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Abstract Based on the results of applying the extended ADC emissiatehto three Z-track
sources: GX 340+0, GX 5-1 and Cyg X-2, we propose an explamafithe Z-track sources
in which the Normal and Horizontal Branches are dominatedhayincreasing radiation
pressure of the neutron star. The emitted flux becomes deivees super-Eddington at the
Hard Apex and Horizontal Branch and we suggest that the iaceretion disk is disrupted
by this and that part of the accretion flow is diverted vetlycd his position on the Z-track is
exactly the position where radio emission is detected shgiwie presence of jets. We thus
propose that high radiation pressure is a necessary conddr the launching of jets. We
also show that flaring must consist of unstable nuclear bgrand that the mass accretion
rate per unit emitting area of the neutron staat the onset of flaring agrees well with the
critical theoretical value at which burning becomes urstab
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1 INTRODUCTION

The Z-track sources are the brightest group of Galactic IagsnX-ray binaries (LMXB) containing a
neutron star persistently emitting at the Eddington lursityoor several times this. The sources trace out a
Z-shape in hardness-intensity (Hasinger et al. 1989)lglshowing that strong physical changes take place,
probably at the inner disk and neutron star, but a convinekpdanation of the Z-track phenomenon does
not exist. The majority of LMXB are of the Atoll class which@h somewhat different shapes in hardness-
intensity which are also not understood, and neither is ¢egtion between the two classes making our
understanding of LMXB very incomplete.

Moreover, it is well-known that the Z-track sources are diete as radio emitters, but in one branch
only, the horizontal branch. Not only is radio detected,ditiking results from the VLA show the release
of a massive radio condensation from the source Sco X-1 (lornet al. 2001). Because radio is detected
essentially in one branch only, the sources offer the piiggibf determining the conditions found in
this branch distinguishing it from the other two branches] ao finding the conditions necessary for jet
formation.

Possible ways of understanding the Z-track sources aredmyrékical approaches, timing studies or
spectral studies. A theoretical model for the Z-track sesmas produced by Psaltis et al. (1995) based on
a magnetosphere of the neutron star and the changing pespantd geometry of this as the mass accretion
rate changed. However, the model assumed that the Comgtbemission observed in the spectra (of all
LMXB) originated in a small central region close to the neatstar, and this is inconsistent with our more
recent measurements of Comptonizing region size (Churclafdhska-Church 2004, below).

Extensive timing studies have been made to investigate @Pi@tions around the Z-track (e.g. van der
Klis et al. 1987), but this has not revealed the nature of thaZk. Previous spectral fitting has applied the
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Eastern model (Done etal. 2002, Agrawal & Sreekumar 2008ablio et al. 2002) which assumes the X-ray
emission consists of disk blackbody emission plus nonrtiaéemission from a small central Comptonizing
region. However, our work over a period of 10 years with thgpdig class of LMXB provides strong
evidence that the source of Comptonized emssion, the AD@erig extended, typically having a radial
extent that is 15% of the accretion disk size, but increasiitig source luminosity, and this is inconsistent
with the Eastern model. As a result we have proposed the ridetd ADC” emission model consisting
of blackbody emission from the neutron star plus Comptah&amission from an extended ADC (Church
Batucifska-Church 1995). Moreover, the pattern of paten@hanges obtained by fitting the Eastern model
to the Z-track sources is not very easy to interpret and doesmmediately suggest a convincing physical
explanation. Thus in the present work, we take the approiapplying the extended ADC model for the
first time to the Z-track sources and we present the resulipplf/ing this model to the sources GX 340+0,
GX5-1 and Cygnus X-2.
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Fig.1 Top: Background-subtracted and deadtime-corrected PGHt lurve of the 1997 September
observation of GX340+0 with 64 s hinning. Bottom: the copawling variation of hardness ratio
(7.3-18.1 keV)/(4.1-7.3 keV) with intensity.
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2 OBSERVATIONS AND ANALYSIS

We analysed thérossi-XTE observation of GX 340+0 made on 1997 September lasting 480, kke
1998 November observation of GX5-1 spanning 95 ksec and3Bek2ec 1997 June/July observation
of Cygnus X-2. Data from both the proportional counter afRgA: 2—60 keV) and the high energy X-ray
timing experiment (HEXTE: 15-250 keV) were used. Analysasvearried out using the stand&®§TE
softwareFTooLs5.3.1. The background-subtracted, deadtime corrected IR@teurve for GX 340+0 is
shown in Fig. 1 (upper panel). A hardness ratio was definedh@satio of the intensities in the bands
7.3-18.5 keV and 4.1-7.3 keV, and the hardness-intensatyrdim is shown in the lower panel of Fig. 1.
Spectra were extracted corresponding to 10 positions admually spaced along the Z-track by defining
for each narrow ranges of hardness ratio (0.01 wide) anasitte(100 ¢ s wide). Good time interval
files (GTI) for each selection were also used to extract HEXpéctra, and simultaneous fitting of the PCA
and HEXTE data at each position of the Z-track carried outyapg the extended ADC model. Analysis of
the observations of GX 5-1 and Cyg X-2 were carried out in Hraesway, and results of spectral fitting are
given below.

3 RESULTS

The Z-track shown in Fig. 1 clearly shows the three branctineshorizontal branch (HB), normal branch
(NB) and flaring branch (FB), these branches correspondirgatticular sections of the lightcurve: for
example, the strong flaring in the early part of the obseovgtirovides the FB. Based to some extent on a
multi-wavelenth campaign on Cyg X-2 (Hasinger et al. 1990re has been a widely-held view that the
changes taking place along the Z-track are in some way dbyemmass accretion rafd that increases
monotonically in the direction HB-NB-FB. We note at thisggahat this appears inconsistent with an X-ray
intensity thaidecreases moving on the normal branch in this direction.

The spectral fitting results were very robust partly as altesuhe high-quality data with typically 1
million counts in each spectrum. It was also clear that tleeadishe extended ADC model not only provided
very good fits, but also results that could be easily intagatén a straightforward way. We present firstly
the results for the neutron star blackbody emission whidtescribed by the temperatuk&sg and the
blackbody radiugigg which provides the emitting area. Figure 2 (left) shaWigp for all three sources in
the upper panel anBlpp in the lower panel.

A clear pattern of systematic variation is evident. In atehsources the temperature is lowest at3
keV at the soft apex of the Z-track, i.e. the apex between ¢nmal branch and flaring branch, suggesting
that the mass accretion raié is lowest. At this positiolRgp is maximum and 10-12 km in all sources,
having a mean value of 114 0.6 km at 90% confidence suggesting that the whole neutroisstanitting,
and on this assumption, the analysis provides a measureéeshmique for the neutron star radius. We thus
propose that the soft apex is a quiescent state of the sources

Next in Fig. 2 (right), we show the individual luminositie$ the neutron star blackbody and the
Comptonized emission of the ADC for all three sources as atfom of the total 1-30 keV luminosity.
Concentrating on the Comptonized emission in GX 340+0 ritlmaseen that this is the dominant emission
component, ten times more luminous than the blackbody,lzaichs the source moves up the Z-track from
the soft apex to the hard apex between the normal branch aimbhtal branch, this component doubles
in luminosity. The X-ray intensity also, of course, incready a similar factor and we suggest therefore
that the mass accretion rate is increasing in this directintrary to the widely-held view thad/ increases
monotonically round the Z-track in the direction HB-NB-FBr{edhorsky et al. 1986). For further discus-
sion of this point see Church et al. (2006). Our suggestecase of)M is consistent with the observed
increase of blackbody temperature as more accretion redbobesurface of the neutron star. On the hori-
zontal branch the luminosity of the Comptonized emissidis Elmost back to its initial value. All three
sources exhibit the same behaviour and its is remarkableththree sources lie on the same line in the
lower panel of Fig. 3 indicating that the luminosity of the B&&@mission is simply the same function f
(i.e. the total luminosity) in all sources. The blackbodyninosity in the upper panel of Fig. 3. does not
vary greatly on the NB and HB because of the combined effdatkanges inrRgg andkTgg butincreases
in flaring as discussed below.

The blackbody temperature increase by a factor of two mewat§t increases by nearly an order of
magnitude. Because of the decreas®jx as the source moves from the soft to the hard apex, we consider
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Fig. 2 Left: blackbody temperature (upper panel) and radius (t@aeel) as a function of the total luminos-
ity; right: the individual luminosities of the neutron stalackbody (upper panel) and of the Comptonized
ADC emission as a function of the total luminosity (lower pBn
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Fig. 3 Left: flux of the emitting part of the neutron star as a fractad the Eddington flux (see text), right:
mass accretion rate per unit emitting area of the neutranista
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Fig.4 The four régimes of stable or unstable nuclear burning fBiltsten (1998), showing the critical
values ofri that demarcate the régimes.

the change in radiation pressure, not in terms of the Eddimigiminosity, but in terms of the emitted flux
of the neutron star. At the hard apex the emitting area isaedito an equatorial belt on the neutron star and
in Fig. 3 (left) we show the emitted flux as a fraction of the Eddington fluftqq = Lraa/4 = R2, where

R is the radius of the neutron star assumed to be 10 km. In aktbources this ratio rises from low values
at the soft apex-20% to super-Eddington values at the hard apex and on thedmbal branch. However,
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these are exactly the positions at which radio emissiontesctied indicating the presence of jets, and so we
propose that high radiation pressure plays a major roleundhing the jets, by disrupting the inner disk
and diverting accretion flow into the vertical direction ¢6&). In a more detailed discussion (Church et al.
2006), we show that the reduction in blackbody radius is isterst with this disruption.

In flaring, the luminosity of the Comptonized emission etiséig does not change (Fig. 2) so that is
constant and we can conclude that the strong increase agitytén flaring must be due to unstable nuclear
burning and cannot be due to an increas&fgfresolving a longterm controversy on this issue. In theitheo
of unstable nuclear burning (Fujimoto et al. 1981; Fushilkidnb 1987; Bildsten 1998; Schatz et al. 1999)
the physical conditions in the atmosphere of the neutrondgpend on the mass accretion rate per unit
arearn, i.e. M divided by the emitting area. In Fig. 3 (right) we comaparat the soft apex where flaring
begins with the critical theoretical value of (Bildsten 1998) which demarcates the régime of unstable He
burning in a mixed H/He environment from the régime of stadland He burning at higher valuesaf
Bildsten’s estimated uncertainties680% are shown as dotted lines. Itis clear that in all threecgsthe
measuredi agrees with the critical value, and we propose that as theessulescend the normal branch
burning proceeds smoothly until at the soft apex it becormssable at which point flaring immediately
begins. During unstable burning it is the emission of thetmgustar that increases (Fig. 3 right, upper
panel) providing the increase in total luminosity at consf#. It can also be seen from Fig. 2 (left, lower
panel) that there may be an increase in blackbody radiusangflaring as seen in GX 340+0 beyond the
radius of the neutron star, i.e. to 15—-20 km. Such values bega obtained previously and may represent
an effect similar to radius expansion in the burst sources.

4 DISCUSSION

We have shown that application of the extended ADC emissiodatfor LMXB provides good fits to the
spectra of three Z-track sources at all positions along ttra@k. Morover, the physical interpretation of the
results is straightforward and strongly suggests an eapilamof the Z-track phenomenon, unlike use of the
Eastern model in which interpretation does not suggesta pleysical model. Our explanation of the Z-
track is that the soft apex is the lowest luminosity statdefdource with minimum/, with emission taking
place from the whole neutron star which has its lowest teatpeg. On the normal branch, the increase of
intensity and ADC luminosity suggest an increas@/bfeading to a heating of the neutron star and a strong
increase in radiation pressure close to the neutron stasiggest that this has a strong effect on the inner
accretion disk causing disruption of the disk. The horiabeffect will not directly remove matter from
the disk, but because the unperturbed height of the innkrinlisMXB at these luminosities greater than
10% erg s7! is typically 50 km, the radiation pressure can also act inreation close to vertical blowing
away material from the upper layers of the disk. For the giipauper-Eddington fluxes that we measure
close to the equatorial emitting zone of the neutron staeffexts can be very strong, and we propose that
a substantial fraction of the mass accretion rate flowingatigdnwards in the disk is diverted vertically
upwards and is ejected from the system as massive blobssrhpléorming the jets above and below the
disk.

Thus we propose that high radiation pressure meassary condition for jet formation (but may not
necessarily be a sufficient condition). The possible calting effect of the conical gaps in the inner accre-
tion disk was previously suggested by Lynden-Bell (1978} the importance of radiation pressure in jet
formation was discussed by Bisnovatyi-Kogan & Blinniko@{Z) and Begelman & Rees (1984).

The results also provides strong evidence that the flaringdir consists of unstable nuclear burning
and we obtain good agreement for the onset of the flaring brauiith the theoretical boundary between
stable and unstable burning.

5 CONCLUSIONS

We show that the radiation pressure of the enitting part efrtbutron star is very strong at the hard apex
and horizontal branch of the Z-track in three sources, &xaotrelating with the parts of the Z-track where
radio emission is observed showing the presence of jetswargliggest that strong radiation pressure is a
necessary condition for jet formation.
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DISCUSSION

BOZENA CZERNY: Are the timescales of flaring compatible with the timescabgsected for unstable
nuclear burning ?

MIKE CHURCH: The flaring timescale of a few thousand seconds appears torbpatible with cal-
culations of the rate of spreading of unstable burning onnéigtron star (see Bildsten: 1995, ApJ, 438,
852).

FILIPPO FRONTERA: How do you interpretthe hard X-ray tails observed in thesges mainly during
the horizontal branch ?

MIKE CHURCH: We have so far analysed litt®AX data on these sources, but assuming the effect is not
model-dependent, it is possible this is emission from tke je

JIM BEALL: Assuming that radiation pressure alone will drive the jetydu have an estimate of the jet
velocity ?

MIKE CHURCH: No, unfortunately.

DANIELE FARGION: Maybe the jets are responsible for the super-Eddingtonriasity by blazing at
particular angles to the observer ?

MIKE CHURCH: Even when we think jets are not present, e.g. at the soft dlpexsources are substan-
tially super-Eddington.



