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With the advent of facilities enabling wide-field monitaginf the dynamic radio sky, new areas of
parameter space will be opened up for exploration. Suchtoramg will be done primarily at low
frequencies, in order to maximise the available field of vi@me class of radio sources known
to be highly variable at GHz frequencies are the so-calledrogquasars’, X-ray binaries with
relativistic jets. To date however, their low-frequenchégour has not been well constrained by
observations. | will present some of the first attempts tosueatheir low-frequency properties,
showing wide-field images made from data taken with the 74zNl#stem on the Very Large
Array (VLA) and also the Low Frequency Front Ends (LFFEs} tiew suite of low-frequency
(117-175 MHz) receivers on the Westerbork Synthesis Radies€ope (WSRT). | will show
results including the low-frequency spectra of the threm¥-binaries SS 433, GRS 1915+105
and Cygnus X-3, a low-frequency study of the W 50 nebula sumding SS 433, a search for syn-
chrotron lobes inflated by the jets of GRS 1915+105, and thkigen of the May 2006 outburst
of Cygnus X-3 at MHz frequencies.
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1. Introduction

Technology advances in recent years have provided the hardnépr@cessing power to en-
able low-frequency observations with wide bandwidths to be correladdiirated and imaged over
very large fields of view. This enables the monitoring of large areas ofithinghe radio band,
providing for the first time a radio all-sky monitor to search for transientsldz ffequencies. In
addition, instruments observing at low frequencies are sensitive toaaherents which cannot
be seen at higher radio frequencies. For synchrotron-emitting jet-likeas, low frequency ob-
servations allow us to probe the shape of the low energy electron distributi@teionine whether
there is a cutoff, and to accurately constrain the energetics of the jetsuftbeamed radio fluxes
or calorimetry of jet-blown lobes (e.g. [6]). Monitoring a large area of @i sky over a long
period of time will also allow the creation of a detailed census of transientesuenabling us to
better determine their duty cycles.

In these proceedings, | will present low-frequency radio obsematad three X-ray binary
systems known to produce relativistic jets; SS 433, GRS 1915+105, agii€X-3. These were
selected as persistently bright radio emitters at GHz frequencies, aetbtfeesuitable candidates
for a low-frequency radio investigation as part of a preliminary studytierLOFAR Transients
Key Science Project [5].

2. Observations and data analysis

2.1 VLA observations

We observed SS 433 in all four VLA configurations between JanuatyCatober 2001. The
data were taken in the ‘4P’ mode, observing simultaneously at 74 MHz infahe owo indepen-
dent frequency bands (IF pairs) and at 330 MHz in the other. Datataken in spectral line mode,
in order to enable RFI excision and prevent bandwidth smearing fartlherimage centre. Data
reduction was carried out usimgps. Cygnus A was used at both frequencies for bandpass cal-
ibration and also for determining the antenna gains and phases with a puadlgble modél
The data were then averaged in frequency, and several imaging asd-phly self-calibration
cycles were performed on the datasets from the individual array ecwafigns. We attempted
to mitigate the detrimental effects of ionospheric phase gradients for the B aahfiguration
data by using a form of ionospheric modelling whereby the positional sHifteedknown sources
from the NRAO VLA Sky Survey (NVSS) across the field of view were fitbdth a second-order
Zernike polynomial for each time interval [2]. This algorithm enabled us librede the 74-MHz
B-configuration observations, but the ionospheric effects were teat ¢o recover anything from
the A-configuration data.

The large size of the primary beam 11.9° FWHM at 74 MHz) meant that we detected
bright sources far from the pointing centre which had to be properlgriedved to prevent their
sidelobes from influencing the quality of the final images in the region of istterear the centre
of the field. In order to account for the non-coplanar nature of theyashen imaging, the full
primary beam (and beyond) was subdivided into a large number of fazasth with a different

http://rsd-www.nrl.navy.mil/7210/7213/LWA/tutorial/
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tangent plane and small enough to obey the small-field approximation and theigtiaged in two
dimensions. Finally, the data sets from the different array configuratiens then concatenated
and a deconvolution and phase-only self-calibration were performeéideowhole data set before
the final image was made.

2.2 WSRT observations

In 2005 July, we observed our three target X-ray binaries for 12sheach with the new Low
Frequency Front End (LFFE) receivers on the Westerbork Syistiieedio Telescope (WSRT).
These receivers provide eight 2.5-MHz observing bands (IFs)deti17 and 175 MHz. Obser-
vations within each band were made with 128 channels, 10-s integratiookrisptions and 2-bit
sampling. In all cases, the array was in its 26 m configuration. The low declinations of SS 433
and GRS 1915+105 meant both that much of the short basgliceverage had to be excised for
these sources due to shadowing concerns, and that the restoringzseamas severely extended
in the N-S direction, degrading the resolution. The primary beam size waslef 6-8 on a side,
such that very large areas of sky had once again to be imaged and/deedn The observations
were all carried out at night, when the radio frequency interfereR€&g) (situation was least bad.
Each 12-h run in the LFFE band was followed by a 12-h run the next ivgtite 92-cm band,
which comprised eight separate IFs in the frequency range 320-3&0 Mélur further 12-hour
observations of Cygnus X-3 were made in the LFFE band only, duringdhe df 2006 May, to
track the flux density evolution of the source at low-frequencies.

The data were Hanning smoothed before being run through variousefgetion algorithms
and converted into UVFITS format for further processing withs. System temperature informa-
tion was used to make an initial calibration of the amplitude gains of the telescupang remain-
ing RFI was excised. Bandpass calibration was then performed usingf time calibrator sources
3C 48 and 3C 295, which was then used to set the flux density scale dachpepme initial cali-
bration of the phase gains. Following this, an iterative process of imagohgeificalibration was
carried out to make the final images, independently self-calibrating onéuichsting (peeling) the
brightest sources in each field to account for direction-dependeasemolutions. Since the WSRT
is a linear array, the need for facetting during the imaging process was dffmina

3. Results

3.1 Persistent X-ray binaries in non-flaring states

SS 433 was clearly detected in both sets of observations (VLA and LARE)VLA image is
shown in Figure 1. SS433 is in the centre of the image, surrounded by ttenathila, and the
field is dominated by the supernova remnants in the Galactic Plane.

The non-contemporaneous nhature of the observing runs prevenusising all the obser-
vations to determine a spectrum down to 74 MHz, although since the 14058AHEz runs were
taken on subsequent nights, we were able to construct a spectruss dueee two bands. Between
160 and 320 MHz the spectrum is steep, with a spectral index-6f—1.3 (S, O v9), but inverts
to a spectral index of 2.1 at around 330 MHz. This suggests that theveldsemission comes from
recently-ejected, optically thick components responsible for the invertarsin, superposed on
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Figure 1: 10° x 10° 74-MHz image made using B, C and D configuration data from th&,Wvith resolution
1083" x 925", centred on SS 433. The greyscale runs from 0 to 2 Jy bézand the rms noise in the image
is 192 mJy beam!. The Galactic plane and several prominent sources aresitedic

older, optically thin material. A minimum energy calculation, using the 350-MHz diemxsity of
the central source, gives a minimum energy of 50* erg, which, combined with an estimate of
the volume enclosed by the resolution element, gives a minimum power of drgher 2ent of the
Eddington luminosity, consistent with the classification of the source as hagtuseting.

The image of the GRS 1915+105 field is shown in Figure 2. The majority of thbttsources
are clustered around the Galactic Plane, and consistiafddions and supernova remnants, notably
G 46.8-0.3 (in the northeast corner of the 92-cm image), G 45.7-0.4 to $hefe@RS 1915+105,
and W51 (the extended emission in the northeast corner of the 2-m imaB8§ 1@ 5+105 was
detected at a level of 2t 6 mJy in the 92-cm band, but not detected in the LFFE band. From
simultaneous Ryle Telescope monitoring (G. Pooley, priv. comm.), its spetietween 15 GHz
and 350 MHz was steep, with a spectral index-€0.5+ 0.2. This suggests that at the lower
frequency, we are seeing relic optically-thin emission from a flare, rakfzar the self-absorbed
flat-spectrum plateau-state jet.

The field surrounding Cygnus X-3 is shown in Figure 3. At 2m, the field midated by the
non-thermal supernova remnant G 78.2+2.1. At 92 cm, the primary beanuati®s the emission
from this source, and more nebulous, mainly thermal, emission is visible. Timprzes com-



Galactic X-ray binaries James Miller-Jones

Flux density (mJy beamfl) Flux density (Jy beamfl)
0 100 200 300 0 1 2 3

00
1130

00

10

1030

DECLINATION (J2000)

=)
=3
3
S
2
z
]
E
<
£
-
3]
w
a

Q
=]

1922 20 10 08 1925

18 16 14 12 20 15 10 05
RIGHT ASCENSION (J2000) RIGHT ASCENSION (J2000)

Figure 2: Left: 92-cm WSRT image of the field surrounding GRS1915+Right: LFFE 2-m image of the
field surrounding GRS1915+105. The red box shows the 92-dch flde central cross marks the position
of GRS1915+105, and the two on either side are the proposatidos of the interactions of the jets with
the interstellar medium [10]. White lines trace the Galaptame.

plexes of Hi regions, and optically-thin filaments interpreted as structures ionised byrithgss
of B stars that they contain [12]. Cygnus X-3 itself was not detected, tolar8t of 18 and 81 mJy
in the 92-cm and LFFE 2-m bands respectively, which, taken togetherthdthimultaneous 15-
GHz monitoring at the Ryle Telescope [9] which measured a flux density&+BImJy, suggests
that the source spectrum between 350 MHz and 15 GHz was more inveatredth Either the
source is self-absorbed at the low frequencies, or free-freeisoalong the line of sight to the
source prevents us from detecting it. The companion is a Wolf-Rayet gkea strong stellar wind,
and the line of sight passes through the Cygnus OB 2 association, magexfrée absorption a
plausible scenario.

3.2 The 2006 May outburst of Cygnus X-3

Cygnus X-3 underwent one of its giant outbursts beginning on 20064yiafich was tracked
in a multiwavelength observing campaign, with e-VLBI imaging [11] showing difetmorphol-
ogy. The source was detected in the LFFE 2-m band in all four of owredsons, peaking at
2.3 Jy on 2006 May 20, before declining to 0.55 Jy by 2006 June 10.d-#yahows the measure-
ments, together with the 15-GHz lightcurve from daily monitoring with the Ryle Teles (G.
Pooley, priv. comm.), and the derived spectral indices. The specttex inetween 15 GHz and
140 MHz initially decreased (the spectrum steepened) as the loweefregemission became op-
tically thin, after which reflaring at 15 GHz, either due to further ejectionsoa@hocks forming
within the flow, caused the two-point spectrum to flatten once again. THeflpeadensity dur-
ing the flare was a factor of 28 greater than tlmeupper limit from the observation of 2005 July,
demonstrating that Cygnus X-3 is a highly variable object, even at freteseas low as 140 MHz.
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Figure 3: Left: 92-cm WSRT image of the field surrounding Cygnus XRdght: LFFE 2-m image of the
field surrounding Cygnus X-3, whose position is marked wittiass. The red box shows the 92-cm field.
White lines trace the Galactic plane.
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Figure 4: Top: 15-GHz lightcurve of the May 2006 outburst of Cygnus X-3 @ialots), with the open
triangles representing the LFFE 2-m measuremd3utiom: Spectral index between 15 GHz and 140 MHz.
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Figure 5: Spectra of the different components of the W50 nebudlap left: Eastern wing. Top right:
Western wing.Bottom left: Central shell.Bottom right: Entire nebula, including previous measurements
[4, 8, 3]. Dashed lines show the spectral indices betweeb 44 327.5 MHz previously derived [4] for the
components of the nebula, and in the bottom right plot, ouvee spectrum ofr = —0.51+0.02.

3.3 Jet-blown bubbles

A subsidiary goal of the observations was to search for any evidented interaction of the
jets of these systems on their surroundings. This is known to occur in SS/#488 the action of
the precessing jets has deformed the surrounding W 50 nebula so thaing® pvotrude to the
east and west of the quasi-circular nebula, in direct alignment with theoxiie jet precession
cone [4]. From our observations, we were able to extend the knowairape of W 50 down to
74 MHz, showing that it is an unbroken power law of spectral ind&&1 without any evidence
for a turnover except in the eastern wing (Figure 5). This suggests aitli@ional low-frequency
absorption along the line of sight to the eastern wing, or an underlyingeduglectron energy
spectrum in this part of the nebula.

In GRS 1915+105, two IRAS sources either side of the central sooragkéd by crosses in
Figure 2) have been proposed to be the sites of jet-ISM interactions {#®found no evidence
for any link between these and the central source, nor for any lobasbies inflated by the jets,
consistent with the results of [1]. Neither did we find any evidence fomeldd emission associated
with Cygnus X-3. This suggests that the external density and pressiime émvironments of these
two sources are insufficient to confine the jets [7].

4. Conclusions and Future Work

From these observations, it is clear that not all X-ray binaries areduruer at low radio
frequencies, and that such objects are variable sources in the lquefrey sky. We confirm the
highly-accreting nature of SS 433, and the extreme variability of Cygn8sidring outburst. The
wide fields of view available at low frequencies make the concept of a adlely monitor feasible
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for the first time, and daily monitoring of the Galactic Plane with such an instrumiértertainly
detect variability. The upcoming generation of new low-frequency raditifies, such as the Low
Frequency Array (LOFAR), the Murchison Widefield Array (MWA) atite Long Wavelength
Array (LWA) will detect sources such as these, making the prospeughthior detecting and
studying transient events both within and outside the Galaxy.

These results are only preliminary, and more detailed analysis of theseat&bets can and
will be carried out. With the multiple spectral windows available from the LFHB8Ill be pos-
sible to measure the spectrum of Cygnus X-3 between 117 and 175 Miihg digr outburst, for
comparison with the higher frequency RATAN and Ryle Telescope monit@riogrammes. Fur-
ther data on the weaker outburst of 2006 February is also availablenfiarsanalysis. With the
multiple epochs, and such a wide field of view, the images may also be difeatdacsearch for
other variable sources in this densely-populated region of the Galaxy.
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