
P
o
S
(
D
y
n
a
m
i
c
2
0
0
7
)
0
3
7

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

Paolo Soleri�
Astronomical Institute �A. Pannekoek", University of Amst erdam, Kruislaan 403, NL-1098 SJ,
Amsterdam, The Netherlands
E-mail: psoleri@science.uva.nl

Valeriu Tudose
Astronomical Institute �A. Pannekoek", University of Amst erdam, Kruislaan 403, NL-1098 SJ,
Amsterdam, The Netherlands
E-mail: vtudose@science.uva.nl

Rob Fender
School of Physics and Astronomy, University of Southampton, High�eld, Southampton SO17 1BJ
E-mail: rpf@phys.soton.ac.uk

Michiel van der Klis
Astronomical Institute �A. Pannekoek", University of Amst erdam, Kruislaan 403, NL-1098 SJ,
Amsterdam, The Netherlands
E-mail: michiel@science.uva.nl

We analysed simultaneous X-ray/radio observations of Circinus X-1 collected respectively with

RXTE and ATCA in 2000 October and 2002 December and identi�ed radio �ares close to phase

0.0 and 0.5 of the orbital period. To date, there is only circumstantial evidence for radio �ares near

phase 0.5. Moreover, in our data set, we clearly associated both a radio �are and X-ray spectral

timing changes with phase 0.0. While for black hole X-ray binaries the picture of the association

between the X-ray and the radio bands is quite well understood, for neutron star X-ray binaries a

clear and complete picture is still missing.
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1. Introduction

Low magnetic �eld neutron star X-ray binaries (NSXBs) are often divided in two classes,
according to their correlated spectral and timing properties: the �atoll� and th e �Z� sources [13],
named after the shape of the track they draw in the X-ray color-color diagrams (CDs) and the
hardness-intensity diagrams (HIDs).

Z sources are brighter than atoll sources and are believed to accrete at near-Eddington lumi-
nosities (0.5-1.0 LEdd , [34]). To date seven Galactic NSXBs have been classi�ed as Z source s: six
of them are persistent, one of them is transient (XTE J1701-462, [16]; as the source faded to quies-
cence it switched to atoll-type on the way down, [17]). They are characterized by three-branched
tracks in their CDs and HIDs that in some cases resemble the character �Z�. The three branches are
called horizontal branch (HB), normal branch (NB) and �aring branc h (FB). The mass accretion
rate, �m, is assumed to drive the transitions between the branches, increasing monotonically from
the HB to the FB, affecting both the spectral and the timing properties.

Power density spectra (PDS) of the Z sources show several types of quasi periodic oscillations
(QPOs) and noise components [34], whose presence and properties are strongly correlated with
the position of the source along the Z track [13]. Three types of low frequency QPOs (<100 Hz)
are seen in the Z sources, each of them usually detected in just one of the three branches (but see
[35], [36]); twin kHz QPOs have also been detected in all the Z sources (only marginally detected
in XTE J1701-462, [16]). Other characteristic noise components of Z sources 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 large and rapid variability,
optically thin and optically thick emission. In 1998 it has been found for the �rs t time (in GX 17+2)
that the radio emission varies as a function of the position in the X-ray CD [27], decreasing with
increasing mass accretion rate from the HB (strongest radio emission) to the FB (weakest radio
emission). Recently it has been suggested suggested that this behaviour could be universal [21]
(but see [31] for GX 5-1). Extended radio jets have been spatially resolved for Sco X-1 and have
also been associated to ultra-relativistic ejections [11].

1.1 Cir X-1

Cir X-1 was discovered in 1971 [20] and has been showing �ares with a p eriod of 16.55 days,
observed �rst in the X-ray band [19] and then in the infrared [12], ra dio [14] and optical bands [22]:
this fact is interpreted as enhanced accretion close to the periastron passage of a highly eccentric
binary orbit (e � 0:8, [23], [24]). The source is located in the galactic plane at a distance that has
been reported to lie in the range 4-12 kpc (see [18] for a recent discussion). Many properties of
Cir X-1 would suggest that this is a black hole candidate (BHC): it has strong radio emission (e.g.
[14]), ultra-relativistic radio jets (the most relativistic detected so far within our galaxy, [9]), hard
X-ray emission [6] and very strong X-ray variability [26]. The �rst stro ng indication that the binary
system harbours a neutron star has been reported in 1986 [32], when type-I X-ray bursts have been
detected in EXOSAT data. After [32] no type-I X-ray bursts have been reported. Shirey et al,
in an extensive analysis of RXTE/PCA data, identi�ed typical low-frequen cy Z-source features in
Cir X-1 PDS [29] and then a complete Z track in its high-luminosity orbital phases [30]. In 1999 it
has been noted that the characteristic timing frequencies of Cir X-1 lie in between those typically
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associated with NS and BH systems [28]. Recently twin kHz QPOs have been reported for the �rst
time in Cir X-1 PDS [3], a further indication of the nature of the compact object.

Cir X-1 lies within a radio nebula [33] and shows radio jets that have been spatially resolved
[8]; the radio nebula is produced by synchrotron emission likely originating in the interaction
between the jet and the interstellar medium. Recently evidence of an extended arcmin-scale X-ray
jet around the source has been reported [15], in the same direction as the receding radio jet, making
Cir X-1 the �rst secure neutron star system for which an extended X-ra y jet has been resolved.

2. Observations and data analysis

2.1 X-ray data

We analysed 22 RXTE/PCA observations made between 2000 October 1 and 2000 October 26
and 23 RXTE/PCA observations performed between 2002 December 3 and 2002 December 10.

Background subtracted light curves with a time resolution of 16 seconds were obtained from
the �Standard 2�-mode data, covering the energy range 2-18 keV and d ead-time corrections were
applied. We de�ned two X-ray colors, a hard color (HC) and a broad co lor (BC), in the following
energy bands: (8.5-13)/(13-18) keV (HC) and (2-6.3)/(6.3-13) keV (BC).
In addition, for each 128-second time interval, we accumulated power density spectra in the �2-33
keV and �2-10 keV energy ranges (respectively for 2000 October and 2002 December), with a
Nyquist frequency of 8192 Hz. Further details on the data analysis will be given in a future paper
(Soleri et al., in preparation).
New radio ephemeris (determined in 2007) was used to calculate the orbital phases [25].

2.2 Radio data

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

3. Results

Figure 1 shows the RXTE/PCA light curves of Cir X-1 for our data set: in 2000 October
more than an entire orbit was covered, albeit sparsely, while in 2002 December the data were
focused around periastron passage (phase 0.0 of the orbital period). Since a detailed discussion
about the evolution of the X-ray/radio properties in the whole analysed data set is beyond the
scope of this paper, for now we will focus our attention on two particular orbital phases where we
noticed remarkable behaviour. An extensive discussion of the X-ray and the correlated X-ray/radio
properties of this data set will be presented in a future paper (Soleri et al., in 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 X-ray hardness curve for
the orbital phase interval 0.99 - 1.15, in 2002 December. After the passage through phase 0.0 (but
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