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e-VLBI observations of Circinus X-1: monitoring of the quiescent
and flaring radio emission on au scales
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ABSTRACT
A recent detection of the peculiar neutron star X-ray binary Circinus X-1 with electronic very
long baseline interferometry (e-VLBI) prompted the suggestion that compact, non-variable
radio emission persists through the entire 16.6-d orbit of the binary system. We present
the results of a high angular resolution monitoring campaign conducted with the Australian
Long Baseline Array in real-time e-VLBI mode. e-VLBI observations of Circinus X-1 were
made on alternate days over a period of 20 d covering the full binary orbit. A compact radio
source associated with Circinus X-1 was clearly detected at orbital phases following periastron
passage, but no compact radio emission was detected at any other orbital phase, ruling out
the presence of a persistent, compact emitting region at our sensitivity levels. The jet was not
resolved at any epoch of our 1.4-GHz monitoring campaign, suggesting that the ultrarelativistic
flow previously inferred to exist in this source is likely to be dark. We discuss these findings
within the context of previous radio monitoring of Circinus X-1.
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1 IN T RO D U C T I O N

Circinus X-1 (Cir X-1) is a Galactic X-ray binary (XRB) system
consisting of a confirmed low magnetic field neutron star (Linares
et al. 2010) accreting matter from a less evolved companion believed
to be a supergiant of spectral type B5–A0 (Jonker, Nelemans &
Bassa 2007). At a distance of 3.8–10.5 kpc (Jonker & Nelemans
2004; Iaria et al. 2005), the binary system has an eccentric orbit
with an orbital period of 16.6 d (Kaluzienski et al. 1976), although
the exact eccentricity is not well constrained, with estimates ranging
from e ∼ 0.45 (Jonker et al. 2007) to e ∼ 0.8 (Murdin et al. 1980).
The enhanced mass accretion rate on to the neutron star close to
periastron is believed to explain the X-ray, infrared and radio flares
seen following orbital phase 0 (Haynes, Lerche & Murdin 1980;
Murdin et al. 1980). During these flares, Cir X-1 can become the
brightest confirmed neutron star system at radio wavelengths, with
flux densities >1 Jy.

Depending on their mass accretion rate, accreting low magnetic
field neutron stars show different sets of X-ray spectral and timing
characteristics, according to which they are classified as either atoll
sources or Z sources (Homan et al. 2010). Cir X-1 can show the
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properties of both Z sources (Shirey et al. 1997) and atoll sources
(Oosterbroek et al. 1995), and prior to periastron passage it shows
behaviour that is characteristic of neither class (Soleri et al. 2009b).
The source thus defies simple classification.

Cir X-1 is surrounded by a synchrotron nebula, which is believed
to have been inflated by jets launched from the inner regions of the
accretion flow (Tudose et al. 2006). The jets have been resolved on
arcsecond scales in both the radio (Stewart et al. 1993; Tudose et al.
2006) and X-ray (Heinz et al. 2007; Soleri et al. 2009a) bands. The
time delay between the successive brightening of different radio
components was interpreted as evidence for the relativistic nature
of the outflow (� > 15.0 for a distance of 6.5 kpc; Fender et al.
2004; Tudose et al. 2008).

The intensity of the radio flares close to periastron has varied
significantly over time. In the period 1975–85, peak intensities in
excess of 2 Jy were observed at radio wavelengths (e.g. Haynes et al.
1978). After 1985, the flares became significantly weaker, peaking
at <50 mJy in the period 1996–2006 (Tudose et al. 2008). More
recently, the source has shown episodes of brighter flaring events
(Nicolson 2007; Calvelo et al. 2010), following which electronic
very long baseline interferometry (e-VLBI) observations with the
Long Baseline Array (LBA) detected compact radio emission from
Cir X-1 on milliarcsecond scales (Phillips et al. 2007) for the first
time since the high-activity phase of 1975–85 (Preston et al. 1983).
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The appearance of the compact radio source associated with Cir
X-1 in 2007, as revealed with e-VLBI, was suggested to be the
quiescent, non-variable emission from the binary system that is per-
sistent during at least part of the 16.6-d orbit, and was not associated
with a high flaring state of the system. This conclusion was based
on a comparison of the data from Phillips et al. (2007) and Preston
et al. (1983), in particular the estimated sizes of the radio-emitting
structures.

In order to determine the evolution of the radio emission as a
function of the binary orbital phase, Phillips et al. (2007) suggested
that an extended campaign of sensitive e-VLBI observations could
be used to distinguish constant quiescent radio emission from the
flaring radio emission seen near periastron. This paper reports on
the results of such an extended campaign.

2 O BSERVATIONS AND RESULTS

An e-VLBI observing campaign was conducted with multiple ob-
serving sessions in 2009 February/March, July and December to
follow the evolution of the compact radio emission associated with
Cir X-1 around its 16.6-d orbit. We present here the observed flux
densities obtained in 2009 to improve our sampling of the compact
radio emission as a function of orbital phase. Table 1 summarizes the
data obtained during the multiple observing sessions. The All Sky
Monitor (ASM) onboard the Rossi X-ray Timing Explorer (RXTE)
satellite indicated that the 1-d-averaged 2–10 keV X-ray count rate
over the period of our observations was always <5 counts s−1, with
an average below 1 counts s−1. This is over an order of magnitude
lower than that observed in the period 1996–2003 (see fig. 1 of
Tudose et al. 2008), when the flaring activity was already signif-
icantly weaker than that observed prior to 1985. The radio flares
at periastron were consequently significantly weaker during our
observing campaign than during the only previous orbital phase-
resolved VLBI monitoring campaign of Preston et al. (1983).

The telescopes used in the e-VLBI array were the Parkes ra-
dio telescope (64 m), Australia Telescope Compact Array (ATCA)
in Narrabri (5 × 22 m) and the Mopra radio telescope (22 m), all
operated by Australia’s Commonwealth Scientific and Industrial
Research Organisation (CSIRO) Astronomy and Space Science di-
vision. The Hobart 26-m telescope, operated by the University of
Tasmania, was used for two sessions conducted on 2009 Decem-
ber 9 and 16. The three CSIRO telescopes were connected via a 1
Gbps network and data were transported from the telescopes to a
Beowulf cluster at the ATCA. Data were streamed from the CSIRO
telescopes at a sustained rate of 512 Mbps from the telescopes to

Figure 1. Typical uv-coverage of a Cir X-1 e-VLBI session from the cam-
paign in 2009.

the processing cluster, and the data from Hobart were streamed at
128 Mbps. The cluster at the ATCA ran the DIFX software correlator
(Deller et al. 2007), which was used to correlate the data streams
coming from the telescopes in real time. The observing sessions in
2009 February, March and December were conducted at a frequency
of 1.4 GHz, while the frequency of observations in 2009 July was
1.7 GHz. The total bandwidth for each of the observing sessions was
64 MHz in each of two orthogonal circular polarizations recorded
as 4 × 16 MHz bands.

Fig. 1 shows the typical uv-coverage obtained for a 3-h observing
session. The telescope data streams were correlated with an inte-
gration time of 1 s and 256 spectral channels across each 16-MHz
band. The DIFX correlator output files were analysed with an AIPS-
based LBA pipeline written in PARSELTONGUE (Kettenis et al. 2006)
to obtain preliminary results, following which a more detailed anal-
ysis was carried out in AIPS (Greisen 2003) and DIFMAP (Shepherd,
Pearson & Taylor 1994) using standard data reduction techniques.
Amplitude calibration was carried out in AIPS using the primary flux
calibrator J1924−2914 to set the flux density scale. We estimate a
systematic uncertainty of about 10 per cent in the overall amplitude
scale.

Radio emission associated with Cir X-1 was clearly detected
at frequencies of 1.4 and 1.7 GHz during the observing epochs

Table 1. Newly reported e-VLBI observations of Cir X-1. In the case of non-detections, the flux densities reported are the
3σ upper limits.

Date Time Orbital Beam size Image rms noise Flux density Frequency
ut phase (mas × mas) (mJy beam−1) (mJy) (GHz)

2009 February 26 17:30–21:30 0.768–0.779 141 × 75 0.14 <0.42 1.4
2009 March 1 13:30–20:00 0.940–0.956 163 × 77 0.20 <0.60 1.4
2009 July 15 04:00–07:00 0.150–0.157 727 × 50 0.56 5.6 ± 0.6 1.7

2009 November 30 19:00–22:00 0.541–0.548 403 × 63 0.10 <0.30 1.4
2009 December 2 19:00–22:00 0.661–0.669 753 × 61 0.12 <0.36 1.4
2009 December 4 19:00–22:00 0.782–0.790 452 × 62 0.25 <0.75 1.4
2009 December 6 19:00–22:00 0.903–0.911 1060 × 61 0.13 <0.39 1.4
2009 December 9 19:00–22:00 0.086–0.094 1360 × 62 0.54 3.7 ± 0.5 1.4
2009 December 11 19:00–22:00 0.207–0.215 164 × 20 0.31 2.4 ± 0.3 1.4
2009 December 16 19:00–22:00 0.509–0.517 306 × 20 0.37 <1.11 1.4
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Figure 2. Radio images of Cir X-1 during the three epochs when the source was detected in our e-VLBI campaign of 2009. The source flux densities were
5.6, 3.7 and 2.4 mJy, respectively. Contours are at levels of −30 and 30(

√
2)n mJy beam−1, where n = 0, 1, 2, . . .. The size of the restoring beam is shown in

the bottom left of each panel.

corresponding to the orbital phases following periastron (orbital
phase = 0.0), but no compact radio emission was observed at any
other phase along the orbit. Figs 2(a), (b) and (c) show the LBA
images for the three epochs in which the source was detected. In
all cases, the source was unresolved down to the beam size of the
array. Our best resolution during the epochs when Cir X-1 was
detected was 164 × 20 mas2 in position angle 58◦.8 east of north.
This provides a lower limit on the brightness temperature of Tb >

106 K. While this does not completely rule out thermal emission, the
resolved jets previously detected in this system (Stewart et al. 1993;
Heinz et al. 2007) lead us to interpret the emission as synchrotron
radiation from the jets.

While simultaneous ATCA data were taken during the e-VLBI
observations, the array was in its compact EW352 configuration
for all epochs except 2009 July 15, in which it was in an even
more compact H75 configuration. At a low frequency of 1.4 GHz,
the corresponding useful resolutions (2 and 7.5 arcmin) would
have been insufficient to distinguish emission from the radio jets
from persistent diffuse emission from the surrounding radio nebula
(Tudose et al. 2006). Thus it was not possible to determine whether
the long baselines of the LBA were resolving out extended emission
on scales of ∼1 arcsec.

Fig. 3 shows the Cir X-1 orbit and the points along the orbit
where the recent e-VLBI observations and the VLBI observations
of Phillips et al. (2007) and Preston et al. (1983) were made. The
orbital phase of Cir X-1 was calculated using the ephemeris of
Nicolson (2007). The compact radio emission appears to turn on
around orbital phase 0.0, but fades away following the flaring event
at periastron, and there is no bright, compact radio emission around
the rest of the orbit.

To search for radio flaring in the downstream lobes, we made
wide-field images of all 10 data sets from our e-VLBI campaign,
going out to 5 arcsec from the phase centre in each case. This corre-
sponds to the maximum angular separation between the core and the
downstream lobes measured by Tudose et al. (2008). By retaining
the maximum time resolution and a frequency resolution of 32 kHz,
we were unaffected by either time or bandwidth smearing. No radio
emission brighter than 5σ was detected away from the phase centre
(see Table 1 for the rms noise level in each image). Therefore, we
rule out any flaring of compact components downstream in the lobes

Figure 3. All VLBI observations of Cir X-1 plotted as a function of posi-
tion in the orbit. Filled symbols denote detections and open markers non-
detections. Circles represent the results from our 2009 e-VLBI campaign.
Triangles represent the e-VLBI detections of Phillips et al. (2007). Dia-
monds represent the VLBI detections made by Preston et al. (1983) while
Cir X-1 was in a high flaring state. Dashed lines show the position along the
orbit corresponding to the marked orbital phases. There is no evidence for a
quiescent component that persists throughout the orbit.

(as seen on larger scales by Fender et al. 2004) brighter than 2.8 mJy.
This implies that either the core flare at periastron did not result in
a dark flow propagating downstream at ultrarelativistic speeds to
energize the lobes, that the lobe flares are sufficiently faint that they
were below our sensitivity limit, or that the lobes are sufficiently
diffuse or extended to be resolved out by our LBA observations.

3 D ISCUSSION

3.1 The absence of a quiescent compact component

Our sampling of the entire orbit of Cir X-1 with high angular res-
olution e-VLBI observations shows no evidence for compact radio
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Figure 4. Radio light curves of Cir X-1 as a function of orbital phase. The left-hand plot shows data from our e-VLBI campaign, and the right-hand plot shows
the data of Preston et al. (1983). Note the difference in flux density scales for the two observing campaigns.

emission outside the flaring event associated with periastron passage
(Fig. 4a). Thus there is no evidence for the compact, non-variable,
quiescent component proposed by Phillips et al. (2007). Compact
radio emission is detected only at orbital phases following perias-
tron passage when the enhanced mass accretion is believed to power
a synchrotron-emitting relativistic jet, as directly resolved on larger
scales by Tudose et al. (2006), Tudose et al. (2008).

Our findings are consistent with all previously reported VLBI
observations of Cir X-1. Preston et al. (1983) observed a large flare
in 1980 April (Fig. 4b). Prior to the beginning of the radio flare at
orbital phase 0.002, they did not detect any quiescent emission on
the 275-km baseline between Parkes and Tidbinbilla, to a 5σ upper
limit of ∼20 mJy. All subsequent detections in their monitoring
campaign were consistent with the decay of a single large flaring
event initiated at or close to orbital phase zero. The only other
reported VLBI detection of Cir X-1, by Phillips et al. (2007), was
again made in the few days following periastron passage. Their
1.6-GHz observations were made from orbital phase 0.03–0.11, and
their 8.4-GHz observations a day later, from orbital phase 0.14–
0.17, in both cases consistent with the results of our observing
campaign.

The compact quiescent component postulated by Phillips et al.
(2007) was suggested in response to an apparent discrepancy in the
angular size of the source between the observations of Preston et al.
(1983) in 1980 and those of Phillips et al. (2007) in 2007. However,
as noted by the authors, the flares being compared were separated
by ∼30 yr in time and had peak flux densities which differed by
almost two orders of magnitude. Therefore, it may not be valid to
compare these two very different flares at face value.

The second motivation for the hypothesized compact quiescent
component was to explain the absence of resolved jet-like structures
in the 1.6-GHz image of Phillips et al. (2007). If the proper motion
of the ejecta from the flaring events in Cir X-1 is indeed as high
as 400 mas d−1, as postulated by Fender et al. (2004) and suggested
by Tudose et al. (2008) from a re-analysis of the same data, then
any ejecta should have been resolved beyond the beam size in
both the observations of Phillips et al. (2007) and in our e-VLBI
runs on 2009 July 15 and December 11, assuming that the proper
motion of the ejecta does not vary between outbursts and that the
ejection event occurred at orbital phase 0.0 in each case. However,

we note that this proper motion is based on ATCA observations of
correlated radio-flaring events seen in the unresolved binary core
and downstream jet lobes, and depends on the correct association
of a given core flare with the downstream lobe flare. In no case has
a proper motion been definitively measured by fitting the trajectory
of moving components. The most comprehensive analysis of the
core–lobe flaring delay was performed by Tudose et al. (2008), who
considered all possible associations of core and lobe flares at two
different frequencies, in three separate outbursts, and concluded a
minimum apparent velocity βappc ∼ 3(d/kpc), where c is the speed
of light and d is the source distance, believed to be in the range 3.8–
10.5 kpc (Jonker & Nelemans 2004; Iaria et al. 2005). However, we
note that since the radio flaring in Cir X-1 appears to be periodic
on the orbital period, this may introduce an ambiguity of some
multiple of 16.6 d into the core–lobe flaring delay, and hence into
the assumed proper motion of the ejecta. Finally, since no moving
components were observed in the ATCA images in which the core–
lobe delay was detected, the jet responsible for injecting energy into
the downstream lobes could be a dark, unseen flow, as suggested to
be present in Sco X-1 (Fomalont, Geldzahler & Bradshaw 2001).
In that case, we would not expect our VLBI observations to resolve
discrete ejecta moving from the core to the lobes. The non-detection
of lobe emission in any of our VLBI observations suggests that if
such a dark flow exists, the working surface where it impacts on the
surroundings must be either too diffuse or too faint for us to detect
with our observational set-up.

In summary, since neither of the original motivations for the
existence of a compact, quiescent component can be definitively
validated, and in the absence of any observational evidence for
non-variable emission of this nature, we can rule out the pres-
ence of quiescent radio emission on milliarcsecond scales, to a 3σ

level of 0.3 mJy beam−1 in our most sensitive observations (2009
November 30).

3.2 The absence of secondary flares at apastron

From the analysis of 10-yr worth of ATCA monitoring data, Tudose
et al. (2008) found evidence for radio-flaring events not just close
to periastron, but also at phase 0.5 ± 0.1. They attributed this to
enhanced wind accretion at a local minimum in the relative velocity
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Figure 5. ATCA observations of Cir X-1 conducted over a decade (1996–2006), showing radio flux densities as a function of orbital phase (data taken from
Tudose et al. 2008). The left-hand plot shows the 4.8-GHz observations and the right-hand plot the 8.6-GHz observations. There is evidence for secondary
flares at orbital phase ∼0.5.

between the neutron star and the stellar wind of the companion,
close to apastron. The amplitude of these day-time-scale flares was
in the range 4–15 mJy. Fig. 5 of Tudose et al. (2008) also shows
shorter time-scale flaring events around orbital phase 0.5, lasting
only 2–3 h. These are most obvious at 8.6 GHz, being both smoothed
out and reduced in amplitude on moving to the lower frequency
of 4.8 GHz. Figs 5(a) and (b) show the daily averaged data of
Tudose et al. (2008), with radio flux density plotted as a function
of orbital phase, with clear evidence for emission at positions in the
orbit away from periastron. The flares are most evident in the data
from 1996 and 2000. A comparison with the e-VLBI monitoring
data in Fig. 4(a) shows that there is no evidence for similar flaring
events at milliarcsecond angular scales in either of the observations
within this range of orbital phase (2009 November 30 and December
16). This implies that these flaring events are either sporadic such
that we missed them in two separate orbital cycles, that their peak
brightness is sufficiently variable for us not to detect them at our
e-VLBI sensitivity limit or that they arise from sufficiently diffuse
emission that they are resolved out on VLBI scales. The absence of
compact emission in our e-VLBI data also rules out the presence
of shorter flaring events on time-scales of hours, although we note
that our observations were carried out at 1.4 and 1.7 GHz. Given
the smoothing of the short-time-scale flares seen with the ATCA
at 4.8 GHz, this is unsurprising. If these rapid flaring events arise
from a compact jet (from which we see emission from the surface
of optical depth unity, e.g. Blandford & Konigl 1979), it is likely
that any rapid variations would be sufficiently smoothed out by the
time they reached the 1.4-GHz photosphere that they would not be
significantly detected.

3.3 The size scale of the emission

The largest angular scale probed by our VLBI observations corre-
sponds to the length of the shortest baseline (between Mopra and
ATCA; 113 km). At an observing frequency of 1.4 GHz, this corre-
sponds to the largest angular size of 412 mas, or 3300(d/8 kpc) au,
where d is the distance to Cir X-1. With infinite signal-to-noise ratio,
the non-detection of emission away from periastron would therefore
limit the size scale of the emission to being greater than this. If this
were solely responsible for the non-detection at orbital phase 0.51
on 2009 December 16, then linear expansion following the detected
onset of the flare at orbital phase 0.09 on 2009 December 9 would

imply an expansion speed of >2.7c. However, the expansion of
the emitting region would reduce the surface brightness, and since
the upper limit on the source brightness on 2009 December 16 is
only a factor of 2.1 less than the detected source brightness 5 d ear-
lier, a significantly smaller expansion velocity would be sufficient
to render the emission undetectable. The flux density of a simple
adiabatically expanding synchrotron bubble (van der Laan 1966)
scales as R−3 in the optically thick phase and R−2p in the optically
thin phase, where p is the index of the electron energy spectrum,
with a canonical value of 2.2. Thus expansion by only a small fac-
tor (1.2–1.3) would be sufficient to cause the observed decrease in
source brightness to below the detection limit. Since the source was
unresolved during the flaring event itself, we have no constraints on
the original source size, so cannot therefore constrain the expansion
velocity.

4 C O N C L U S I O N S A N D O U T L O O K

We have used the LBA in e-VLBI mode to monitor the compact
radio emission from Circinus X-1 as a function of orbital phase.
The only milliarcsecond-scale detections of the source were made
at orbital phases following periastron passage (between phase 0.09
and 0.21). There is no evidence for compact radio emission dur-
ing the majority of the orbit, to a 3σ upper limit of between 0.3
and 1.1 mJy beam−1, consistent with previous VLBI observations.
We therefore rule out the hypothesis of Phillips et al. (2007), who
postulated a non-variable, compact, quiescent component of radio
emission with an intrinsic angular size of ∼35 mas. We find that any
flaring events at orbital phase 0.5 must either be too sporadic, faint
or diffuse for us to detect them with our e-VLBI observations. The
lack of any resolved jet components moving away from the central
binary system suggests that either the ultrarelativistic proper mo-
tions reported in the literature are in error or that the ultrarelativistic
flow is dark. If the ultrarelativistic flow exists, the working surface
where it impacts the downstream lobes must be either sufficiently
faint or diffuse for us not to have detected it at any orbital phase in
our e-VLBI observations.

In near future, higher frequency 8.4-GHz VLBI observations
with a larger array including the Australian Square Kilometre Ar-
ray Pathfinder (ASKAP) antenna(s) in Western Australia and the
Warkworth Telescope in New Zealand will increase the avail-
able resolution by at least a factor of 20. Combined with higher
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sensitivity, this will enable us to study the morphology of the source
and the evolution, dynamics and energetics of a possible relativis-
tic jet associated with Cir X-1 and other such peculiar transient
sources.
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