measurements, but those raeasu
ments themselves probably have a greater associated aintert
Underestimation ofl.; can clearly arise due to deviations from
equipartition, a lack of knowledge of the high-frequencyeex
sion of the synchrotron spectrum and a possible underestiofa
the bulk Lorentz factor. Overestimation @éf.,,,; could arise due
to overestimation of the synchrotron-emitting volume &dilling
factor f < 1 or injection/acceleration of particles into a confined
jet).

efficiency %

A single function or a step up in jet power ?

Nevertheless, it is noteable that a single power-law @atiould
be plotted through both the steady LS and transient VHSM8-fu
tions, and that the normalisation of such a single functionld be
close to that estimated by Malzac, Merloni & Fabian (2004, i
Asteady ~ Atrans ~ 0.3.

If there is not a single function then it seems that the tetsi
VHSI/IS jets are somewhat more powerful as a functiof gfthan
an extrapolation of the steady LS jets function. This sutigess
strengthened by our argument, below, that the optically ¢hients
are likely to arise in internal shocks which do not dissigE26%
of the available kinetic energy. If real, this effect may heedo
temporarily increased efficiency of jet production in theendisc,
or the transient addition of a new power source, namely thekbl
hole spin (e.g. Blandford & Znajek 1977; Punsly & Coroton919
Livio, Ogilvie & Pringle 1999; Meier 1999, 2001, 2003; Koids
al. 2002). Nevertheless, we consider the similarity in lgptdient
and normalisation of the two jet functions to be remarkalile.
note that for the model outlined in this paper to be testednaga
higher-mass (intermediate or supermassive) black holastteer
mass term would be required for both expressions (see Heinz &
Sunyaev 2003; Merloni, Heinz & di Matteo 2003; Falcke, Kiard
& Markoff 2004). However, for the X-ray binaries where thege
in mass is likely to be< 2 this is not important at the current level
of accuracy.

6 INTERNAL SHOCKS

The arguments given above clearly indicate that as the Xuray
nosity of the accreting source increases, then so does theitye

of the outflow (although whether this is in the form of a step, o
other functional form, is as yet unclear). Since most, pbbpall,
outbursting sources have followed a path in which they hae b
come monotonically brighter in a hard state before makingua-t
sition to a soft state, this tells us that a shock should farrthe
previously-generated ‘steady’ jet as the faster-movingS¥i8 jet
catches up and interacts with it. This internal shock isefoee a
natural origin for the optically thin events observed attibginning

of X-ray transient outbursts. Internal shocks have preslipbeen
proposed for AGN (e.g. Rees 1978; Marscher & Gear 1985; Ghis-
ellini 1999; Spada et al. 2001) and gamma-ray bursts (GRBg) (
Rees & Meszaros 1994; van Paradijs, Kouveliotou & Wijers@®00
and references therein). Indeed in the context of X-rayr@saan
internal-shock scenario has already been discussed pstyifor
GRS 1915+105 by Kaiser, Sunyaev & Spruit(2000), Vadawale et
al. (2003) and Turler et al. (2004), and their ideas haveifsogmtly
inspired this work.

50
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Figure 6. Efficiency of energy release for the collision of two shells,
where the outer shell is only mildly relativistic (bulk Lariz factor [BLF]

I' < 2, under the assumption of conservation of momentum and gnerg
Case (a) corresponds to the case of two blobs with equaldntaby (i.e.

'y M; = T'2 M) in which case the jet power has not increased. Case (b)
corresponds to the case of the same mass but increased 4 taetar, ie.

an increase in jet power by a facts — I'; . This can be considered a (high
oversimplified) approximation to the collision of a relagiic VHS/IS jet
(inner shell) with the preceding steady LS jet (outer shell)

Rees & Meszaros (1994) spelled out the basis for such ’in-
ternal shocks’ in the context of GRBs. They assumed two $lob
of equal mass but differing Lorentz factors were ejectedshat
the later ejection had the higher Lorentz factor. This congpd,
if moving along precisely the same trajectory as the origiom-
ponent, will collide with it. Assuming conservation of eggrand
momentum it was shown that up to 40% of the total kinetic energ
could be released in this shock.

The formulation for the efficiency of energy releaseas pre-
sented in Rees & Meszaros corresponds to the case in whibh bot
blobs have Lorentz factois; > >> 1. We have repeated their ap-
proach, but considered instead the (less simple) case ichvthe
first blob is at most only mildly relativisticl{; < 2).

In Fig 7 we plot the internal shock efficiency for two cases:

e (a) The blobs have the same total energy, fulfilling the cri-
terion thatl'; My, = T's M» (where M is the mass of the blob).
This corresponds to the situation in which the jet power duzts
increase significantly, while the Lorentz factor does.

e (b) The blobs have equal mass. This corresponds to a genuine
increase in jet power by a factdy, — I'y ~ I'2. This corresponds
to the maximum efficiency for the internal shock (e.g. Spada.e
2001).

For the kind of values estimated for transient jets, efficies
in the range 5-40% are expected. For a total jet powd?r;othe
power in the shock (i.e. available for particle accelergtiwill be
Psnhock < €Pjy. The remaining jet powefe — 1) Py is associated
with the kinetic energy of the merged shells and should eyt
be dissipated via interactions with the ambient medium.

Of course this is a highly oversimplified approximation o th
true circumstances as the jet increases in velocity. Nesless,
it illustrates that the internal shock produced by a trartsfas it
is subsequently shut down in the soft state) acceleratidheofet
fromT ~ 1 toI" <10 could produce dissipation in an internal
shock with an observed energy release comparable (witkiorth



der or magnitude uncertainty) to that estimated for thedst¢et
prior to the acceleration. If, as seems likelf;ans > Asteady then
the more efficient shock scenario (b) (Fig 7) is more likehd ¢he
total jet power, and not just velocity, has significantly remsed.
Beloborodov (2000) discusses in further detail the highataa
efficiencies which may be obtained in the internal shock rhode

The internal shock scenario is also attractive as an exfitama
for why the same radio flux at a given radio frequency for amive
source can be sometimes optically thin and sometimes dlgtica
thick. Consider GRS 1915+105, where in the plateau statesa fl
density of~ 40 mJy at 15 GHz may be associated with an optically
thick spectrum, and later a comparable flux density withoaity
thin rising phases of oscillation events (e.g. Fender e1399). If
the particle acceleration all occurred at the base of a jét am
approximately fixed structure, this is hard to explain. Hogreit
follows naturally from a scenario where the optically thireets are
associated with internal shocks occurring at a much larig¢arnce
from the dense inner jet.

Note that it is the radiation resulting from the energy ldied
by the internal shock, which we have measured in order tmas
the jet power in section 5 above. However, since our estisnafte
the bulk Lorentz factor must be based upon observations eof th
post-shock plasma, then the true jet power must be largefduntar
e '. Since0.05 <e<0.45 in the above simplification, this may
imply that the underlying jet power is actually a further eraf
magnitude larger for the transient jets. In this case asifugiction
corresponding to both the LS and VHS/IS jets seems lesylikel

As discussed in Vadawale et al. (2003) the strength of the
shock is likely to be related to the amount of material lyinghe
path of the faster 'VHS/IS’ jet. They discussed this in thateat
of GRS 1915+105, where the strength of 'post-plateau j&iig-
Wolt et al. 2002) is shown to be correlated with the total }-ia-
ence of the preceding 'plateau’ (which was presumably agbés
slower jet production). Generalising this phenomenon heioX-
ray transients, it provides a natural explanation for witycagh
there are often multiple radio flaring events, the first isaiably
the strongest.

7 TOWARDS A UNIFIED MODEL

Based upon the key generic observational details asserabtaa,

we have attempted to construct a unified, semi-quantitatiasiel

for the disc-jet coupling in black hole X-ray binaries. A silin

fied version of the model specific to GRS 1915+105 has been pre-
sented in Fender & Belloni (2004). The model is summarised in
Fig 7, which we describe in detail below. The diagram cossist
of a schematic X-ray hardness-intensity diagram (HID) abav
schematic indicating the bulk Lorentz factor of the jet ander
accretion disc radius as a function of X-ray hardness. The fo
sketches around the outside of the schematics indicateugges-
tions as to the state of the source at the various phasesThe
path of a typical X-ray transient is as indicated by the satiws.

e Phasei: Sources are in the low-luminosity LS, producing a
steady jet whose power correlatesfas, o< L%® (ignoring any
mass term). This phase probably extends down to very low-lumi
nosities ('quiescence’).

e Phasei: The motion in the HID, for a typical outburst, has
been nearly vertical. There is a peak in the LS after whichtbe
tion in the HID becomes more horizontal (to the left) and ierse
moves into the 'hard’ VHS/IS. Despite this softening of theay
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spectrum the steady jet persists, with a very similar cogplijuan-
titatively, to that seen in the LS.

e Phasdii: The source approaches the ’jet line’ (the solid ver-
tical line in the schematic HID) in the HID between jet-proithg
and jet-free states. As the boundary is approached thegpépres
change, most notably its velocity. The final, most poweijgtl,has
the highest Lorentz factor, causing the propagation of &erral
shock through the slower-moving outflow in front of it.

e Phasdv: The source is in the 'soft’ VHS/IS or the canonical
HS, and no jet is produced. For a while following the peak Gfgeh
iii fading optically thin emission is observed from the agatily thin
shock.

Following phaseiv, most sources drop in intensity in the
canonical HS until a (horizontal) transition back, via thel$IS,
to the LS. Some sources will make repeated excursions, ssich a
the loops and branches indicated with dashed lines in Figdk b
across the jet line, However, with the exception of GRS 1906+
the number of such excursions is generatlyl0. When crossing
the jet line from right to left, the jet is re-activated buéth is (gen-
erally) no slower-moving jet in front of it for a shock to befeed;
only motion from left to right produces an optically thin fgfthis
is a prediction). Subsequently the motion back towardssgeiece
is almost vertically downwards in the HID.

The model as outlined above has many similarities with the
scenarios described by Meier (1999, 2001, 2003) who has ap-
proached the problem from a more theoretical point of viewieévl
(2001) has suggested that in low-luminosity states thesjgbiv-
ered by a modification of the Blandford & Payne ('BP’) (1982)
mechanism taking into account frame-dragging near a ngfati
black hole (Punsly & Coroniti 1990). This 'BP/PC mechanisrah
extract black hole spin by the coupling of magnetic field dires-
tending from within the ergosphere to outside of it. Meied(2)
further suggests that during phases of very high accretien t
Blandford & Znajek ('BZ’) (1977) mechanism may work briefly.
This may be associated with a 'spine jet’ which is considigrab
more relativistic than the 'sheath jet’ produced by the BPfech-
anism. Note that the power of the jets as given in Meier (2001,
2003) is about linearly proportional to the accretion ratehe for-
mulation of Fender, Gallo & Jonker (2003) this corresporudthée
'jet dominated state’ (see also Falcke, Kording & Markoffa).

We can revisit the scenarios of Meier in the light of our compi
lation of observational results and steps toward a unifiedehdn
the faint LS (phasein Fig 7) is the jet formed by the BP or BP/PC
mechanisms ? Given that the jet may be formed at relativedyela
distances from the black hole in such states, there may nahye
significant influence of the black hole spin on the jet formatpro-
cess. However, it is also likely that in such states thegetftion
process is not occurring within thin discs, as is the bastb@BP
mechanism, but rather in a geometrically thick flow (see algp
Blandford & Begelman 1999; Meier 2001; Merloni & Fabian 2p02

As the accretion rate increases the power of this disc-jit wi
increase and the geometrically thin accretion disc willpagate
inwards. During this phase the jet formation process mayrateg
from BP—BP/PC. However, the suggestion that the most relativis-
tic jets are formed by the BZ process seems at odds with ther-obs
vation of significantly relativistic outflows from two neotr stars
systems (Fomalont et al. 2001a,b; Fender et al. 2004). Ifated:
work, the results of Yu, van der Klis & Fender (2004) indicttat
the subsequent evolution of X-ray transient outbursts [F@g-
mately determinedbeforethe soft VHS/IS peak, in both neutron
star and black hole systems. This suggests that alreadyehijntle
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VHS/IS
HS Soft Hard LS

[<2

+ intensity . .

Jet Lorentz factor
Disc inner radius

<+ ||| -

Figure 7. A schematic of our simplified model for the jet-disc couplingolack hole binaries. The central box panel represents-amyXardness-intensity
diagram (HID); 'HS’ indicates the ‘high/soft state’, 'VHIS' indicates the 'very high/intermediate state’ and 'LBétlow/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards.oWer Ipanel indicates the variation of the bulk Lorentz faciothe outflow with hardness — in the
LS and hard-VHS/IS the jet is steady with an almost constafit borentz factorl’ < 2, progressing from stateto stateii as the luminosity increases. At
some point — usually corresponding to the peak of the VHS/ISircreases rapidly producing an internal shock in the outfiéy followed in general by
cessation of jet production in a disc-dominated H8. (At this stage fading optically thin radio emission is omlgsociated with a jet/shock which is now
physically decoupled from the central engine. As a resaelfsthlid arrows indicate the track of a simple X-ray trans@rtburst with a single optically thin jet
production episode. The dashed loop and dotted track itedtba paths that GRS 1915+105 and some other transientmtedqgeatedly hardening and then
crossing zondi — the ’jet line’ — from left to right, producing further optdly thin radio outbursts. Sketches around the outsidstiliie our concept of the
relative contributions of jet (blue), 'corona’ (yellow) @rccretion disc (red) at these different stages.

of the LS peak we can estimated the size of the ejection eveahwh  loni et al. 1997b). When the relation to ejection events [&0&
is to follow, and is a further indication that the study of tren Fender 1997; Eikenberry et al. 1998; Mirabel et al. 1998) dias

stars will shed important light on the physics of jet formatin covered, it was suggested that the 'disappearance’ of tier iisc

black hole systems. was directly related to its (partial) ejection (see alsooEeet al.
1999; Nandi et al. 2001). The following sequence of events wa
envisaged:

7.1 Ejected disc or ejected corona ? (i) Thin disc extends close to black hole (soft state)

L . i) Inner disc is ejected, resulting in:
It is interesting to compare the sequence of events we hatve ou (i) ) 9

lined as being responsible for ejection events with therjmee e Disappearance of inner dise transition to hard state
tation most commonly put forward when the disc-jet coupling e Synchrotron event

GRS 1915+105 was first observed. In this source oscillations
timescales of tens of minutes, between hard (state=Chard
VHS/IS) and soft (states 'A’ and 'B= soft VHS/IS — see Fig 1(a)) However, Vadawale et al. (2003) argued that it was the
were associated with cycles of disc 'emptying’ and refilf(€Bel- ‘corona’ which was subsequently ejected as the disc moved in

(iii) Refill of disc — return to soft state



again specifically for the case of GRS 1915+105. Rodriguez; C
bel & Tomsick (2003) have also suggested, in the case of XTE
J1550-564, that it is coronal, and not disc, material whéokjécted
prior to radio outburst

It is clear that if the model we have outlined in this paper is
correct, the 'disc-ejection’ scenario is unlikely to ber, &my black
hole X-ray binary. Specifically, it is the transitidawardsthe soft
state (that is, the 'refill’ of the inner disc) which causes #jection
event. Therefore, if we are to consider the ejection of miss,
more likely the 'corona’ (or whatever form the accretion floas
in the harder states) and not the 'disc’ which is ejected.

CONCLUSIONS

We have examined the observational properties of the jstxcas
ated with black hole X-ray binary systems. The key obseowati
can be summarised as:

(i) The radio:X-ray coupling: we have established that the
steady radio emission associated with the canonical LSgpetse-
yond the softening of the X-ray spectrum in the hard’ VHS/A$
the end of the transtion from ’hard’ to 'soft’ VHS/IS, usyalisso-
ciated with a local maximum in the X-ray light curve, a traamgira-
dio outburst occurs. The radio emission is subsequentlgresped
until the source X-ray spectrum hardens once more. Someesour
may repeatedly make the transition from ’hard’ to 'soft’ VHS
and back again, undergoing repeated episodes of steadyaamd t
sient jet formation.

(ii) Jet velocities:we have argued that the measured velocities
for the transient jets, being relativistic with=> 2 are significantly
larger than those of the steady jets in the LS, which probhble
r<i4.

(iif) Jet power: we have furthermore established that our best
estimates of the power associated with the transient jetsanpat-
ible with extrpolations of the functions used to estimate power
in the LS (albeit with a relatively large normalisation).

Essentially equivalent conclusions about the radio: Xaay-
pling have been drawn by Corbel et al. (2004). Putting thdse o
servational aspects together we have arrived at a semtitpiae
model for jet production in black hole XRBs. We argue thatfer
ray spectra harder than some value (which may be universakgr
slightly from source to source) a steady jet is produced. dveer
of this jet correlates in a non-linear way (approximatelyegi as
Ly o« L%%) with the X-ray luminosity. As the X-ray luminosity
increases above: 1% of the Eddington rate the X-ray spectrum
begins to soften. Physically this probably correspond$i¢ohieat-
ing of the inner edge of the accretion disc as it propagatsariis
with increasing accretion rate. Initially the jet produactiis not af-
fected. As the disc progresses inwards the jet velocityemees. As
it moves through the last few gravitational radii before IB€O0,
the Lorentz factor of the jet rises sharply, before the jesup-
pressed in a soft disc-dominated state. The rapid increaget i
velocity in the final moments of its existence results in a @ew
ful, optically thin, internal shock in the previously exigj slower
moving outflow.

The inner disc may subsequently recede, in which case a

steady jet is reformed, but with decreasing velocity anddtoze no
internal shocks. If the disc once more moves inwards anchesac
the 'fast jet’ zone, then once more an internal shock is faknhe
fact while jets are generally considered as 'symptoms’ efuthder-
lying accretion flow, we consider it possible that the regemay be
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true. For example, it may be the 'growth’ of the steady jea @ig.
build up of magnetic field near the ISCO / black hole) whichutess
in the hardening of the X-ray spectrum, perhaps via prestase

erts on the disc to push it back, or simply via Comptonisatifiihe

inner disc as it spreads (for further discussions see egiNz al.
2001; Tagger et al. 2004).

In the context of the nature and classification of black hole
'states’, these states, whether 'classical’ or as redefigedcClin-
tock & Remillard (2004) do not have a one-to-one relatiorhwit
the radio properties of the source. It seems that as far gettie
concerned, it is 'on’ — albeit with a varying velocity — if tltisc
does not reach ’all the way in’, which probably means as fahas
ISCO. The dividing ’jet line’ (Fig 8) HID, may also correspin
at least approximately, to a singular switch in X-ray timpgp-
erties (Belloni et al. 2004; Homan & Belloni 2004; see alscen
more discussion in McClintock & Remillard 2004) and may be th
single most important transition in the accretion proc&ssther
study of the uniqueness of the spectral and variability erigs
of sources at this transition point should be undertakeesband
refine our model.

Finally, given that Merloni, Heinz & di Matteo (2003) and
Falcke, Kording & Markoff (2004) (see also Heinz & Sunyaev
2003; Maccarone, Gallo & Fender 2003) have recently demon-
strated quantitatively the scaling of radio:X-ray cougliacross a
range of > 107 in black hole mass, it is obviously of great inter-
est to see if the model we are working towards for the coupdiihg
accretion and jet formation in black hole binaries may als@p-
plied to AGN. In addition, detailed modelling of the intetishock
scenario is required to see if the coupling, as outlined ebmally
could allow us to predict radio light curves from X-ray, anidev
versa. These two areas should be the next steps forward.
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