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Relativistic jets are streams of plasma moving at appreciale fractions of the
speed of light. They have been observed from stellar mass lalaholes (~3—20
solar masses, M) as well as supermassive black holes(L0° —10° M) found

in the centres of most galaxies. Jets should also be producdy intermedi-
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ate mass black holes{10°—~10° M), although evidence for this third class
of black hole has until recently been weak. We report the dettion of tran-

sient radio emission at the location of the intermediate masblack hole candi-
date ESO 243-49 HLX-1, which is consistent with a discrete jejection event.
These observations also allow us to refine the mass estimatetloe black hole

to be between~9 x10°* M, and ~9 x10* M.

It has been proposed that the kinetic power output of anykitiate is only related to the
mass accreted (in Eddington uniig)(on to it and does not depend on the mass of the black hole
itself (2). If this is true, jet emission, which is most frequentlyetged through radio emission,
is not only to be expected from stellar mass black holes apdrsuassive black holes, but black
holes of all masses. This includes ultra-luminous X-raysesi (ULXs), which are non-nuclear
extra-galactic X-ray point sources that exceed the Eddmgiminosity (where the radiation
force is balanced by the gravitational force) for a stellassiblack hole. These could be either
stellar mass black holes undergoing hyper accret$od) @and/or beamingg, 6). Alternatively
they could contain black holes of a slightly higher massyieen 30 and 90 solar mass&$ ¢r
be the missing class of intermediate mass black h@gsTp date, no variable radio emission
associated with jets has been detected from ultra-lumideresy sources, despite numerous
observing campaign®(10. On the contrary, non-varying nebula-like extended raaiission,
which is likely to be powered by the central black hole, hasrbaetected around some ULXs
(11-13. ESO 243-49 HLX-1 (hereafter just referred to as HLX-1) & only a ULX, but
currently the best intermediate mass black hole candidiké. X-1 harbours an intermediate
mass black hole, it accretes at comparable fractions of daénigton luminosity, as stellar mass
black holes in binaries. Hence one expects HLX-1 to dispilayiarities with the latter class of
objects. In that respect spectral state transitions restemnit of black hole binaries have already

been reportedl@, 15. It is therefore the ideal object in which to search for jetigsion, in
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order to verify the scale-invariance of jets from black lsole

HLX-1 was detected serendipitously using XMM-Newton on 28vBmber 2004 in the
outskirts of the edge-on spiral galaxy ESO 243-49, 8” fromnilacleus 16). The distance to
HLX-1 measured from its Kl emission line confirms that ESO 243-49 is the host gal&xy.
HLX-1 therefore has a maximum unabsorbed X-ray luminogi$guming isotropic emission,
of 1.1 x 10" ergs s! (16). The non-nuclear situation of this point source and thé ttaat it
exceeds the Eddington luminosity for a stellar mass blad& hyg three orders of magnitude,
qualify it as a ULX. From the X-ray luminosity and the consaive assumption that this value
exceeds the Eddington limit by at most a factor of 3)) & lower limit of 500 M., was derived
for the mass of the black hol&§). The maximum mass, however, is not constrained. The X-ray
to optical flux ratio (6,18 is far greater than expected from an AGN, but without ameesti
of this maximum mass, it could be argued that HLX-1 is a nookear supermassive black hole
e.g. 9.

We observed HLX-1 with the Australia Telescope Compact AT CA) in the 750 m
configuration on 13 September 2010 (supporting mate2@®)(when regular X-ray monitoring
of HLX-1 with the Swift satellite 21) showed that HLX-1 had just undergone a transition
from the low/hard X-ray state to the high/soft X-ray stateheTransition occurs for HLX-1
when the count rate increases by more than a factor 10 in jésvalays (Fig 1) 15, 22.
Galactic black hole binaries are known to regularly emitgdlhres around the transition from
the low/hard to the high/soft state, €.@3(24. These are associated with ejection events,
where, for example, the jet is expelled which can lead tooridring when the higher velocity
ejecta may collide with the lower-velocity material proddcby the steady jet. As well as
detecting radio emission from the nucleus of the galaxy, eteaed a radio point source at
Right Ascension (RA) = 0110"28.28 and declination (dec.) = -464'22.3", coincident with
the Chandra X-ray position of HLX-12p). Combining the 5 GHz and 9 GHz data gives a



detection of 5QuJy/beam, and a & noise level of 11uJy, thus a 4.% detection at the position
of HLX-1, at a time when such emission can be expected (Figff,(Table 1).

The radio flares in Galactic black hole binaries are typycafliactor 10-100 (and even more)
brighter than the non-flaring radio emissi® and generally last one to several days, e.g. XTE
J1859+22626). Once the high/soft state has been achieved, the coresigppessed, e.2J).

To determine whether the radio emission that we detectedtraasient and thus associated
with a radio flare, we made another observation with the AT@Ahe 6 km configuration on
3 December 2010, when HLX-1 was declining from the high/stdte and when no flaring is
expected. This observation again showed emission fromubkens of the galaxy, consistent
with that of the previous radio observation, but revealedoworce at the position of HLX-1.
The 30 non-detection for the combined 5 GHz and 9 GHz data igB@beam (Fig 2, right)
(Table 1). These observations suggest that the sourceiablear

To confirm the variability, we re-observed HLX-1 when it hadtjundergone another tran-
sition from the low/hard X-ray state to the high/soft X-ragte in August 2011 (Fig 1). All five
of the 2011 observations (Table 1) were made in a similar gardtion to the December 2010
observation. We observed three non-contiguous detecfiond o) and two non-contiguous
non-detections of the source (Table 1). This indicatestthatlares were detected during this
period.

To determine if the source was indeed variable, we fitted edbdervation using a point
source, using the point spread function. We used the pogifi¢iLX-1 when the source was
not detected. This allowed us to estimate the flux and thecagsd errors (Table 1) even for a
non-detection. We tested whether the data could be fittdd avitonstant, namely the mean of
the data. We compared these data to the mean flux value ushigsguared test. We found a
reduced chi-square{) value of 2.5 (5 degrees of freedom) which is much greatar thmty,

demonstrating that a constant is a poor fit to the data ancbstipg the variable nature. Further,



Table 1: The 7 radio observations organised by date and showing thfé $wnay unabsorbed
flux (0.5-10.0 keV) x 10~ erg cnt? s7! (and the 90% confidence errors) along with the
combined 5 and 9 GHz peak brightness radio flux (with the aatamt 1o noise level) or the

3 o upper limit for the non-detections. The final column givesthdio flux from fitting a point
source (using the point spread function) (and the assaciatenoise level).

Observation X-ray 5+9 GHz peak 5+9 GHz flux

date flux flux («Jy/beam) densityJy)
13 Sep. 2010  4.57( % 50 (11) 42 (10)
3Dec. 2010  2.40¢3% <36 11 (20)
25 Aug. 2011  4.57£0.30) <30 14.5 (7)
31 Aug. 2011 4.540.30) 51 (10) 63 (18)
1Sep. 2011 4.5%0.30) <31 25 (10.5)
3 Sep. 2011 4.5%0.30) 45 (10.5) 43 (10)
4 Sep. 2011 4.57(0.30) 30(7.5) 27 (7.5)

combining all of the detections (5 and 9 GHz), the source geoled at 45:.Jy/beam, with a

1 o noise level of 5.5:Jy, which shows a confident detection at the Bvel. Combining, in

a similar fashion, the data in which no radio emission wasaet, we obtained a3 upper
limit in the combined 5+9 GHz data of 24)y/beam (Fig 2). The variability rules out emission
from a nebula. The observed variable radio emission is thamaonsistent with a transient jet
ejection event.

It has been shown that observations of super massive bldek had stellar mass black
holes support the scale invariance of j&%,28. This was done by comparing X-ray and radio
measurements, tracers of mass accretion rate and kingpigtaaspectively, with the black hole
mass to form a “fundamental plane of black hole activity”.ddnthe hypothesis that HLX-1
is indeed an intermediate mass black hole, we can test tlpoged relation. We take what is
generally considered to be the maximum mass of intermediates black holesy1x10° M
(8) and the X-ray luminosity, 5.43 10* erg s'! (0.5-10.0 keV), determined from Swift X-
ray telescope9) observations made at the same time as our radio detectmtinQum (non

flaring) radio emission could then be estimated with theeaf@ntioned relationshi@®), which



is based on a sample that includes black holes in all diffefemay states. This relation implies
a continuum radio emission at the20uJy level. This is slightly lower than the@non-flaring
upper limit, suggesting that the mass of the black hole &yiko be less thar-1x10° M.

Radio flares are seen to occur in Galactic black hole binare= the X-ray luminosity is
10—100 per cent of the Eddington luminosiBd). HLX-1 has already shown similar behaviour
to the Galactic black hole binaries. Therefore assumingtttearadio flares that we observed
also occur when the X-ray luminosity is 2200 per cent of the Eddington luminosity indicates
a black hole mass betweerd.2 x10* M, and~9.2 x10' M, commensurate with the mass

estimate above and those @6(22,3) and confirming the intermediate mass black hole status.
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Figure 1: Longterm Swift lightcurve showing the dates offiln& two ATCA observations and
the period during which the subsequent five ATCA observatisere taken. Three X-ray state
transitions from the low/hard state (count rg®.002, 0.3-10.0 keV) to the high/soft state (0.01
< count rate< 0.05, 0.3-10.0 keV) can be seen.

Supporting Material

Observations and analysis

HLX-1 in ESO 243-49 was observed with the Australia TeleecGpmpact Array seven times
as shown in Table S1, using the upgraded Compact Array BesatiBackend (CABB)32).
The data were taken using the CFB 1M-0.5k correlator cordigum with 2 GHz bandwidth
and 2048 channels, each with 1 MHz resolution. Each obsenvats performed at the central
frequencies of 5.5 GHz and 9 GHz simultaneously. During tts¢ dibservation the array was
in the 750 m configuration (giving baselines up to 5 km whe® @htennas are used). During
the second and subsequent observations it was in the 6 kngomatfon. The total on-source
integration time was-11 h for each observation. The primary calibrator PKS 1938as

used for absolute flux and bandpass calibration, while therstary calibrator 0048-427 was
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Figure 2: Left: 5 and 9 GHz combined radio observations @mrst -3, 3, 4, 5, 6, 7, 8, 9,
10, 15, 20, 25 times the & rms noise level (5.6:Jy/beam)) using the radio data taken on
the 13th September 2010, 31st August 2011, 3rd and 4th Sbpte2f11 with the ATCA and
superimposed on an I-band Hubble Space telescope image @f2B3-49 (inverted colour
map). The beam size is shown in the bottom left hand cornee githaxy, ESO 243-49, is
clearly detected in radio. A 8 point source falls at RA = 31.028.28 and declination =
-46°04'22.3” (1 o error on the position of RA=0.43" and dec.=0.67"), well witlthe 0.3”
Chandra error circle of HLX-1. Right: 5 and 9 GHz combinedioaabservations (contours:
-3,3,4,5,6,7,8,9, 10, 15, 20, 25 times the tms noise level (7.Q.Jy/beam)) made from
the 3rd December 2010, 25th August 2011 and 1st SeptembérA&0QA observations and
superimposed on the same I-band Hubble Space telescope oh&$HO 243-49. The galaxy
ESO 243-49 is again clearly detected, but no source is foutidnathe Chandra error circle.
Again the beam size is shown in the bottom left hand corner.

used for the phase and antenna gain calibration. For eaemnalti®n, we observed 1934-638
for 10 min and the phase calibrator was observed every 15 min.

The data reduction and analysis was performed with the bhatinel Image Reconstruc-
tion, Image Analysis and Display (MIRIAD) softwarg3). We loaded the data into MIRIAD
using theaTLoD task with options birdie, xycorr, rfiflag, and noauto, whickg out the chan-
nels affected by self-interference, correcting the phaterence between the X and Y chan-
nels, discarding any autocorrelation data, and automigtitagging out frequency bands that
are known to be heavily affected by Radio Frequency Interfee (RFI). The standard data re-

duction steps were flagging, bandpass, phase and amplalideation, following the MIRIAD
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User Guidg. We used multi-frequency synthesis (MFS) methog® (o produce the dirty
maps. Imaging was carried out using the multi-frequed®y ¢lean algorithms. We note that
imaging did not involve any self-calibration.

The detections with the associatedrInoise level and the 3 non-detections for the 5
GHz, 9 GHz and combined observations are given in Table SlithAlimages were naturally
weighted in order to reach the best sensitivity, with theegtion of the September 2010 5 GHz
(and the 5+9 GHz) image which was weighted with robust=0 duked lower resolution of this
data. We also combined the 5-GHz and 9-GHz data sets in aré@mhiance sensitivity.

We estimated the position errors by adding the errors dubasecalibration, the position
of the phase calibrator and the point-source model fit in catade. We note that as we have a
Very Long Baseline Interferometry measurement for the pltadibrator, its positional error is
negligible. The error due to phase calibration depends erlistance between the target and
the calibrator of 11.5 degrees which corresponds to a pasituncertainty of~0.2”. We find
the error on the RA is 0.43” and on the dec. is 0.67".

We verified that the radio source was consistent with a gdiatebject by comparing the
fluxes and the fitted point source model fluxes. For all of otect®ns, the radio source was
consistent with a point source.

The Swift-XRT Photon Counting data were processed usingptileXRTPIPELINEV0.12.6.
We used the grade 0-12 events, giving slightly higher affearea at higher energies than the
grade 0 events, and a 20 pixel radius circle to extract thececand background spectra us-
ing XSELECT v2.4b. The ancillary response files were creatadg XRTMKARF v0.5.9 and
exposure maps generated by XRTEXPOMAP v0.2.7. We fittechalpectra within XSPEC
v12.7.0 using the response file SWXPC0TO12S6-20070901\RME (34).

The 11 ks of data taken on the 13-14th September 2010 revaapédctrum that was well

http://www.atnf.csiro.au/computing/software/miriagérguide/userhtml.htmi
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Table S1: The 7 radio observations organised by date and showing the detection with
the associated & noise level or the 3 non-detection for the 5 GHz, 9 GHz and combined
observations

5 GHz flux (uJy/beam) 9 GHz flux/Jy/beam) 5+9 GHz flux/(Jy/beam)
Observation Detection Non-detect. Detection Non-deted®etection Non-detect.

date (10 noise) (30) (1 o noise) (30) (1 o noise) (30)

13 Sep. 2010  45(11) 36 50 (11)

3 Dec. 2010 33 63 36
25 Aug. 2011 36 45 30
31 Aug. 2011 44 (11.5) 51 51 (10)

1 Sep. 2011 36 48 31

3 Sep. 2011 36 81 (17) 45 (10.5)

4 Sep. 2011 27 39 30(7.5)

fitted with an absorbed disc blackbody modg}<£0.66, 7 degrees of freedom (dof)y I+ 4

x 10% cm?, kT=0.20'%% keV). This gives a 0.5-10.0 keV unabsorbed flux of 457€) x
1013 erg cnm? 571, thus a luminosity of 4.% 10 erg s* (0.5-10.0 keV), assuming a source
distance of 95 Mpc (using the WMAP cosmology).

The 6.4 ks of Swift data taken on the 3rd December 2010 gavedrsim that we fitted with
the same blackbody and absorbed power law model as the s¥e@mydobservation presented
in (16). These characteristics were chosen as the faintness sbtlree meant that there were
too few counts to constrain the fit. The goodness of the fit vagpmtable (C-stat=38, 61
channels) and the unabsorbed flux value was found to ke?Z¥x 1013 erg cnmr? s~ (0.5-
10.0 keV) which gives an unabsorbed luminosity of:2 70" erg s'! (0.5-10.0 keV).

Data taken during the 2011 outburst were best fitted with dineesmodel as the September
2010 data. We initially took all the data during the obsegvperiod from 5th August 2011
to the 16th August 2011 (34 ks of data) and found an unabsdtbedalue of 4.57-0.30 x
1013 erg cn? s7! (0.5-10.0 keV). Using a subset of this data (taken betweer2#th and
31st August 2011, which gives 7.2 ks X-ray data) and fittinthwihe same model reveals an

unabsorbed flux of 4.860.70x 10~ erg cnt? s~! (0.5-10.0 keV), hence compatible within
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the 90% confidence errors quoted. We therefore took the fligxleded over the whole period,
as it has the smallest error bars, which reveals a luminogif43x 10 erg s (0.5-10.0

keV).

The y? test to determine the variability of the source

We tested the hypothesis that the flux values are constaitingFihe seven flux values deter-
mined through the point source fitting (Table 1), in assammatvith the errors, with a constant
value we determined a mean flux of 28 48y. The 1o errors on this value are3.71Jy. The

x? of the fit was found to be 12.52. Since the mean value was aatdiom the sample data,
the number of degrees of freedom are the number of data paintss 1 minus the one fitted
parameter, which totals five. Thg value of 2.5 is much greater than unity, indicating that a

constant is a poor fit to the data.

The black hole fundamental plane

We used the sample presented By)( which includes black holes in all states and the correla-
tion presented from the analysis of this sample28),(as they consider the emission within the
0.5-10.0 keV band, as opposed to the emission in the 2.0ke}/(band in the study of7).

The wider band used by28) is better adapted to the current study of HLX-1, as the X-ray
emission in the high/soft state shows very few counts in tBelD.0 keV band, leading to large

uncertainties in the X-ray luminosity in this band. The etation found by 28) is

log(Ly) = &rlog(Lr) + Enlog(M) + b,

wherelL, is the X-ray luminosity (0.5-10.0 keV}z = 1.74+0.20, Ly is the radio luminos-
ity, &3 =-1.35+0.27,M is the mass of the black hole, = -14.23+5.75.
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