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1. Introduction

Low magnetic field neutron star X-ray binaries (NSXBs) are often dividetivo classes,
according to their correlated spectral and timing properties: the “atoll” amdzhsources [1p],
named after the shape of the track they draw in the X-ray color-color atizg(CDs) and the
hardness-intensity diagrams (HIDs).

Z sources are brighter than atoll sources and are believed to accretargEddington lumi-
nosities (0.5-1.Qgqgq, [B4]). To date seven Galactic NSXBs have been classified as Z sowsige
of them are persistent, one of them is transient (XTE J1701-fi62,4$6he source faded to quies-
cence it switched to atoll-type on the way down,][17]). They are chaiaeteby three-branched
tracks in their CDs and HIDs that in some cases resemble the charact@h&three branches are
called horizontal branch (HB), normal branch (NB) and flaring bnafiB). The mass accretion
rate,m, is assumed to drive the transitions between the branches, increasingpmioally from
the HB to the FB, affecting both the spectral and the timing properties.

Power density spectra (PDS) of the Z sources show several typeasifgeriodic oscillations
(QPOs) and noise componenfs][34], whose presence and propeetissangly correlated with
the position of the source along the Z trafK [13]. Three types of low frecu@POs €100 Hz)
are seen in the Z sources, each of them usually detected in just one ofg¢bédthnches (but see
(B3I, [B8]); twin kHz QPOs have also been detected in all the Z sourndg (narginally detected
in XTE J1701-462,[[16]). Other characteristic noise components ofuces are the very low
frequency noise (VLFN) and the low frequency noise (LFN).

All the Z-type NS sources are detected in the radio band, showing lacgeapid variability,
optically thin and optically thick emission. In 1998 it has been found for thetfine (in GX 17+2)
that the radio emission varies as a function of the position in the X-ray[JD {@treasing with
increasing mass accretion rate from the HB (strongest radio emission) EBtiweakest radio
emission). Recently it has been suggested suggested that this behaitlibe universal[[21]
(but see[[31] for GX 5-1). Extended radio jets have been spatiallyuweddor Sco X-1 and have
also been associated to ultra-relativistic ejectignp [11].

11 Cir X-1

Cir X-1 was discovered in 197[R0] and has been showing flares wigniacpof 16.55 days,
observed firstin the X-ray band ]19] and then in the infrafe}l [12fior§fl4] and optical band§ [P2]:
this fact is interpreted as enhanced accretion close to the periastr@ageagsa highly eccentric
binary orbit € ~ 0.8, [23], [24]). The source is located in the galactic plane at a distant@aisa
been reported to lie in the range 4-12 kpc (de¢ [18] for a recent disc)s Many properties of
Cir X-1 would suggest that this is a black hole candidate (BHC): it hasgtradio emission (e.g.
[L4)), ultra-relativistic radio jets (the most relativistic detected so far withingalaxy, [p]), hard
X-ray emission(J6] and very strong X-ray variabilify [26]. The first stgdndication that the binary
system harbours a neutron star has been reported in [986 [32] tygeshX-ray bursts have been
detected in EXOSAT data. Aftef [B2] no type-l X-ray bursts have begronted. Shirey et al,
in an extensive analysis of RXTE/PCA data, identified typical low-frequefisource features in
Cir X-1 PDS [29] and then a complete Z track in its high-luminosity orbital phf&#s In 1999 it
has been noted that the characteristic timing frequencies of Cir X-1 lie in betthese typically
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associated with NS and BH systeris|[28]. Recently twin kHz QPOs have eperted for the first
time in Cir X-1 PDS [B], a further indication of the nature of the compact object.

Cir X-1 lies within a radio nebulg[33] and shows radio jets that have beatiedip resolved
[B]; the radio nebula is produced by synchrotron emission likely originatintie interaction
between the jet and the interstellar medium. Recently evidence of an extewdad-acale X-ray
jet around the source has been repoiftefd [15], in the same directionraséléng radio jet, making
Cir X-1 the first secure neutron star system for which an extended jetéas been resolved.

2. Observations and data analysis

2.1 X-ray data

We analysed 22 RXTE/PCA observations made between 2000 OctobelD@dctober 26
and 23 RXTE/PCA observations performed between 2002 DecemberZa2december 10.
Background subtracted light curves with a time resolution of 16 secondsat¢ained from
the “Standard 2"-mode data, covering the energy range 2-18 keV eamitiine corrections were
applied. We defined two X-ray colors, a hard color (HC) and a brosat ¢BC), in the following
energy bands: (8.5-13)/(13-18) keV (HC) and (2-6.3)/(6.3-13) (&C).
In addition, for each 128-second time interval, we accumulated poweitglspsctra in the-2-33
keV and~2-10 keV energy ranges (respectively for 2000 October and 2@@2mber), with a
Nyquist frequency of 8192 Hz. Further details on the data analysis wiile in a future paper
(Soleri et al., in preparation).
New radio ephemeris (determined in 2007) was used to calculate the ortaiss2p].

2.2 Radio data

We have observed Cir X-1 in radio (simultaneously with X-ray) over multiplecep on 2000
October and 2002 December at 4.8 and 8.6 GHz using the Australia Tete€moppact Array
(ATCA). We used PKS J1939-6342 (PKS B1934-638) as primary ebband PMN J1524-5903
as secondary calibrator (B1520-58).

3. Resaults

Figure[1 shows the RXTE/PCA light curves of Cir X-1 for our data set: id®@Q@ctober
more than an entire orbit was covered, albeit sparsely, while in 2002niemethe data were
focused around periastron passage (phase 0.0 of the orbital peBowe a detailed discussion
about the evolution of the X-ray/radio properties in the whole analysed stdtes beyond the
scope of this paper, for now we will focus our attention on two particulbitalrphases where we
noticed remarkable behaviour. An extensive discussion of the X-myrencorrelated X-ray/radio
properties of this data set will be presented in a future paper (Soldrj &t preparation).

3.1 2002 December - Phase 0.0 of the orbital period

Figure[2 shows the radio light curve, the X-ray light curve and the Xhayiness curve for
the orbital phase interval 0.99 - 1.15, in 2002 December. After the pasemugh phase 0.0 (but
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Figure 1: 2-18 keV RXTE/PCA light curves for the two data sets examinee. The bin size is 16 seconds.
Only counts from PCU2 were used. Horizontal lines in thedratpart of each light curve correspond to
ATCA radio observations, vertical dashed lines corresgomhase 0.0 of the orbital period, vertical dotted
lines correspond to phase 0.5.
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Figure2: Radio and X-ray light curves (top and middle panels) and Xh@rdness curve (bottom panel) for
2002 December 03-06, between phase 0.99 and 1.15 of thalgebitod. Multiple radio flares are clearly
visible after the passage through the periastron

not immediately) a multiple-flare event was clearly detected in radio (both aind.8.6 GHz),

simultaneous with a sudden increase of the X-ray flux and variations in tta/ Xardness. In
Figure[B (left panel) we present a X-ray HID where points corredjmanto different days are
plotted in different colours: the track drawn by the source in the HID gharits position and
morphology after the passage through phase 0.0 of the orbital phasggfiom a “cloud” located
in the left-side of the diagram to a series of horizontal “strips” in the bottom. sTdhe transition
happens on December 5 (third HID in Figdie 3 left panel, red points), wdthdt is not sharp:
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Figure 3. Left panel: Hardness-intensity diagram for 2002 December. The binisiZ6 seconds. In
each panel, points corresponding to specific orbital isterare plotted in different colours. “Cloud” and
“horizontal strips" refer to specific zones of the HID (see thxt). Right panel: power density spectra
averaged before (top spectrum) and after (bottom spectthugrgpectral transition around phase 0.0. Spec-
tra before/after the transition have not been averaged emwtiole cloud/strips region respectively, but on
a smaller selection of points (details will be given in Sbktral., in preparation). The continuous line
represents the best fit to the data. Spectra are plotted i\thaapresentatiorﬂl].

a transition cloud-strips occurs, followed after approximately 5 hoursttapi transition (about
200 s) strips-cloud-strips.

Power density spectra averaged in the HID before and right after tlas Xpectral transition are
shown in Figurd]3 (right panel). Their properties change consideraldyspectrum before the
transition is characterized by a weak VLFiNns= 3.15+ 0.18 % integrated in the range 0.01-100
Hz) while after the transition themsof the VLFN increases (6.0260.58 % in the same range) and
a normal branch oscillation appears<£ 5.87 0.62 Hz,rms= 4.48+0.28 %).

3.2 2000 October - Phase 0.5 of the orbital period

Figure[4# shows the radio light curve, the X-ray light curve and the Xhayiness curve for
the orbital phase interval 0.40 - 0.55, in 2000 October. From the radio lightca sequence of
radio flares nearby the passage through the apastron is evident. Raekocfbse to this phase are
peculiar and unexpected with respect to what can be found in the literatere significant radio
flux density enhancements are associated just to phase 0.0 (Tudoséngir@paration). To date
there is only one claim of a radio flare associated with phas¢|0.5 [7].

To test whether this sequence is associated with any spectral chang&Xinaye, in Figurd]s (left
panel) we show a “zoom” of Figufé 4 corresponding to October 09-tCttae hardness-intensity
diagram for all 2000 October (right panel). Purple and blue points in tBecdrrespond to the two
portions of the light curve in the left panel and are used to mark two diftesgectral branches.
Since a classification of the spectral branches in the hardness-intaagitsrd is beyond the scope



Simultaneous X-ray/radio observations of Cir X-1 Paolo Soleri

003 2000 October 07-10 Phase 0.50
0 T T T T T T T T
= FATCA 8.6 GHz : ¢
20,025 # —
2 o [
‘D [ —
g 0.021-
x 00151~ % D A
Z - LR YL
0,01} | | | | | \ —
2750 T T T T : T i ™
z FRXTE |
2. 2500 ,,‘ | ”Ww ]
8 50| : b
c 2000 :
3 L . : |
(8] r ' * B
1750 f " | | | | L | , =
n T T T T B T i T
5035~ ““‘ ’”’nu _
Q o : E
o B
- 03 : ‘ -
[ L : 4
T ook : B
k. 1 . 1 . 1 . 1 L 1 . [
51825 518255 51826 51826.5 51827 51827.5
Date [MJD]

Figure 4. Radio and X-ray light curves (top and middle panels) and Xkardness curve (bottom panel)

for 2000 October 07-10, between phase 0.40 and 0.55 of tligalgobriod. Multiple radio flares are clearly
visible close to phase 0.5
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Figure 5: Left panel:zoom of Figure 4 around 2000 October 09-Right panel:HID for 2000 October.

Different colours in the HID correspond to different sidesrgspect to the vertical line) of the X-ray light
curve

of this paper, for now we will assert without demonstration that the pumpiletptrack a HB and
the blue points a NB. A discussion will be presented in a future paper (8bkdr, in preparation).

On 2000 October 09-10 RXTE clearly caught a spectral transition batiteceHB and the NB,
however this clearly occurreafter the radio flare.

4. Conclusions

We have analysed simultaneous X-ray/radio observations of Cir X-1 eotaiith RXTE and
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ATCA respectively.

Phase 0.0: On 2002 December 05, near periastron passage, we detected a multiple rad
flare event, corresponding to a fast change of the X-ray spectral/timogegies (in E3]1 we
already remarked that in the HID the transition is not sharp). Our detectiold de the first
direct observation of a radio flare associated with a spectral transitioe iK-tlay band in a NS
system, since no clear association between X-ray spectral/timing chargjéisea@mission of a
radio flare has been reported yet. Recently it has been suggestedt&Zirsources the spectral
transitions from the HB to the NB might be the moment of the launch of transidiut jets [21],
by analogy with what is suggested for BHCs, where the hard intermeditddatoft intermediate
state transition might drive the ejection of transient radio plasni¢ns[[4], [b@HCs these state
transitions have been in turn associated with the presence, in the PDSan$i@tt low-frequency
QPO, the so called type-B][2]. An association between the type-B QPOtelétecBHCs and
the normal branch oscillation observed in Z sources has been suggeffidsince these QPOs
present similar properties: on 2002 December we could associate thélaaglim a X-ray spectral
transition that is in turn associated with the presence of a normal branitlatimt, although we
do not see any obvious HB to NB passage.

Phase 0.5: On 2000 October 09 we detected a radio flare near the passage threumas:
tron. In the literature there is only circumstantial evidence for radio flarphase 0.5[[7], maybe
partly because the observing strategies concentrated around phadéi3.¢s the first clear ev-
idence of a radio flare near phase 0.5 (Tudose et al., in preparatiothe RXTE data we also
detected a spectral transition on 2000 October 09 about 2.5 hours aftandiof the second radio
flare, with the source moving from the HB to the NB. As it has been sugges{@d], this tran-
sition might be the moment of the launch of transient radio jets, but in our spease the time
difference between the two events does not allow us to associate themkilynve do not have
RXTE data right before the beginning of the radio flaring activity (seer€igy.
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