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THE ACCRETION DISC, JETS AND ENVIRONMENT OF THE INTERMEDIATE
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Abstract. The Ultra Luminous X-ray (ULX) source HLX-1 in the galaxy ESO 243-49 has an observed
maximum unabsorbed X-ray luminosity of 1.3 × 1042 erg/s (0.2-10.0 keV). From the conservative assumption
that this value exceeds the Eddington limit by at most a factor of 10, the minimum mass is then 500 M .
The X-ray luminosity varies by a factor of 40 with an apparent recurrence timescale of approximately one
year. This X-ray variability is associated with spectral state transitions similar to those seen in black hole
X-ray binaries. Here we discuss our recent modelling of all the X-ray data for HLX-1 and show that it
supports the idea that this ULX is powered by sub- and near Eddington accretion onto an intermediate
mass black hole. We also present evidence for transient radio emission which is consistent with a discrete jet
ejection event as well as comment on the nature of the environment around HLX-1 in light of recent Hubble
Space Telescope photometry.
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Introduction

Two varieties of black holes (BHs) have been observed to date: stellar mass (∼3-20 M ) BHs and supermassive
(∼ 105−10 M ) BHs present in the cores of most large galaxies. It is believed that stellar mass BHs are formed
from the collapse of massive stars (e.g. Fryer 2003), but it is not yet clear how supermassive ones are formed.
One model proposes that they are formed from the mergers of smaller mass (∼102−5 M ) BHs, the so-called
intermediate mass black holes (IMBHs, e.g. Madau & Rees 2001). Another model proposes super-Eddington
accretion onto smaller mass BHs, to form supermassive black holes, which would again imply the existence of
IMBH (Kawaguchi et al. 2004). But if either of these scenarios are correct, why have IMBH not been observed?
How IMBHs form and where they reside is also a subject of intense debate (Miller & Colbert 2004). They may
be formed through accretion and reside in the centres of old dense stellar clusters (globular clusters) or directly
in young star forming regions (Miller & Colbert 2004). IMBHs constitute the missing BH link. They are also of
interest to a wide variety of fundamental physics and astrophysical topics. It is thought that they may play a
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role in the stability of globular clusters (e.g. Hut et al. 1992), that they could be strong sources of gravitational
waves if they are in elliptical binary systems with other compact objects (Miller & Colbert 2004), that dark
matter may be comparatively easy to detect around them (e.g. Fornasa & Bertone 2008), that gas accretion
onto IMBHs should have contributed significantly to the UV background (Kawaguchi 2003) and that IMBHs
may have participated in the cosmological ionisation (Madau et al. 2004).
Ultra-luminous X-ray sources (ULXs) are non-nuclear extragalactic objects with bolometric luminosities
>1039 erg s−1 (e.g. Roberts 2007). Luminosities up to ∼1041 erg s−1 can be plausibly explained through
beaming effects (King 2008; Freeland et al. 2006) and/or hyper-accretion onto stellar mass BHs (King 2008;
Kawaguchi 2003; Begelman 2002). A rare class of ULX – the hyper-luminous X-ray sources – have X-ray
luminosities >1041 erg s−1 and require increasingly complicated and unlikely scenarios to explain them without
invoking the presence of an IMBH. We discovered a hyper luminous X-ray source (Farrell et al. 2009), dubbed
HLX-1, consistent with being in the edge-on early-type galaxy ESO 243-49 at 95 Mpc, thanks to our FORS2
spectroscopy of the faint optical counterpart to HLX-1 (Wiersema et al. 2010; Soria et al. 2010). Using the
maximum unabsorbed X-ray luminosity of ∼1042 erg s−1 (0.2-10.0 keV, Farrell et al. 2009) and the conservative
assumption that it exceeds the Eddington limit by at most a factor of 10 (Begelman 2002), a lower mass limit
of 500 M was derived for the BH (Farrell et al. 2009).
Our regular monitoring of HLX-1 with Swift (Gehrels et al. 2004; Burrows et al. 2005) has revealed significant
flux changes , see Fig. 1, in conjunction with simultaneous spectral changes in the same way as Galactic BH
X-ray binaries (Godet et al. 2009), thus strengthening the case for an accreting BH in HLX-1. From the four
well sampled outbursts along with two prior to these, it has become evident that HLX-1’s X-ray variability
follows a fairly distinct pattern over approximately 1 year (Lasota et al. 2011).
2

X-ray data: Modelling the disc emission

Over the last four years we have carried out a monitoring campaign of HLX-1 with the Swift X-ray Telescope.
During this time HLX-1 has shown four fast rise and exponential decay (FRED) type X-ray outbursts, with
increases in the count rate of a factor 40. We have also obtained two XMM-Newton and two Chandra dedicated
pointings that were triggered at the lowest and highest luminosities. From simple spectral fitting, the unabsorbed
luminosities range from 1.9 × 1040 to 1.3 × 1042 erg s−1 . Using these data we confirm the proposed spectral state
transitions from HLX-1. At high luminosities, the X-ray spectrum shows a thermal state dominated by a disc
component with temperatures ≤0.26 keV, and at low luminosities the spectrum is dominated by a hard power
law with 1.4 ≤ Γ ≤ 2.1, consistent with a hard state. The source was also observed in a state consistent with
the steep power law state, with Γ=3.3±0.2. In the thermal state, the luminosity of the disc component appears
to scale with the fourth power of the inner disc temperature which supports the presence of an optically thick,
geometrically thin accretion disc. The low fractional variability (rms of 9±9%) in this state also suggests the
presence of a dominant disc. The spectral changes and long-term variability can not be explained by variations
of the beaming and are not consistent with the source being in a super-Eddington accretion state as is proposed
for most ULX sources with lower luminosities. HLX-1 is therefore an unusual ULX as it is similar to Galactic
black hole binaries, which have, for the most part, non-beamed and sub-Eddington emission. However, HLX-1
differs from them as it has a luminosity three orders of magnitude higher. Comparing HLX-1 to the Galactic
black hole binaries, from Eddington scaling we determine a lower limit on the mass of the black hole of >9000
M . The relatively low disc temperature in the thermal state also suggests the presence of an IMBH of few 103
M (Servillat et al. 2011).
We then fitted more complex models to similar multi-epoch data collected with Swift, XMM-Newton and
Chandra. We used a disc model (Kawaguchi 2003) for a wide range of sub- and super-Eddington accretion rates
assuming a non-spinning black hole and a face-on disc (i = 0◦ ). Thanks to the wide range of the accretion rates of
this model, one does not need to assume a priori whether the source is in sub- or super-Eddington phases, unlike
with other disc models. Using this model implies that the black hole in HLX-1 is in the intermediate mass range
(∼2×104 M ) and the accretion flow is in the sub-Eddington regime. The disc radiation efficiency is η = 0.11 ±
0.03. We also confirm that the source does follow the LX ∝T4 relation for this mass estimate. At the outburst
peaks, the source radiates near the Eddington limit. The accretion rate near the Eddington limit then stays
constant around 4×10−4 M yr −1 for several days and then decreases exponentially, with a brutal decrease
at the end of the outburst that may indicate that the accretion regime changes to an Advection Dominated
Accretion Flow (ADAF). Plateaus in the accretion rate could be evidence that enhanced mass transfer rate is
the driving outburst mechanism in HLX-1 (Godet et al. 2012). We also obtained good fits to disc-dominated
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Fig. 1. Longterm Swift lightcurve. Four X-ray state transitions from the low/hard state (count rate . 0.002, 0.3-10.0
keV) to the high/soft state (0.01 . count rate . 0.05, 0.3-10.0 keV) can be seen.

observations of the source with BHSPEC, a fully relativistic black hole accretion disc spectral model (Davis
et al. 2011). Due to degeneracies in the model arising from the lack of independent constraints on inclination
and black hole spin, there is a factor of 100 uncertainty in the best-fit black hole mass M. Nevertheless, spectral
fitting of XMM-Newton observations provides robust lower and upper limits with 3000 M . M . 3 × 105
M , at 90% confidence, again placing HLX-1 firmly in the intermediate-mass regime. The upper bound on M
is sensitive to the maximum allowed inclination i, and is reduced to M . 1 × 105 M if the inclination is taken
to be below 75◦ .
3

Radio emission: Detecting the jets

We observed HLX-1 with the Australia Telescope Compact Array (ATCA) in the 750 m configuration on 13 Sep.
2010, when regular X-ray monitoring of HLX-1 with the Swift satellite showed that HLX-1 had just undergone
a transition from the low/hard X-ray state to the high/soft X-ray state. The transition occurs for HLX-1 when
the count rate increases by more than a factor 10 in just a few days (Fig 1) (Godet et al. 2012; Servillat et al.
2011). Galactic BH binaries are known to emit radio flares around the transition from the low/hard to the
high/soft state, (e.g. Fender et al. 2009; Corbel et al. 2004). These are associated with ejection events, where,
for example, the jet is expelled which can lead to radio flaring when the higher velocity ejecta may collide with
the lower-velocity material produced by the steady jet. As well as detecting radio emission from the galaxy
nucleus, we detected a radio point source at Right Ascension (RA) = 01h 10m 28.28s and declination (dec.) =
-46◦ 04’22.3”, coincident with the Chandra X-ray position of HLX-1 (Webb et al. 2010). Combining the 5 GHz
and 9 GHz data gives a detection of 50 µJy/beam, a 1 σ noise level of 11 µJy, thus a 4.5 σ detection at the
position of HLX-1, at a time when such emission can be expected (Fig 2, left, Table 1 & Webb et al. 2012).
The radio flares in Galactic BH binaries are typically a factor 10-100 (and even more) brighter than the
non-flaring radio emission (Körding et al. 2005) and generally last one to several days, e.g. XTE J1859+226
(Brocksopp et al. 2002). Once the high/soft state has been achieved, the core jet is suppressed (e.g. Fender et al.
2009). To determine whether the radio emission that we detected was transient and thus associated with a radio
flare, we made another observation with the ATCA in the 6 km configuration on 3 Dec. 2010, when HLX-1
was declining from the high/soft state and when no flaring is expected. This observation again showed emission
from the nucleus of the galaxy, consistent with that of the previous radio observation, but revealed no source
at the position of HLX-1. The 3 σ non-detection for the combined 5 GHz and 9 GHz data is 36 µJy/beam (Fig
2, right & Table 1). These observations suggest that the source is variable.
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Fig. 2. Left: Left: 5 and 9 GHz combined radio observations (contours: -3, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25 times the 1
σ rms noise level (5.6 µJy/beam)) using radio data taken on the 13th September 2010, 31st August 2011, 3rd and 4th
September 2011 with the ATCA and superimposed on an I-band Hubble Space telescope image of ESO 243-49 (inverted
colour map). The beam size is shown in the bottom left hand corner. The galaxy, ESO 243-49, is clearly detected in
radio. An 8 σ point source falls at RA = 01h 10m 28.28s and declination = -46◦ 04’22.3” (1 σ error on the position of
RA=0.43” and dec.=0.67”), well within the 0.3” Chandra error circle of HLX-1. Right: 5 and 9 GHz combined radio
observations (contours: -3, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25 times the 1 σ rms noise level (7.0 µJy/beam)) made from
the 3rd December 2010, 25th August 2011 and 1st September 2011 ATCA observations and superimposed on the same
I-band Hubble Space telescope image of ESO 243-49. The galaxy ESO 243-49 is again clearly detected, but no source is
found within the Chandra error circle. Again the beam size is shown in the bottom left hand corner.

To confirm the variability, we re-observed HLX-1 when it had just undergone another transition from the
low/hard X-ray state to the high/soft X-ray state in August 2011 (Fig 1). All five of the 2011 observations (Table
1) were made in a similar configuration to the December 2010 observation. We observed three non-contiguous
detections (≥ 4 σ) and two non-contiguous non-detections of the source (Table 1). This indicates that two flares
were detected during this period.
To determine if the source was indeed variable, we fitted each observation using a point source, using the
point spread function. We used the position of HLX-1 when the source was not detected. This allowed us to
estimate the flux and the associated errors (Table 1) even for a non-detection. We tested whether the data
could be fitted with a constant, namely the mean of the data. We compared these data to the mean flux value
using a chi-squared test. We found a reduced chi-square (χ2ν ) value of 2.5 (5 degrees of freedom) which is much
greater than unity, demonstrating that a constant is a poor fit to the data and supporting the variable nature.
Further, combining all of the detections (5 and 9 GHz), the source is observed at 45 µJy/beam, with a 1 σ
noise level of 5.5 µJy, which shows a confident detection at the 8 σ level. Combining, in a similar fashion, the
data in which no radio emission was detected, we obtained a 3 σ upper limit in the combined 5+9 GHz data of
21 µJy/beam (Fig 2). The variability rules out emission from a nebula. The observed variable radio emission
is then again consistent with a transient jet ejection event (Webb et al. 2012).
It has been shown that observations of super massive BHs and stellar mass BHs support the scale invariance
of jets (Merloni et al. 2003; Körding et al. 2006). This was done by comparing X-ray and radio measurements,
tracers of mass accretion rate and kinetic output respectively, with the BH mass to form a “fundamental plane
of black hole activity”. Under the hypothesis that HLX-1 is indeed an intermediate mass black hole, we can
test the proposed relation. We take what is generally considered to be the maximum mass of intermediate mass
black holes, ∼1×105 M (Miller & Colbert 2004) and the X-ray luminosity, 5.43×1041 erg s−1 (0.5-10.0 keV),
determined from Swift X-ray telescope observations made at the same time as our radio detection. Continuum
(non flaring) radio emission could then be estimated with the aforementioned relationship (Körding et al. 2006),
which is based on a sample that includes BHs in all different X-ray states. This relation implies a continuum
radio emission at the ∼20µJy level. This is slightly lower than the 3 σ non-flaring upper limit, suggesting that
the mass of the BH is likely to be less than ∼1×105 M (Webb et al. 2012).
Radio flares are seen to occur in Galactic black hole binaries when the X-ray luminosity is 10−100 per cent of
the Eddington luminosity (Fender et al. 2004). HLX-1 has already shown similar behaviour to the Galactic black
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Table 1. The 7 radio observations organised by date and showing the Swift X-ray unabsorbed flux (0.5−10.0 keV) ×
10−13 erg cm−2 s−1 (and the 90% confidence errors) along with the combined 5 and 9 GHz peak brightness radio flux
(with the associated 1 σ noise level) or the 3 σ upper limit for the non-detections. The final column gives the radio flux
from fitting a point source (using the point spread function) (and the associated 1 σ noise level).

Observation
date
13 Sep. 2010
3 Dec. 2010
25 Aug. 2011
31 Aug. 2011
1 Sep. 2011
3 Sep. 2011
4 Sep. 2011

X-ray
flux
4.57(±0.68
0.50 )
2.40(±0.60
0.50 )
4.57(±0.30)
4.57(±0.30)
4.57(±0.30)
4.57(±0.30)
4.57(±0.30)

5+9 GHz peak
flux (µJy/beam)
50 (11)
<36
<30
51 (10)
<31
45 (10.5)
30 (7.5)

5+9 GHz flux
density (µJy)
42 (10)
11 (20)
14.5 (7)
63 (18)
25 (10.5)
43 (10)
27 (7.5)

hole binaries. Therefore assuming that the radio flares that we observed also occur when the X-ray luminosity
is 10−100 per cent of the Eddington luminosity indicates a black hole mass between ∼9.2 ×103 M and ∼9.2
×104 M , commensurate with the mass estimate above and those of (Davis et al. 2011; Servillat et al. 2011;
Godet et al. 2012) and confirming the intermediate mass black hole status (Webb et al. 2012).
4

Multiwavelength data: Identifying the host population

Fitting the spectral energy distribution from the near infra-red (Hubble Space Telescope) to X-ray (Swift X-ray
Telescope) wavelengths, we showed that the broadband spectrum is not consistent with simple and irradiated
disc models, but is well described by a model comprised of an irradiated accretion disc plus a ∼106 M stellar
population. The age of the population cannot be uniquely constrained, with both young (∼13 Myr) and old
(∼13 Gyr) stellar populations allowed. However, the old solution requires excessive disc reprocessing and an
extremely small disc, so we favor the young solution (∼13 Myr). In addition, the presence of dust lanes and
the lack of any nuclear activity from X-ray observations of the host galaxy suggest that a gas-rich minor merger
may have taken place less than ∼200 Myr ago. A merger event between a dwarf galaxy and ESO 243-49 could
explain the presence of the IMBH (remnant of the stripped dwarf galaxy) and the young stellar population
(whose formation was triggered by the merger) (Farrell et al. 2012). Soria et al. (2012) also made ground based
VLT U, B, V, R and I band observations of HLX-1 when the X-ray luminosity had dropped to half the peak
luminosity. They found that the optical magnitudes had also dropped by ∼1 magnitude. They modelled the
Comptonized, irradiated X-ray spectrum of the disc, and found that the optical luminosity and colours in the
2010 November data were consistent with emission from the irradiated disc but state that they strongly rule
out the presence of a young superstar cluster, which would be too bright. However, HLX-1 is contaminated
by the diffuse galaxy emission in these ground based images and Soria et al. (2012) do not fit the X-ray and
optical data simultaneously, as in (Farrell et al. 2012), which could cause the differing results. New HST and
XMM-Newton data is expected to resolve this issue (Farrell et al. in prep.).
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