
Hunting explosive events with the SKA

Anthony Rushton 





Transient hunting facilities

•  Swift-BAT (Hard X-rays)
•  MAXI (Soft-X-rays)
•  Palomar Transient Factor (optical 1.2, 7.7 Deg2)
•  Catalina Real-Time Transient Survey (optical, 

0.5-1.5m, 1.2-8.1 Deg2)
•  Pan-STARRS (optical, 1.8m, 3 Deg2)
•  SkyMapper (Optical, 1.35m, 5.7 Deg2)
•  IceCube (Neutrinos)
•  Advanced LIGO (Gravitational Waves)

Current facilities:

• Large Synoptic Survey Telescope (Optical, 6.7m, 9.6 Deg2) 
• eRosita (Soft X-rays) 
• SKA (inc.  ASKAP, MeerKAT, SKA-mid, SKA-low)

Future facilities:



• Pulsars (inc. RRATS, Giant Pulses, Transitional XRBs, 
Magnetars)

• Fast Radio Bursts
• Exoplanets/Brown Dwarfs
• Flare Stars
• Cosmic rays (Lunar interactions)

• CVs
• X-ray binaries
• ULXs
• Tidal Disruption Events
• Intra-day variables/Extreme Scattering Events
• After glows (Supernova, GRBs, FRBs?, 

Gravitational Waves?)

Known Radio Transient Sky



X-ray/radio correlation of XRBs



X-ray/radio correlation of XRBs



The radio luminosity is related 
to the power of the jet

 Assume the jet forms a linear 
inter-dependency with the 
mass accretion rate

 We therefore can use the 
compact jet to scale the 
mass accretion rate 

Blandford & Konigl (1979)

Falcke & Biermann (1995)



 A geometrically thin disk can efficiently 
radiate heat

Bolometric luminosity is linearly 
proportional to mass accretion rate

 Alternative accretion models have been 
used to describe low/hard state in XRBs

 Geometrically thick disks heat energy is 
lost through Radiatively inefficient 
accretion flows (RIAFs)

Shakura & Sunyaev (1973)

Rees et al. (1982); 
Abramowicz et al. (1995)



X-ray/radio correlation of XRBs



Plotkin et al. (2012)

If the radio Vs X-ray correlation is a function of mass, 
where are the intermediates?



L2 D. Cseh et al.

In this Letter, we present radio observations of Ho II X-1 that have
a higher angular resolution and more sensitive than previous studies.
Our observations offer a unique opportunity to estimate the time-
averaged jet power in a ULX that is dominated by photoionization
and not shock ionization (Lehmann et al. 2005; Egorov, Lozinskaya
& Moiseev 2013).This allows us to test the coupling between the
jet power and the previously estimated time-averaged bolometric
luminosity (Kaaret, Ward & Zezas 2004; Berghea et al. 2010) and
to infer a lower limit on the BH mass.

2 O BSERVATION, A NA LY SIS AND RESULTS

We obtained radio observations of Ho II X-1 using the Karl G.
Jansky Very Large Array (JVLA) on 2012 Nov 16 and 17 under
project code 12B-037 (PI Cseh). The observations were scheduled
between 12:50–16:20 UT and 12:00–15:30 UT, respectively. The to-
tal on-source time was 5.25 h in A configuration, C band, with a
correlator integration time of 1 s. The total bandwidth was 2 GHz,
covering 4.5–6.5 GHz, that consists of two base bands with 8-bit
sampling, each with 8 sub-bands (or spectral windows) with 4 po-
larization products, 64 channels per sub-band with 2 MHz channel
width.

The data were calibrated and imaged using CASA version 4.1.0
following standard procedures. We used 3C 286 for absolute flux
density and bandpass calibration, and J0841+7053 was used for
antenna gain and phase calibration. At each epoch, we observed the
primary calibrator for 10 min and the phase calibrator for 2 min
out of every 10 min. The last four spectral windows were heavily
affected by radio frequency interference and were flagged. We note
that no self-calibration was applied.

Images were made using the multifrequency synthesis method,
either using Briggs weighting with robust = 0.5 (Fig. 1) or using
natural weighting (Fig. 2). First, we imaged the data corresponding
to the individual epochs in order to search for variability. As a next

Figure 1. The C-band JVLA A-array image of Ho II X-1. The radio image
was made using Briggs (robust = 0.5) weighting. The lowest contours
represent radio emission at ±(

√
2)3 times the rms noise level of 2.5 µJy

beam−1. Contours are increased by (
√

2)nσ , where n ∈ [4; 10] and the
peak brightness is 151 µJy beam−1. The Gaussian restoring beam size is
0.41 arcsec × 0.30 arcsec at a major axis position angle of −48◦. (The
background colour image, with smoothed pixels, represents radio emission
on an arbitrary scale of 0−30 µJy to match the contours.)

Figure 2. The low-resolution, naturally weighted, C-band A-array image.
The figure shows the radio bubble associated with Ho II X-1 together with the
fine-scale structure of Fig. 1 shown as background colour image. The lowest
contours represent radio emission at ±(

√
2)3 times the rms noise level of

3.2 µJy beam−1. Contours are increased by (
√

2)nσ , where n ∈ [4; 7] and the
peak brightness is 192 µJy beam−1. The radio image was made using natural
weighting. The Gaussian restoring beam size is 0.94 arcsec × 0.86 arcsec
at a position angle of −68◦. The smaller beam (bottom-left corner, in white)
corresponds to the beam in Fig. 1.

step, we concatenated the two data sets to achieve a better noise
level. To bring out the already known, large-scale structure of the
radio bubble (Miller, Mushotzky & Neff 2005; Cseh et al. 2012),
we restricted the UV range to <200 kλ to produce Fig. 2. By this
restriction, the apparent maximum baseline length is one-fourth of
the original data set and the excluded fraction of visibilities is about
48 per cent. This allowed us to have a synthesized beam width four
times larger – i.e. comparable to the angular resolution of previous
observations (Cseh et al. 2012) – and to detect emission from larger
spatial scales.

We obtained integrated flux densities (Sν) and peak brightness
intensities by fitting single-component Gaussians on the Briggs-
weighted images using the AIPS task JMFIT. A summary of our
results is available in the Online Material (OM). We find that the
central component is point-like and the north-west and south-east
components are resolved. To estimate the spectral index of the
central component, we imaged the first four (ν = 4.75 GHz) and
the third four (ν = 5.75 GHz) spectral windows individually. Given
that the central component is point-like, we use the peak intensity
values to estimate a spectral index and we find αC = −0.8 ± 0.2,
where Sν ∼ να; ν denotes the frequency. Using flux densities would
result in a consistent spectral index of αC = −0.8 ± 0.3 with a
larger uncertainty. The nominal spectral index of the SW and the
NE components are αSW = −1.0 ± 1.3 and αNE = −1.0 ± 1.4.

The fitted position of the central component corresponds to
8h19m28.s9818 ± 0.s0005, +70◦42′18.′′992 ± 0.′′002. This is well
within the positional error of the Chandra and HST counterparts
(Kaaret et al. 2004). The positions of the SW and the NE com-
ponents are 8h19m28.s718 ± 0.s005, +70◦42′18.′′62 ± 0.′′02 and
8h19m29.s165 ± 0.s005, +70◦42′19.′′35 ± 0.′′02, respectively. The an-
gular distance between the NE and SW components is 2.34 arcsec,
corresponding to a projected spatial scale of 38.5 pc at a distance
of 3.39 Mpc. The angular distance between the central and SW
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jet resolved. The most powerful extragalactic non-nuclear radio
jet ever discovered belongs to the microquasar S26 in NGC 7793
(which is 300 pc across and has a flux density ∼2 mJy; Pakull, Soria
& Motch 2010; Soria et al. 2010), while the most powerful example
in our own Galaxy corresponds to SS433 (e.g. Begelman, King &
Pringle 2006). With a size of ∼650 pc, the IMBH jet candidate in
NGC 2276 would thus be the largest non-nuclear jet ever detected.

The detection of a jet core would allow us to test the BH scaling
relations in the intermediate-mass regime. The MBH of this IMBH
candidate could be constrained via the Fundamental Plane corre-
lation if compact radio emission were detected within the error
circle of the Chandra position of the ULX. The non-detection of a
compact radio component does not allow such a mass constraint.
However, an upper limit on the MBH can be estimated from the
radio flux density of the main peak of emission and scaling the
0.2–12 keV flux to the 2–10 keV band (as performed in Section
4.1). This yields MBH ≤ 8.5 × 105 M⊙. Under the assumption of
10 per cent Eddington accretion, the ULX MBH is thus constrained
to 4700 ≤ MBH ≤ 8.5 × 105 M⊙, ruling out a SMBH nature. The
major caveat of this mass range is the lack of simultaneity between
the radio and X-ray observations. To solve this issue and with the
aim of resolving the putative jet emission and detecting a compact
core component, we have been granted European VLBI Network
(EVN)8 observation simultaneous with Chandra X-ray observations
of this source.

4.2.2 A radio nebula around an IMBH?

In F606W and F814W Hubble Space Telescope (HST) images, the
extreme ULX 3c seems to lie close to a star-forming region in the
spiral arm of NGC 2276 (Sutton et al. 2012). A candidate opti-
cal counterpart of absolute magnitude ∼−9 was reported by these
authors, which is consistent with the presence of a young massive
stellar cluster and would confirm the association of the source with a
star-forming complex. This would provide a natural explanation on
how the IMBH was formed, as one of the proposed IMBH formation
mechanisms is the collapse of a massive star cluster (e.g. Portegies
Zwart et al. 2004). On the other hand, NGC 2276 is located in a small
group of galaxies around the central elliptical galaxy NGC 2300 and
is suggested to be interacting, either tidally with NGC 2300, or with
the hot intergroup gas (e.g. Elmegreen et al. 1991; Gruendl et al.
1993; Davis et al. 1996). This would explain the truncated shape of
the galaxy and the enhancement of star formation observed on one
side of it (e.g. Davis et al. 1997; cf. our Fig. 3). The IMBH would
thus most probably have been formed in situ in the star-forming
region, although the possibility that the source is the nucleus of a
captured satellite galaxy cannot be ruled out.

In a star-forming environment, the extended radio structure de-
tected with the VLA could correspond to either jet radio emission
from the IMBH or a radio nebula powered by the IMBH. The super-
position of the radio image on the HST F606W image (Fig. 2) reveals
clumps of star formation or star clusters lying very close to the edges
of the radio contours, but this does not allow ruling out any of the two
scenarios. The minimum total energy of the radio jet (or to power
the radio nebula) can be calculated assuming synchrotron radiation,
equipartition condition between the energy of the radiating parti-
cles and the magnetic field, and excluding relativistic protons (e.g.
Longair 1994). Taking a prolate spheroid as the volume of the emit-
ting region, V = π

6 dmajd
2
min with dmaj = 8.5 arcsec and dmin = 5.3

arcsec, yields V = 1.54 × 1058 m3. Using this volume, a filling factor

8 www.evlbi.org

Figure 2. F606W HST image of the extreme ULX 3c in NGC 2276. The
VLA CnB-array radio contours at 5 GHz are plotted as (5, 6, 7, 8, 9, 10)
times the off-source rms noise of 0.04 mJy beam−1. The size of the VLA
beam (4.6 × 3.5 arcsec2) is indicated with a grey ellipse. The green circle
denotes the Chandra position of 3c with a diameter of 0.6 arcsec. North is
up, East to the left.

of unity, and Lν = 1.90 × 1020 W Hz−1, we find that the minimum to-
tal energy is Emin = 5.94 × 1052 erg with a magnetic field strength of
6.5 µG, and that the synchrotron lifetime of the electrons is 23 Myr.
While the electron lifetime is similar to those found in other ULXs
surrounded by radio nebulae (e.g. 19 Myr for IC 342 X1, Cseh et al.
2012; 20 Myr for NGC 5408 X1, Lang et al. 2007; 25 Myr for
Ho II X-1, Miller, Mushotzky & Neff 2005), the minimum energy
required to power the putative radio nebula of NGC 2276 is a fac-
tor of 65 higher than that of IC 342 X1 (Emin = 9.18 × 1050 erg;
Cseh et al. 2012), ∼1.7 × 103 times higher than for NGC 5408 X1
(Emin = 3.6 × 1049 erg; Lang et al. 2007), and ∼2.3 × 103 times
higher than for Ho II X1 (Emin = 2.6 × 1049 erg; Miller et al. 2005).
The high Emin derived for Src. 3 implies that the ULX is required
to have been energizing the nebula for 200 000 years at a rate of
1040 erg s−1 (presumably kinetic energy, in addition to its radiative
emission) to create the nebula.

The size of NGC 2276 3c is also much larger than these nebulae
(approximately five times larger than IC 342 X1, and ∼18 times
larger than NGC 5408 X1 and Ho II X1 when considering a size
of 650 pc for NGC 2276 3c). Therefore, if the radio structure found
in 3c belonged to a radio nebula, it would be the largest and most
powerful ULX radio nebula ever observed. The EVN radio obser-
vations will allow us to confirm/reject this scenario by resolving the
VLA radio emission of this extreme ULX.

Finally, it should be also mentioned the possibility that Src.
3 is a background radio-loud AGN, a foreground source, or a
chance alignment of the X-ray emission with radio emission in
the galaxy (e.g. from SNe). The former can be tested by deriving
the chance alignment between the VLA and the Chandra coun-
terparts. Using the number of detected sources with the same or
greater flux as the VLA radio counterpart (12 sources within a field
of view of 4 arcmin) and the Chandra PSF full width at half maxi-
mum of 0.5 arcsec, we obtain a probability of change alignment of
0.03 per cent, which is quite low. In addition, the alignment of the
X-ray source to the radio lobes and optical emission (Fig. 2) strongly
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Ultra-Luminous X-ray sources 
(ULXs)



Galactic black hole SS433 (JVLA 43 GHz) 

Rushton et al.

Dubner et al.

Analogous to a Super Eddington SS433/W50?
(>1 LEdd)



ULXs in the local universe
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In this Letter, we present radio observations of Ho II X-1 that have
a higher angular resolution and more sensitive than previous studies.
Our observations offer a unique opportunity to estimate the time-
averaged jet power in a ULX that is dominated by photoionization
and not shock ionization (Lehmann et al. 2005; Egorov, Lozinskaya
& Moiseev 2013).This allows us to test the coupling between the
jet power and the previously estimated time-averaged bolometric
luminosity (Kaaret, Ward & Zezas 2004; Berghea et al. 2010) and
to infer a lower limit on the BH mass.

2 O BSERVATION, A NA LY SIS AND RESULTS

We obtained radio observations of Ho II X-1 using the Karl G.
Jansky Very Large Array (JVLA) on 2012 Nov 16 and 17 under
project code 12B-037 (PI Cseh). The observations were scheduled
between 12:50–16:20 UT and 12:00–15:30 UT, respectively. The to-
tal on-source time was 5.25 h in A configuration, C band, with a
correlator integration time of 1 s. The total bandwidth was 2 GHz,
covering 4.5–6.5 GHz, that consists of two base bands with 8-bit
sampling, each with 8 sub-bands (or spectral windows) with 4 po-
larization products, 64 channels per sub-band with 2 MHz channel
width.

The data were calibrated and imaged using CASA version 4.1.0
following standard procedures. We used 3C 286 for absolute flux
density and bandpass calibration, and J0841+7053 was used for
antenna gain and phase calibration. At each epoch, we observed the
primary calibrator for 10 min and the phase calibrator for 2 min
out of every 10 min. The last four spectral windows were heavily
affected by radio frequency interference and were flagged. We note
that no self-calibration was applied.

Images were made using the multifrequency synthesis method,
either using Briggs weighting with robust = 0.5 (Fig. 1) or using
natural weighting (Fig. 2). First, we imaged the data corresponding
to the individual epochs in order to search for variability. As a next

Figure 1. The C-band JVLA A-array image of Ho II X-1. The radio image
was made using Briggs (robust = 0.5) weighting. The lowest contours
represent radio emission at ±(

√
2)3 times the rms noise level of 2.5 µJy

beam−1. Contours are increased by (
√

2)nσ , where n ∈ [4; 10] and the
peak brightness is 151 µJy beam−1. The Gaussian restoring beam size is
0.41 arcsec × 0.30 arcsec at a major axis position angle of −48◦. (The
background colour image, with smoothed pixels, represents radio emission
on an arbitrary scale of 0−30 µJy to match the contours.)

Figure 2. The low-resolution, naturally weighted, C-band A-array image.
The figure shows the radio bubble associated with Ho II X-1 together with the
fine-scale structure of Fig. 1 shown as background colour image. The lowest
contours represent radio emission at ±(

√
2)3 times the rms noise level of

3.2 µJy beam−1. Contours are increased by (
√

2)nσ , where n ∈ [4; 7] and the
peak brightness is 192 µJy beam−1. The radio image was made using natural
weighting. The Gaussian restoring beam size is 0.94 arcsec × 0.86 arcsec
at a position angle of −68◦. The smaller beam (bottom-left corner, in white)
corresponds to the beam in Fig. 1.

step, we concatenated the two data sets to achieve a better noise
level. To bring out the already known, large-scale structure of the
radio bubble (Miller, Mushotzky & Neff 2005; Cseh et al. 2012),
we restricted the UV range to <200 kλ to produce Fig. 2. By this
restriction, the apparent maximum baseline length is one-fourth of
the original data set and the excluded fraction of visibilities is about
48 per cent. This allowed us to have a synthesized beam width four
times larger – i.e. comparable to the angular resolution of previous
observations (Cseh et al. 2012) – and to detect emission from larger
spatial scales.

We obtained integrated flux densities (Sν) and peak brightness
intensities by fitting single-component Gaussians on the Briggs-
weighted images using the AIPS task JMFIT. A summary of our
results is available in the Online Material (OM). We find that the
central component is point-like and the north-west and south-east
components are resolved. To estimate the spectral index of the
central component, we imaged the first four (ν = 4.75 GHz) and
the third four (ν = 5.75 GHz) spectral windows individually. Given
that the central component is point-like, we use the peak intensity
values to estimate a spectral index and we find αC = −0.8 ± 0.2,
where Sν ∼ να; ν denotes the frequency. Using flux densities would
result in a consistent spectral index of αC = −0.8 ± 0.3 with a
larger uncertainty. The nominal spectral index of the SW and the
NE components are αSW = −1.0 ± 1.3 and αNE = −1.0 ± 1.4.

The fitted position of the central component corresponds to
8h19m28.s9818 ± 0.s0005, +70◦42′18.′′992 ± 0.′′002. This is well
within the positional error of the Chandra and HST counterparts
(Kaaret et al. 2004). The positions of the SW and the NE com-
ponents are 8h19m28.s718 ± 0.s005, +70◦42′18.′′62 ± 0.′′02 and
8h19m29.s165 ± 0.s005, +70◦42′19.′′35 ± 0.′′02, respectively. The an-
gular distance between the NE and SW components is 2.34 arcsec,
corresponding to a projected spatial scale of 38.5 pc at a distance
of 3.39 Mpc. The angular distance between the central and SW
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jet resolved. The most powerful extragalactic non-nuclear radio
jet ever discovered belongs to the microquasar S26 in NGC 7793
(which is 300 pc across and has a flux density ∼2 mJy; Pakull, Soria
& Motch 2010; Soria et al. 2010), while the most powerful example
in our own Galaxy corresponds to SS433 (e.g. Begelman, King &
Pringle 2006). With a size of ∼650 pc, the IMBH jet candidate in
NGC 2276 would thus be the largest non-nuclear jet ever detected.

The detection of a jet core would allow us to test the BH scaling
relations in the intermediate-mass regime. The MBH of this IMBH
candidate could be constrained via the Fundamental Plane corre-
lation if compact radio emission were detected within the error
circle of the Chandra position of the ULX. The non-detection of a
compact radio component does not allow such a mass constraint.
However, an upper limit on the MBH can be estimated from the
radio flux density of the main peak of emission and scaling the
0.2–12 keV flux to the 2–10 keV band (as performed in Section
4.1). This yields MBH ≤ 8.5 × 105 M⊙. Under the assumption of
10 per cent Eddington accretion, the ULX MBH is thus constrained
to 4700 ≤ MBH ≤ 8.5 × 105 M⊙, ruling out a SMBH nature. The
major caveat of this mass range is the lack of simultaneity between
the radio and X-ray observations. To solve this issue and with the
aim of resolving the putative jet emission and detecting a compact
core component, we have been granted European VLBI Network
(EVN)8 observation simultaneous with Chandra X-ray observations
of this source.

4.2.2 A radio nebula around an IMBH?

In F606W and F814W Hubble Space Telescope (HST) images, the
extreme ULX 3c seems to lie close to a star-forming region in the
spiral arm of NGC 2276 (Sutton et al. 2012). A candidate opti-
cal counterpart of absolute magnitude ∼−9 was reported by these
authors, which is consistent with the presence of a young massive
stellar cluster and would confirm the association of the source with a
star-forming complex. This would provide a natural explanation on
how the IMBH was formed, as one of the proposed IMBH formation
mechanisms is the collapse of a massive star cluster (e.g. Portegies
Zwart et al. 2004). On the other hand, NGC 2276 is located in a small
group of galaxies around the central elliptical galaxy NGC 2300 and
is suggested to be interacting, either tidally with NGC 2300, or with
the hot intergroup gas (e.g. Elmegreen et al. 1991; Gruendl et al.
1993; Davis et al. 1996). This would explain the truncated shape of
the galaxy and the enhancement of star formation observed on one
side of it (e.g. Davis et al. 1997; cf. our Fig. 3). The IMBH would
thus most probably have been formed in situ in the star-forming
region, although the possibility that the source is the nucleus of a
captured satellite galaxy cannot be ruled out.

In a star-forming environment, the extended radio structure de-
tected with the VLA could correspond to either jet radio emission
from the IMBH or a radio nebula powered by the IMBH. The super-
position of the radio image on the HST F606W image (Fig. 2) reveals
clumps of star formation or star clusters lying very close to the edges
of the radio contours, but this does not allow ruling out any of the two
scenarios. The minimum total energy of the radio jet (or to power
the radio nebula) can be calculated assuming synchrotron radiation,
equipartition condition between the energy of the radiating parti-
cles and the magnetic field, and excluding relativistic protons (e.g.
Longair 1994). Taking a prolate spheroid as the volume of the emit-
ting region, V = π

6 dmajd
2
min with dmaj = 8.5 arcsec and dmin = 5.3

arcsec, yields V = 1.54 × 1058 m3. Using this volume, a filling factor

8 www.evlbi.org

Figure 2. F606W HST image of the extreme ULX 3c in NGC 2276. The
VLA CnB-array radio contours at 5 GHz are plotted as (5, 6, 7, 8, 9, 10)
times the off-source rms noise of 0.04 mJy beam−1. The size of the VLA
beam (4.6 × 3.5 arcsec2) is indicated with a grey ellipse. The green circle
denotes the Chandra position of 3c with a diameter of 0.6 arcsec. North is
up, East to the left.

of unity, and Lν = 1.90 × 1020 W Hz−1, we find that the minimum to-
tal energy is Emin = 5.94 × 1052 erg with a magnetic field strength of
6.5 µG, and that the synchrotron lifetime of the electrons is 23 Myr.
While the electron lifetime is similar to those found in other ULXs
surrounded by radio nebulae (e.g. 19 Myr for IC 342 X1, Cseh et al.
2012; 20 Myr for NGC 5408 X1, Lang et al. 2007; 25 Myr for
Ho II X-1, Miller, Mushotzky & Neff 2005), the minimum energy
required to power the putative radio nebula of NGC 2276 is a fac-
tor of 65 higher than that of IC 342 X1 (Emin = 9.18 × 1050 erg;
Cseh et al. 2012), ∼1.7 × 103 times higher than for NGC 5408 X1
(Emin = 3.6 × 1049 erg; Lang et al. 2007), and ∼2.3 × 103 times
higher than for Ho II X1 (Emin = 2.6 × 1049 erg; Miller et al. 2005).
The high Emin derived for Src. 3 implies that the ULX is required
to have been energizing the nebula for 200 000 years at a rate of
1040 erg s−1 (presumably kinetic energy, in addition to its radiative
emission) to create the nebula.

The size of NGC 2276 3c is also much larger than these nebulae
(approximately five times larger than IC 342 X1, and ∼18 times
larger than NGC 5408 X1 and Ho II X1 when considering a size
of 650 pc for NGC 2276 3c). Therefore, if the radio structure found
in 3c belonged to a radio nebula, it would be the largest and most
powerful ULX radio nebula ever observed. The EVN radio obser-
vations will allow us to confirm/reject this scenario by resolving the
VLA radio emission of this extreme ULX.

Finally, it should be also mentioned the possibility that Src.
3 is a background radio-loud AGN, a foreground source, or a
chance alignment of the X-ray emission with radio emission in
the galaxy (e.g. from SNe). The former can be tested by deriving
the chance alignment between the VLA and the Chandra coun-
terparts. Using the number of detected sources with the same or
greater flux as the VLA radio counterpart (12 sources within a field
of view of 4 arcmin) and the Chandra PSF full width at half maxi-
mum of 0.5 arcsec, we obtain a probability of change alignment of
0.03 per cent, which is quite low. In addition, the alignment of the
X-ray source to the radio lobes and optical emission (Fig. 2) strongly
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In this Letter, we present radio observations of Ho II X-1 that have
a higher angular resolution and more sensitive than previous studies.
Our observations offer a unique opportunity to estimate the time-
averaged jet power in a ULX that is dominated by photoionization
and not shock ionization (Lehmann et al. 2005; Egorov, Lozinskaya
& Moiseev 2013).This allows us to test the coupling between the
jet power and the previously estimated time-averaged bolometric
luminosity (Kaaret, Ward & Zezas 2004; Berghea et al. 2010) and
to infer a lower limit on the BH mass.

2 O BSERVATION, A NA LY SIS AND RESULTS

We obtained radio observations of Ho II X-1 using the Karl G.
Jansky Very Large Array (JVLA) on 2012 Nov 16 and 17 under
project code 12B-037 (PI Cseh). The observations were scheduled
between 12:50–16:20 UT and 12:00–15:30 UT, respectively. The to-
tal on-source time was 5.25 h in A configuration, C band, with a
correlator integration time of 1 s. The total bandwidth was 2 GHz,
covering 4.5–6.5 GHz, that consists of two base bands with 8-bit
sampling, each with 8 sub-bands (or spectral windows) with 4 po-
larization products, 64 channels per sub-band with 2 MHz channel
width.

The data were calibrated and imaged using CASA version 4.1.0
following standard procedures. We used 3C 286 for absolute flux
density and bandpass calibration, and J0841+7053 was used for
antenna gain and phase calibration. At each epoch, we observed the
primary calibrator for 10 min and the phase calibrator for 2 min
out of every 10 min. The last four spectral windows were heavily
affected by radio frequency interference and were flagged. We note
that no self-calibration was applied.

Images were made using the multifrequency synthesis method,
either using Briggs weighting with robust = 0.5 (Fig. 1) or using
natural weighting (Fig. 2). First, we imaged the data corresponding
to the individual epochs in order to search for variability. As a next

Figure 1. The C-band JVLA A-array image of Ho II X-1. The radio image
was made using Briggs (robust = 0.5) weighting. The lowest contours
represent radio emission at ±(

√
2)3 times the rms noise level of 2.5 µJy

beam−1. Contours are increased by (
√

2)nσ , where n ∈ [4; 10] and the
peak brightness is 151 µJy beam−1. The Gaussian restoring beam size is
0.41 arcsec × 0.30 arcsec at a major axis position angle of −48◦. (The
background colour image, with smoothed pixels, represents radio emission
on an arbitrary scale of 0−30 µJy to match the contours.)

Figure 2. The low-resolution, naturally weighted, C-band A-array image.
The figure shows the radio bubble associated with Ho II X-1 together with the
fine-scale structure of Fig. 1 shown as background colour image. The lowest
contours represent radio emission at ±(

√
2)3 times the rms noise level of

3.2 µJy beam−1. Contours are increased by (
√

2)nσ , where n ∈ [4; 7] and the
peak brightness is 192 µJy beam−1. The radio image was made using natural
weighting. The Gaussian restoring beam size is 0.94 arcsec × 0.86 arcsec
at a position angle of −68◦. The smaller beam (bottom-left corner, in white)
corresponds to the beam in Fig. 1.

step, we concatenated the two data sets to achieve a better noise
level. To bring out the already known, large-scale structure of the
radio bubble (Miller, Mushotzky & Neff 2005; Cseh et al. 2012),
we restricted the UV range to <200 kλ to produce Fig. 2. By this
restriction, the apparent maximum baseline length is one-fourth of
the original data set and the excluded fraction of visibilities is about
48 per cent. This allowed us to have a synthesized beam width four
times larger – i.e. comparable to the angular resolution of previous
observations (Cseh et al. 2012) – and to detect emission from larger
spatial scales.

We obtained integrated flux densities (Sν) and peak brightness
intensities by fitting single-component Gaussians on the Briggs-
weighted images using the AIPS task JMFIT. A summary of our
results is available in the Online Material (OM). We find that the
central component is point-like and the north-west and south-east
components are resolved. To estimate the spectral index of the
central component, we imaged the first four (ν = 4.75 GHz) and
the third four (ν = 5.75 GHz) spectral windows individually. Given
that the central component is point-like, we use the peak intensity
values to estimate a spectral index and we find αC = −0.8 ± 0.2,
where Sν ∼ να; ν denotes the frequency. Using flux densities would
result in a consistent spectral index of αC = −0.8 ± 0.3 with a
larger uncertainty. The nominal spectral index of the SW and the
NE components are αSW = −1.0 ± 1.3 and αNE = −1.0 ± 1.4.

The fitted position of the central component corresponds to
8h19m28.s9818 ± 0.s0005, +70◦42′18.′′992 ± 0.′′002. This is well
within the positional error of the Chandra and HST counterparts
(Kaaret et al. 2004). The positions of the SW and the NE com-
ponents are 8h19m28.s718 ± 0.s005, +70◦42′18.′′62 ± 0.′′02 and
8h19m29.s165 ± 0.s005, +70◦42′19.′′35 ± 0.′′02, respectively. The an-
gular distance between the NE and SW components is 2.34 arcsec,
corresponding to a projected spatial scale of 38.5 pc at a distance
of 3.39 Mpc. The angular distance between the central and SW
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jet resolved. The most powerful extragalactic non-nuclear radio
jet ever discovered belongs to the microquasar S26 in NGC 7793
(which is 300 pc across and has a flux density ∼2 mJy; Pakull, Soria
& Motch 2010; Soria et al. 2010), while the most powerful example
in our own Galaxy corresponds to SS433 (e.g. Begelman, King &
Pringle 2006). With a size of ∼650 pc, the IMBH jet candidate in
NGC 2276 would thus be the largest non-nuclear jet ever detected.

The detection of a jet core would allow us to test the BH scaling
relations in the intermediate-mass regime. The MBH of this IMBH
candidate could be constrained via the Fundamental Plane corre-
lation if compact radio emission were detected within the error
circle of the Chandra position of the ULX. The non-detection of a
compact radio component does not allow such a mass constraint.
However, an upper limit on the MBH can be estimated from the
radio flux density of the main peak of emission and scaling the
0.2–12 keV flux to the 2–10 keV band (as performed in Section
4.1). This yields MBH ≤ 8.5 × 105 M⊙. Under the assumption of
10 per cent Eddington accretion, the ULX MBH is thus constrained
to 4700 ≤ MBH ≤ 8.5 × 105 M⊙, ruling out a SMBH nature. The
major caveat of this mass range is the lack of simultaneity between
the radio and X-ray observations. To solve this issue and with the
aim of resolving the putative jet emission and detecting a compact
core component, we have been granted European VLBI Network
(EVN)8 observation simultaneous with Chandra X-ray observations
of this source.

4.2.2 A radio nebula around an IMBH?

In F606W and F814W Hubble Space Telescope (HST) images, the
extreme ULX 3c seems to lie close to a star-forming region in the
spiral arm of NGC 2276 (Sutton et al. 2012). A candidate opti-
cal counterpart of absolute magnitude ∼−9 was reported by these
authors, which is consistent with the presence of a young massive
stellar cluster and would confirm the association of the source with a
star-forming complex. This would provide a natural explanation on
how the IMBH was formed, as one of the proposed IMBH formation
mechanisms is the collapse of a massive star cluster (e.g. Portegies
Zwart et al. 2004). On the other hand, NGC 2276 is located in a small
group of galaxies around the central elliptical galaxy NGC 2300 and
is suggested to be interacting, either tidally with NGC 2300, or with
the hot intergroup gas (e.g. Elmegreen et al. 1991; Gruendl et al.
1993; Davis et al. 1996). This would explain the truncated shape of
the galaxy and the enhancement of star formation observed on one
side of it (e.g. Davis et al. 1997; cf. our Fig. 3). The IMBH would
thus most probably have been formed in situ in the star-forming
region, although the possibility that the source is the nucleus of a
captured satellite galaxy cannot be ruled out.

In a star-forming environment, the extended radio structure de-
tected with the VLA could correspond to either jet radio emission
from the IMBH or a radio nebula powered by the IMBH. The super-
position of the radio image on the HST F606W image (Fig. 2) reveals
clumps of star formation or star clusters lying very close to the edges
of the radio contours, but this does not allow ruling out any of the two
scenarios. The minimum total energy of the radio jet (or to power
the radio nebula) can be calculated assuming synchrotron radiation,
equipartition condition between the energy of the radiating parti-
cles and the magnetic field, and excluding relativistic protons (e.g.
Longair 1994). Taking a prolate spheroid as the volume of the emit-
ting region, V = π

6 dmajd
2
min with dmaj = 8.5 arcsec and dmin = 5.3

arcsec, yields V = 1.54 × 1058 m3. Using this volume, a filling factor

8 www.evlbi.org

Figure 2. F606W HST image of the extreme ULX 3c in NGC 2276. The
VLA CnB-array radio contours at 5 GHz are plotted as (5, 6, 7, 8, 9, 10)
times the off-source rms noise of 0.04 mJy beam−1. The size of the VLA
beam (4.6 × 3.5 arcsec2) is indicated with a grey ellipse. The green circle
denotes the Chandra position of 3c with a diameter of 0.6 arcsec. North is
up, East to the left.

of unity, and Lν = 1.90 × 1020 W Hz−1, we find that the minimum to-
tal energy is Emin = 5.94 × 1052 erg with a magnetic field strength of
6.5 µG, and that the synchrotron lifetime of the electrons is 23 Myr.
While the electron lifetime is similar to those found in other ULXs
surrounded by radio nebulae (e.g. 19 Myr for IC 342 X1, Cseh et al.
2012; 20 Myr for NGC 5408 X1, Lang et al. 2007; 25 Myr for
Ho II X-1, Miller, Mushotzky & Neff 2005), the minimum energy
required to power the putative radio nebula of NGC 2276 is a fac-
tor of 65 higher than that of IC 342 X1 (Emin = 9.18 × 1050 erg;
Cseh et al. 2012), ∼1.7 × 103 times higher than for NGC 5408 X1
(Emin = 3.6 × 1049 erg; Lang et al. 2007), and ∼2.3 × 103 times
higher than for Ho II X1 (Emin = 2.6 × 1049 erg; Miller et al. 2005).
The high Emin derived for Src. 3 implies that the ULX is required
to have been energizing the nebula for 200 000 years at a rate of
1040 erg s−1 (presumably kinetic energy, in addition to its radiative
emission) to create the nebula.

The size of NGC 2276 3c is also much larger than these nebulae
(approximately five times larger than IC 342 X1, and ∼18 times
larger than NGC 5408 X1 and Ho II X1 when considering a size
of 650 pc for NGC 2276 3c). Therefore, if the radio structure found
in 3c belonged to a radio nebula, it would be the largest and most
powerful ULX radio nebula ever observed. The EVN radio obser-
vations will allow us to confirm/reject this scenario by resolving the
VLA radio emission of this extreme ULX.

Finally, it should be also mentioned the possibility that Src.
3 is a background radio-loud AGN, a foreground source, or a
chance alignment of the X-ray emission with radio emission in
the galaxy (e.g. from SNe). The former can be tested by deriving
the chance alignment between the VLA and the Chandra coun-
terparts. Using the number of detected sources with the same or
greater flux as the VLA radio counterpart (12 sources within a field
of view of 4 arcmin) and the Chandra PSF full width at half maxi-
mum of 0.5 arcsec, we obtain a probability of change alignment of
0.03 per cent, which is quite low. In addition, the alignment of the
X-ray source to the radio lobes and optical emission (Fig. 2) strongly
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MERLIN 5 GHz

Highly Variable source: Cyg X-3

Source Varied between 
0.1-20 Jy on time-scales 

of a few days 

• Very poor images due to 
intrinsic changes in the sky 

brightness 

• Violating a basic assumption 
of aperture synthesis



A 1 Jy Gaussian component convolved with 
the eMERLIN beam (5 GHz)

Concatenated with a 0.1 Jy component

Result
• The RMS noise of the map increases by a 

factor of 10-100

• Bad side-lobes affects the fidelity of the map

Extreme simulated effect of source variation



Automatic triggering

• Monitor known transient 
with AMI

• Report variability via 
VOEvent (XML)

• Robotically respond at 
higher resolution

(VLBI/EVN)
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Figure 5. VLBI maps of XTE J1908+094 during an X-ray state transition (note: the top panels span 4 days and the bottom is scaled over 1.7 days). L and P are the lowest and peak
contours in units of mJy bm�1 with contour levels of (

p
2)n, where n=3,4,5,6,...., the red circle indicates the estimated position of the binary and the white lines show the extrapolated

positions of the respective components.
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