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ABSTRACT

In this paper, we present a combined analysis of data obtained with the Hubble Space Telescope
(HST), Very Large Telescope (VLT) and Swift X-ray telescope of the intermediate-mass black
hole ESO 243—-49 HLX-1 that were taken two months apart between 2010 September and
November. Previous separate analyses of these data found that they were consistent with
an irradiated accretion disc with contribution from either a very young or very old stellar
population, and also indicated that the optical flux of the HLX-1 counterpart could be variable.
Such variability could only be attributed to a varying accretion disc, so simultaneous analysis
of all data sets should break the degeneracies in the model fits. We thus simultaneously
fit the broad-band spectral energy distribution (SED) from near-infrared through to X-ray
wavelengths of the two epochs of data with a model consisting of an irradiated accretion
disc and a stellar population. We show that this combined analysis rules out an old stellar
population, finding that the SED is dominated by emission from an accretion disc with
moderate reprocessing in the outer disc around an intermediate-mass black hole imbedded in
a young (~20 Myr) stellar cluster with a mass of ~10° M. We also place an upper limit on
the mass of an additional hidden old stellar population of ~10° M. However, optical 7/-band
observations of HLX-1 obtained with the Gemini-South telescope covering part of the decay
from a later X-ray outburst are consistent with constant optical flux, indicating that the observed
variability between the HST and VLT observations could be spurious caused by differences in
the background subtraction applied to the two optical data sets. In this scenario, the contribution
of the stellar population, and thus the stellar mass of the cluster, may be higher. Nonetheless,
variability of <50 percent cannot be ruled out by the Gemini data and thus they are still
consistent within the errors with an exponential decay similar to that observed in X-rays.

Key words: accretion, accretion discs—galaxies: dwarf— galaxies: interactions— X-rays:
binaries — X-rays: individual: ESO 243—49 HLX-1.
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1 INTRODUCTION

The formation of stellar-mass black holes (~3-80M¢); Belczyn-
ski et al. 2010) through the collapse of massive stars is well ac-
cepted, but it is not yet completely clear how the supermassive
black holes (~10°-10° M@) found in the centres of galaxies are
formed. Two of the most promising theories are the stellar death and
the direct collapse models (Volonteri 2010). Both scenarios predict
that intermediate-mass black holes (IMBHs) with masses between
~10°7 M will have played an important role in the formation of
supermassive black holes. The existence of IMBHs also has impli-
cations for other areas of astrophysics including for the modelling of
hierarchical galaxy assembly (e.g. Hopkins et al. 2010), the search
for dark matter annihilation signals (Fornasa & Bertone 2008), the
epoch of reionization of the Universe (Ricotti & Ostriker 2004) and
the detection of gravitational wave radiation (Abbott et al. 2009).
The study of IMBHs and the environments in which they are found
thus have important connotations for a wide range of important
questions in modern astrophysics, and yet convincing evidence for
their existence has until recently been scarce.

The brightest ultraluminous X-ray source ESO 243—49 HLX-1
(hereafter referred to simply as HLX-1) currently provides the
strongest evidence for the existence of IMBHs (Farrell et al. 2009).
HLX-1 is located in the halo of the edge-on SOa galaxy ESO
243—49, ~0.8 kpc out of the plane and ~3.3 kpc away from the nu-
cleus in projection. At the redshift of ESO 243—49 (z = 0.0223) the
maximum 0.2-10keV X-ray luminosity of HLX-1 is ~10*? erg s~
(Farrell et al. 2009), a factor of ~400 above the theoretical Edding-
ton limit for a 20 My black hole. Luminosities up to ~10*! erg s~
can be explained by stellar-mass black holes undergoing super-
Eddington accretion (Begelman 2002) and/or experiencing signif-
icant beaming, which makes them appear to exceed the Edding-
ton limit for isotropic radiation (Freeland et al. 2006; King 2008).
However, luminosities above ~10*! erg s~! are difficult to explain
without a more massive black hole. Following the discovery of an
optical counterpart by Soria et al. (2010), the distance to HLX-1
was confirmed through the detection of the Ho emission line at a
redshift consistent with the scenario that HLX-1 is bound to ESO
243—49 (Wiersema et al. 2010), confirming the extreme luminosity.
The redshift was recently corroborated through additional spectro-
scopic observations by Soria, Hau & Pakull (2013). Independent
mass estimates obtained through Eddington scaling (Servillat et al.
2011), modelling the accretion disc emission (Davis et al. 2011;
Godet et al. 2012a) and the detection of ballistic jets (Webb et al.
2012) imply a mass between ~9000 and 90 000 M.

Long-term monitoring with the Swift X-ray telescope (XRT) has
shown that HLX-1 varies in X-ray luminosity by a factor of ~50
(Godet et al. 2009), with correlated spectral variability reminiscent
of that seen in Galactic stellar-mass black holes (Servillat et al.
2011). Since the Swift monitoring began in 2009, HLX-1 has been
observed to undergo four outbursts each spaced approximately one
year apart (Godet et al. 2012a,b). The characteristic time-scales of
the outbursts are inconsistent with the thermal-viscous instability
model, and the outburst mechanism could instead be tidal stripping
of a companion star in an eccentric orbit (Lasota et al. 2011). Lasota
et al. (2011) concluded that in order to explain the implied high
mass-loss rate of 107* M yr~! the donor star was most likely an
asymptotic giant branch star with an initial mass of ~0.5-10M¢,.
Higher mass stars were disregarded based on the assumption that
HLX-1 resided in a globular cluster with a minimum age of ~0.3—
0.6 Gyr. This scenario is supported by modelling of the outburst
light curves under the assumption that the system is stable and the

donor star will not be tidally disrupted within a few more cycles, and
thus the donor star radius is not much larger than the instantaneous
Roche lobe at periastron (Soria 2013).

Excess ultraviolet (UV) emission was detected at the position
of HLX-1 with the GALEX UV space telescope and the Swift UV
optical telescope, although this emission could not be resolved from
the nucleus of ESO 243—49 (Webb et al. 2010). This UV excess is
also consistent with the location of a pair of background galaxies
at a redshift of z ~ 0.03, bringing into question the source of this
emission (Wiersema et al. 2010; Farrell et al. 2011). In an attempt
to uncover the nature of this UV excess, observations were ob-
tained with the Hubble Space Telescope (HST) covering six filters
from far-UV to near-IR bands following the peak of the second out-
burst on 2010 September 13 and 23. Farrell et al. (2012) analysed
the broad-band spectral energy distribution (SED) using this HST
data in combination with simultaneous Swift X-ray data, finding that
while the X-ray spectrum was consistent with low temperature ther-
mal emission from an irradiated accretion disc around an IMBH, the
UV/optical/near-IR data were not. The addition of a component rep-
resenting emission from a stellar cluster around the IMBH provided
a statistically acceptable fit, but with two distinct solutions: a young
(~13 Myr) stellar population with low level («0.1 per cent) repro-
cessing in the outer disc, and an old (~13 Gyr) stellar population
with extremely high (~10 per cent) reprocessing (both with stellar
cluster masses of ~10° M and outer disc radii of ~3000 times
the inner disc radii). The level of reprocessing required in the old
stellar population solution is borderline unphysically high, leading
Farrell et al. (2012) to favour the young stellar population solution.
In combination with the prominent dust lanes and lack of any nu-
clear activity in the host galaxy, the young stellar age and derived
stellar mass suggests that HLX-1 may be the nuclear black hole
remnant of a dwarf galaxy that was accreted and stripped by ESO
243—49 < 200 Myr ago.

However, Very Large Telescope (VLT) optical photometric data
covering the UBVRI bands obtained on 2010 November 7 and 26
by Soria et al. (2012) found that the optical flux had dropped by
a factor of ~2. Modelling the X-ray plus optical SED they found
that it was entirely consistent with a pure irradiated disc model, and
was not consistent with the presence of a massive (10° M) young
stellar population. Soria et al. (2012) instead suggested that if some
of the optical emission were associated with a stellar cluster, it was
either a massive old population (~10° M, 10 Gyr) or a lower mass
young population of stars (~10* M, < 6 Myr). The questions of
the age and mass of the stellar cluster in which HLX-1 is embedded
and therefore the origin of the IMBH are thus still open.

In this paper, we report on the combined analysis of the ST data
reported in Farrell et al. (2012) and the VLT data reported in Soria
et al. (2012) along with the associated Swift X-ray data, fitting both
data sets simultaneously with a combination of irradiated accretion
disc and stellar population models. We also present an analysis of
Gemini photometric monitoring data covering the third outburst of
HLX-1 in an attempt to provide independent confirmation of the
optical variability.

2 DATA REDUCTION AND ANALYSIS

2.1 HST, VLT and Swift data

For the analyses described below, we use the same reduced data
(obtained with the HST, VLT and Swift telescopes) presented in
Farrell et al. (2012) and Soria et al. (2012). Both sets of Swift
spectra were binned to a minimum of 20 counts per bin in order to
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use x? statistics for the fitting. The VLT magnitudes were converted
into xspec-readable spectral files using the same method outlined
in Farrell et al. (2012). For the SED fitting, we utilized the XSPEC
v12.6.0q software (Arnaud 1996).

We first fitted the Swift (hereafter referred to as S2) and VLT data
used in Soria et al. (2012) with the irradiated disc model (diskir;
Gierliniski, Done & Page 2008, 2009), with multiplicative compo-
nents representing absorption by the neutral hydrogen column Ny
(using the tbabs model and the elemental abundances prescribed
in Lodders 2003) and dust extinction E(B — V) (using the redden
model and the extinction curves in Cardelli, Clayton & Mathis 1989)
included. The absorption and extinction values were constrained to
be greater than or equal to the Galactic values in the direction of
HLX-1, i.e. 1.79 x 10% atoms cm~2 (Kalberla et al. 2005) and
0.013 mag (Schlegel, Finkbeiner & Davis 1998), respectively. This
is the same model that Soria et al. (2012) utilized; however, they
did not fit the S2 and VLT data simultaneously in XsSPEC.

We initially froze the high-energy turn over (kT,), Compton inner
disc fraction (fi,), radius of the Compton-illuminated disc (i),
fraction of flux thermalized in the outer disc (f,) and the ratio
of the outer disc to inner disc radii (log(rou/7in)) parameters at the
same values as assumed by Soria et al. (2012). The other parameters
including the inner disc temperature (k7 y;s. ), the photon index of the
Compton tail (I'), the ratio of Compton to disc luminosities (L./Lq4)
and the model normalization (Ny;s.) were all allowed to vary freely.
We obtained an acceptable fit with this model with x2 = 0.87 for
57 degrees of freedom and model parameters all consistent within
the errors with those reported in Soria et al. (2012). We next thawed
the fou and log(rou/rin) values and refitted the SED, as by fitting
the VLT+S1 data simultaneously we should be able to place some
constraints on the properties of the outer disc. We obtained a good
fit with this model with the parameters reported in Table 1.

Table 1. Best-fitting parameters for the independent fitting of the HST+S1
and VLT+S2 data with the irradiated disc model. For the HST data, the
far-UV data point was excluded. A description of each of the parameters
is given in the text. The parameter values in brackets were frozen at the
values indicated. The disc luminosities (Lo2—10kev) are over the energy
range of 0.2-10keV (and are unabsorbed and dereddened). Errors are at the
90 per cent confidence level.

Parameter HST+S1 VLT+S2 Units
EB - V) 0.01370:09 0.01310:30 mag
Nu 0.15700 0.0370:03 102 em™2 571
KT disc 0.1710:53 0.1770:92 keV
r (2.1] 17757
KT, [100] [100] keV
Le/Lq 0077053 04453
fin [0.0] [0.1]

Fiee (1.0001] [1.2] Fin
b 0.0030 0.100
fout 0‘0013:).0008 000251—0.002
10g(rout/rin) 3740, 3.5%49%
Naise 1007550 40130
Lo2—10kev 1.9 x 10 0.7 x 10% erg 57!
x2/d.of. 26.0/29 48.5/55

“The extinction pegged at the Galactic value of 0.013 mag for both sets of
data.

bThe fraction of flux thermalized in the outer disc pegged at the hard upper
limit of the model for the VLT4-S2 data.

As reported in Farrell et al. (2012), fitting of the HST and simul-
taneous Swift (hereafter referred to as S1) data found that the SED
was not consistent with a pure disc model (x2 = 1.6 for 30 degrees
of freedom), with a clear excess detected in the far-UV that was
modelled by Farrell et al. (2012) using a stellar population com-
ponent. By removing the far-UV data point from our SED fitting,
we can obtain a good fit with the pure irradiated disc model (see
Table 1 for the best-fitting model parameters). However, the UV
excess indicates that additional components are required to account
for the SED. So, although the VLT+S2 data on their own do not
explicitly require a more complicated model, an additional model
component representing emission from a stellar cluster is required
in order to describe the HST+S1 data.

The emission from the accretion disc around HLX-1 is known to
vary in flux considerably over time (Servillatetal. 2011). In contrast,
the emission from a stellar cluster should be stable, allowing us to
use the variability of the disc to break the degeneracies in the model
fitting encountered by Farrell et al. (2012). We therefore fitted the
HST+S1 and VLT+S2 data simultaneously using the diskir model
with the addition of the same Maraston (2005) theoretical stellar
population model' used by Farrell et al. (2012). For the simultaneous
fitting, we allowed the disc parameters to vary freely between the
two sets of data, using the same constraints on the diskir parameters
as used by Farrell et al. (2012) and Soria et al. (2012), but tied
the stellar population parameters together. However, unlike in Soria
etal. (2012) we did not freeze the fraction of flux from the inner disc
that is reprocessed in the outer disc (i.e. the f,,, parameter) for the
irradiated disc model fitted to the VLT+S2 data. We first attempted
tying the f,,« parameter between the two epochs of data, but found
that the model tended to overpredict the disc emission in the VLT
bands. This could possibly imply that the disc geometry (i.e. the
disc height, solid angle, etc.) and/or the albedo varied between
the observations. We thus decided to allow f, to vary freely. We
also kept the outer disc radius parameter log(rou/7in) tied between
the two data sets, as the luminosity of the thermal component has
been seen to vary as Ly ~ T (Servillat et al. 2011, consistent with
emission from the inner part of an accretion disc) and the X-ray
decline between the two epochs is exponential, which is expected
once supply to the disc ceases if the outer disc radius is constant
(King & Ritter 1998). Absorption and extinction were accounted
for as described above, with the parameters tied between the two
data sets.?

We obtained an excellent fit with the irradiated disc plus the
Maraston (2005) stellar population model, with the best fit providing
physically plausible parameter values (see Table 2). The best-fitting
SED models are shown in Fig. 1. It should be noted that there is
a large disparity between the size of the error bars in the HST and
VLT data, so the HST data dominate the fit. In addition, the largest
contribution from the stellar population model is in the UV bands,
which are not sampled by the VLT data, thus introducing the far-
UV HST data point has a disproportionate influence on the model
fitting. As noted above, without the HST far-UV data point both
SEDs are consistent with a pure irradiated accretion disc model,

Uhttp://www.maraston.eu/Xspec_models

2 We should note that we experimented with allowing the Ny to vary freely
but found that while the degrees of freedom were reduced the model fitting
was not improved. As such, we chose to link the parameters between the two
data sets under the assumption that the Ny likely does not vary significantly
over the time-scale between the two sets of observations.
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Table 2. Best-fitting parameters for the simultaneous fitting of the HST,
VLT and Swift data with the irradiated disc plus stellar population models,
with the disc component allowed to vary freely but the stellar population
fixed between the two epochs of data. A description of each of the param-
eters is given in the text. The parameters values in brackets were frozen at
the values indicated. The luminosity for the stellar population is bolometric,
while the disc luminosities (Lo2-10kev) are over the energy range of 0.2—
10keV (all luminosities are unabsorbed and dereddened). The luminosity
and thus the mass of the stellar population component are highly uncon-
strained, thus we quote only the best-fitting value here. Errors are at the
90 per cent confidence level.

Parameter HST+S1 VLT+S2 Units
Extinction and absorption
EB — V)* 0.013*0.12 mag
Nu 0.04+0:03 102 cm—2 57!
Stellar population
Zy [1.0] Zg
Age ng 107 yr
z [0.0223]
L, ~2 x 10% erg s~ !
M, ~9 x 10* Mg
Irradiated accretion disc
KT dise 0.20+0.02 0.17750 keV
r (2.1] 1.8707
kT, [100] [100] keV
Le/Lg 0.111008 0.3739
fin [0.0] [0.1]
Tirr [1.0001] [1.2] Tin
0.3 03 -3

Jfout 3'71—2_0 0'81—0.8 1073
log(rout/7in) 4Otgg
Nisc 30t%8 Sotgg
Lo2-10kevV 1 x 10* 0.8 x 10* erg s~
x*/d.of. 73.79/86

“The extinction pegged at the Galactic value of 0.013 mag.

highlighting the importance of UV data in order to correctly model
the broad-band SED.

The metallicity (Z,) of the stellar population could not be con-
strained and so we froze it to solar values (the metallicity of ESO
243—49 has not previously been measured, so we chose Z, = 1 Z
as it is the approximate mid-point of the metallicity range in the
Maraston 2005, model). The best-fitting age of the stellar popula-
tion was found to be ~20 Myr, with the luminosity (L,) and thus
stellar mass (M,) lower than that found from fitting the HST+S1
data alone. Changing the metallicity to Z, = 0.2 or 2.0 Z¢ does
not change the other parameters of the fit significantly, indicating
that the fit is completely insensitive to metallicity. The stellar mass
of the best combined fit (calculated using the assumed metallicity,
the derived age and bolometric luminosity, and the model mass-to-
light ratio®) was found to be 9 x 10* My, more than an order of
magnitude lower than reported by Farrell et al. (2012). It should
be noted, however, that the large uncertainties in the luminosity (in
part due to the large errors in the absorption and extinction), age
and metallicity of the stellar population produce very large errors in
the stellar mass. Taking into account the errors on luminosity and
age, and the allowable ranges of metallicity in the stellar population

3 See http://www.maraston.eu

model (i.e. Z, = 0.2-2.0 Z)), we very roughly constrain the mass
to be between ~ 5 x 10> and 6 x 10° M.

In contrast to the results of fitting the HST+S1 alone, by fitting
the HST+S1 and VLT+S2 data simultaneously we found that the
old stellar population solution is no longer viable. The x? contour
plots of the stellar population age against f;,,,, are presented in Figs 2
and 3, showing that while an old (>1Gyr) stellar population is
viable when only considering the HST+S1 data alone, when fitting
the HST+S1 and the VLT+S2 data simultaneously the old stellar
population solution is no longer acceptable. The reason for this is
that significant variability is observed between the red end of the
HST and VLT data, which by definition requires the disc to make a
significant/dominant contribution at that end of the SED, thus ruling
out the possibility of an old population (which would only be able
to contribute at that end of the SED). These results thus support the
conclusions of Farrell et al. (2012) but with a lower stellar mass (as
suggested by Soria et al. 2012).

The stellar population model component, however, only accounts
for the dominant stellar population. Our results thus imply that there
was a recent burst of star formation in the cluster ~20 Myr ago,
and while older stars are almost certainly also present young stars
currently dominate the stellar light. Although the statistics of our
data are insufficient to allow us to attempt to fit for an additional old
stellar contribution, we attempted to place limits on the luminosity
and thus mass of the underlying old population. Taking our best-
fitting solution to the SED, we added an additional stellar population
model with the metallicity frozen at 1.0 Z¢, the stellar age frozen at
10 Gyr, and the redshift frozen at 0.0223, and steadily increased the
normalization of this component until we could no longer obtain an
acceptable fit at the 90 per cent confidence level. In this manner, we
found that the upper limit on the bolometric luminosity (unabsorbed
and deredenned) of the old stellar population was ~10% erg s7!,
giving a mass upper limit of ~10° M. Thus, while the light from
the stellar cluster appears to be dominated by a young population
of stars, the data do not exclude a lower luminosity population of
older stars dominating the mass of the cluster.

The irradiated disc models fitted to both the HST+S1 and
VLT+S2 data (for the best-fitting disc plus young stellar popu-
lation solution) had physically plausible parameters broadly con-
sistent with those reported previously by Farrell et al. (2012) and
Soria et al. (2012). The accretion disc temperatures agree within the
errors with those reported by Farrell et al. (2012) and Soria et al.
(2012), as well as the L. o Tiﬁ trend reported by Servillat et al.
(2011) and expected for a geometrically thin, optically thick accre-
tion disc (Shakura & Sunyaev 1973). The disc luminosities were
also very similar to those reported previously, as were the ratios
of Compton tail to disc luminosities (L./Lg4). The inner disc radii
were calculated from the normalizations of the irradiated disc mod-
els reported in Soria et al. (2012) (Ngisc = 40.61’?;;), Table 2 and the
best-fitting normalization of Ngjsc = 6038 obtained for the young
stellar population solution reported in Farrell et al. (2012) using
the relationship Nyis. = [(1n/km)/(D/10kpc)]*cos i and an assumed
distance of D = 95 Mpc. For disc angle of inclinations ranging from
face-on (i = 0°) to i = 75° (constrained via the absence of eclipses
in the HLX-1 Swift XRT light curve), the inner disc radii agree
between Farrell et al. (2012), Soria et al. (2012) and this work (see
Table 3) with values around 10° km, indicative of a black hole mass
of ~10*M¢.

In contrast, the fraction of flux thermalized in the outer disc
(fow) diftered significantly from the values obtained from fitting the
HST+S1 data alone by Farrell et al. (2012) and the value assumed
by Soria et al. (2012), although still well within the physically
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Figure 1. Best-fitting broad-band SED model of HLX-1 constructed using the Swift XRT, HST and VLT data fitted with the stellar population and irradiated
disc models. Left: the HST+S1 data. Right: the VLT+S2 data. The bottom panels show the fit residuals.
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Figure 2. x2 contour plot of the stellar population age (using the Maras-
ton 2005 theoretical stellar population model) versus the fraction of flux
thermalized in the outer disc (foy) for the fit to the HST+S1 data (the fit
parameters are those listed in Farrell et al. 2012).

plausible range. The ratio of the outer to inner disc radii,
log(rout/7in), obtained from the combined fit to the HST+S1 and
VLT+S2 data was also larger than the values obtained by Farrell
et al. (2012) and assumed by Soria et al. (2012), indicating a larger
outer disc radius of ~10%~° km. Such a large outer disc radius is im-
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Figure 3. x2 contour plot of the stellar population age versus the fraction
of flux thermalized in the outer disc (foy) for the simultaneous fit to the
HST+S1 and VLT+S2 data. The contours shown are for the irradiated disc
model fitted to the HST data.

possible to reconcile with the rise and decay time-scales observed
in the Swift XRT light curve, which suggest outer disc radii of
~107 km (assuming a viscosity parameter of o ~ 0.1-1.0, similar
to that observed in Galactic black holes; Lasota et al. 2011; Soria
etal. 2012).
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Table 3. Comparison of inner and outer accretion
disc size constraints between the results obtained by
Farrell et al. (2012), Soria et al. (2012) and the SED
fits reported in this paper.

Data Fin Fout
(10°km) (108 km)

i=0°

HST+S1 (Farrell et al. 2012) 0.4-1.2 1.1-2.9
HST+SI1 (this work) 04-0.7 2.7-169
VLT+S2 (Soria et al. 2012) 0.5-1.1 1.5-3.1

VLT+S2 (this work) 05-1.0 3.3-239
i=175°

HST+SI (Farrell et al. 2012)  0.8-2.3  2.1-5.7

HST+S1 (this work) 0.8-13  53-332

VLT+S2 (Soriaetal. 2012)  1.0-2.1  2.9-6.0

VLT+S2 (this work) 1.0-19  6.5-46.9

However, we caution that these results are dependent upon the
observed variability in the optical bands between the HST and VLT
observations being real, yet the different background subtraction
methods applied to the two optical data sets could produce apparent
variability. In the next section, we present an analysis of optical
monitoring data obtained with the Gemini-South telescope follow-
ing the third X-ray outburst, in order to test whether the observed
variability between the HST and VLT observations is real (assum-
ing that the optical flux and spectrum variations are identical from
outburst to outburst).

2.2 Gemini GMOS observations

We observed ESO 243—49 with Gemini Multi-Object
Spectrograph-South (GMOS-S) at Gemini-South (Programme ID:
GS-2011B-Q-31; see Hook et al. 2004, for an instrument descrip-
tion) using the 7 filter (r_G0326, which covers the redshifted Ho
emission line at ~6720 A) between 2011 August 31 and and Octo-
ber 6 (see Table 4). The observations were performed in photometric
weather conditions, in order to detect a faint point source on top
of the galaxy emission, and were triggered during the month af-
ter the 2011 X-ray outburst of HLX-1. The detector pixel scale
is 0.146 arcsec per pixel and we used a nine-point dither pattern
repeated twice.

We used the THELI pipeline* (Erben et al. 2005) to process
the images (using bias and twilight flat images), align the images
on the USNO-BI1 catalogue, and stack the dithered exposures. All
images were then cropped to have a similar size and pixel scale. We
selected seven isolated point-like stars in the field and estimated the
encircled energy at different extraction radii (2 to 25 pixels). The
sky was estimated in an annulus (25 to 27 pixels) and subtracted.
From those stars, we also estimated the relative scale between the
different exposures. The relative error for the scaling was 6 per cent
in the r band.

We extracted the flux from the optical counterpart to HLX-1.
We subtracted the extended emission of the galaxy locally using
a thin plate spline method as implemented with the DL procedure
GRID_TPS (Barrodale et al. 1993). This function interpolates a
set of values over a regular two-dimensional grid, from irregularly

4 http://www.astro.uni-bonn.de/~theli/

sampled data values, e.g. excluding a circular region of radius 5—
7 pixels around the source in an image stamp. We then performed
aperture photometry (radii of 4 pixels, encircling 50 to 70 per cent
of the total energy), and corrected for losses as estimated from the
encircle energy of reference stars. The extracted fluxes were then
normalized to the mean of all four 7/-band values. The errors include
the error on the flux measurement (quadratic sum of the scatter in
background values, the random photon noise, and the uncertainty in
mean sky brightness) and the uncertainties from scaling and aperture
corrections. The values are reported in Table 4 and in Fig. 4 (bottom
panel). The relative errors are thus about 30—40 per cent, due to the
fact that the source is faint and buried in the galaxy emission.
An absolute measurement would include additional uncertainties,
which is why we chose to use data from one instrument only and
focused on relative errors in this work.

It is, however, possible to get a rough estimate of the magnitude.
We used our seven reference stars and their magnitudes reported
in the GSC 2.3 catalogue for the R" band (Fmag in the catalogue).
The conversion from R” to r magnitudes is not colour dependent for
point sources, so we can apply an additive correction of 4-0.4 mag to
the Fmag values to get r’-band magnitudes (see e.g. Drimmel et al.
2004). We combined all four r'-band images and found a zero-point
of 28.33 from our reference stars, with a 1o error of 0.2. This is
consistent with the zero-point given on the Gemini webpages® for
GMOS-S (28.3-28.4). We applied this zero-point to the extracted
flux of the target and combined the errors to estimate an average
r’-band AB magnitude of 24.12 £ 0.3 over the 4 »'-band images.
Assuming no colour dependence (and in fact the colour term for the
HLX-1 counterpart is lower than the errors), this converts to a Vega
R-band magnitude of 23.9 &£ 0.3, consistent with the value at the
end of 2009 August (23.8 £ 0.25; Soria et al. 2010) and in 2010
September (Farrell et al. 2012), but brighter than the magnitude in
2010 November, three months after the outburst (24.7 + 0.4; Soria
et al. 2012).

We show in Fig. 4 the X-ray count rate from our follow-up
programme with the Swift XRT over a similar period of time. We
used the web based interface® (Evans et al. 2009) to extract the
count rate for each observation, and with a binning of 100 counts
per bin. The count rates were then normalized to the mean count
rate over MJD 557 92 and 558 52 (the area not shaded in Fig. 4, top
panel). We fitted the X-ray light curve with an exponential decay,
and overplot the same function over the r’-band light curve (Fig. 4,
bottom panel). It is clear from Fig. 4 that the //-band fluxes are
consistent with both a constant and an exponential decay.

3 DISCUSSION AND CONCLUSIONS

3.1 The combined SED fitting

In this paper, we have presented a combined analysis of HST, VLT
and Swift observations of the IMBH HLX-1 taken ~2 months apart
during the decay following the outburst in 2010. By fitting the
VLT+S2 data simultaneously we confirm that these data are entirely
consistent with an irradiated disc model without the need for an
additional stellar component. However, the HST+S1 data are not
consistent with such a model, with a clear UV excess present in
the SED (as previously reported in Farrell et al. 2012). When fitted

> http://www.gemini.edu/sciops/instruments/performance-monitoring/data-
products/gmos-n-and-s/photometric-zero-points
6 http://www.swift.ac.uk/user_objects/
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Table 4. Gemini GMOS /-band filter observations of HLX-1.

Night MID Date Exp. time (s)  Airmass  Seeing  Relative flux

1 55804.267  2011-08-31T06:25:17.1 4832.82 1.05 0.83 0.91 +0.37

2 55810.182  2011-09-06T04:22:20.6 4832.82 1.13 0.67 1.07 £0.37

3 55828.205  2011-09-24T04:55:49.4 4832.82 1.05 0.45 0.96 + 0.26

4 55840.100  2011-10-06T02:23:37.5 4027.35 1.14 0.66 1.06 +0.31
= o040 T " " =20 is orders of magnitudes larger than those from older stars, and
@ o3 { i ig;hcgzi‘:g;:on dominate the spectrum at all optical and near-IR wavelengths (see
S 0030 13 e.g. Maraston et al. 2010, fig. 12). These results continue to support
% o.025f o | I Lty 6 Ll L Lo the scenario whereby HLX-1 is the remnant of a dwarf galaxy
€ z'gi: ) that has been accreted and stripped of most of its mass through
S 0010 Jos a merger event with ESO 243—49. In this framework, a higher
% 0.005 total mass of the stellar cluster than that derived for the dominant
x 0-0200 5500 5530 5570 5860 5880 g»g population of young stars (thus implying that an older population

r' magnitude
-
o

o
wn

o
o

. . H . .
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Figure 4. Swift XRT (top panel) and Gemini r’-band (bottom panel) light
curves of HLX-1. The right-hand axis in the top panel shows the normalized
flux. The dashed lines indicate the mean X-ray (top) and optical (bottom)
fluxes over the period not shaded in the top panel. The black lines indicate
the exponential fit to the binned X-ray light curve.

without the far-UV data point, the HST+S1 SED is well described
by the irradiated disc model, highlighting the importance of UV
data for disentangling the disc and stellar population contributions.

In an attempt to break the degeneracies posed by these two model
components, we fitted the HST+S1 and VLT+S2 data simultane-
ously with a model representing emission from an irradiated disc
plus a stellar population. The parameters of the disc components de-
rived from the SED fitting are entirely physical, obtaining inner disc
temperatures of 0.17-0.20keV (consistent with previous results and
with emission from a geometrically thin, optically thick accretion
disc), reprocessing fractions of 0.08-0.37 per cent, inner disc radii
of ~10*=3 km, and an outer disc radius of ~10%~° km, all consistent
with an accretion disc around a ~10* M black hole. The presence
of reprocessing in the outer accretion disc would definitively rule
out beaming as the cause of the high X-ray luminosity of HLX-1,
indicating that the emission must be isotropic and thus strongly
supportive of the presence of an IMBH.

We found that the simultaneous SED fitting of both epochs of
data is inconsistent with the old stellar population solutions derived
by Farrell et al. (2012) and Soria et al. (2012), suggesting instead a
stellar age of ~20 Myr. The best-fitting solution indicates a higher
contribution by an irradiated accretion disc than found by Farrell
etal. (2012), resulting in a lower stellar luminosity and thus a lower
mass for the stellar cluster of ~10° M. However, the data do not
exclude the presence — in addition to the population of young stars
that dominate the stellar light — of a lower luminosity population
of older (~10 Gyr) stars with a total stellar mass up to ~10° Mg.
It is well known that composite populations containing a large gap
in stellar ages are difficult to disentangle, because the energetic
emission of stellar populations with ages smaller than ~100 Myr

of low luminosity stars may dominate the mass) is likely required
in order to explain how HLX-1 managed to retain the gas necessary
for the recent burst of star formation.

3.2 Constraints on the nature of the donor star

Having a young stellar population opens up the possibility of having
a supergiant or Wolf—Rayet donor star. In both cases, the high mass-
loss rates could be sufficient to power HLX-1. Additionally, there is
good evidence, both theoretical (see Frank, King & Raine 2002) and
observational (see e.g. Smith, Heindl & Swank 2002) that the outer
accretion disc radii in systems fed by fast winds may be smaller
than those fed by Roche lobe overflow. In the event that the system
is wind fed, the possibility then remains that the fast rise time-scales
of the outbursts might be explained without requiring the extremely
large eccentricities and the small radii invoked in Soria (2013). This
scenario will be investigated further in a future paper (Miller et al.,
in preparation).

3.3 The optical variability

The apparent change in optical brightness between different epochs
strongly implies that the irradiated disc provides the dominant con-
tribution to the optical continuum (not including the far-UV band).
Specifically, R &~ 23.8 £ 0.1 mag in the HST observations (obtained
by interpolating the optical continuum between the V and / bands)
and R = 23.9 £ 0.3 mag in the Gemini data (both observed about
a month after the X-ray outburst), but R &~ 24.7 £ 0.4 mag in the
VLT images (three months after outburst). However, it is possible
that this optical variability may be artificial, a result of the dif-
ferent background subtraction methods applied. For the HST data,
the background light from ESO 243—49 was simply subtracted
from a nearby region using standard aperture photometry, as the
superior angular resolution of the HST allows us to resolve out
the background contribution from the host galaxy. The VLT data
of ESO 243—-49 were modelled by fitting the local galaxy back-
ground around HLX-1 with a thin plate spline model (similar to
the approach we adopted for the Gemini GMOS data, with similar
magnitudes derived) and then subtracted prior to measuring the pho-
tometry. The errors were bootstrapped from this fitting procedure
and thus include the effects of uncertainty in the local background.
This is crucial, since the photometric errors are dominated by the
local background estimate and any background estimation error
would introduce spurious variability when comparing to the HST
data.
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Gemini observations in the /-band covering part of the decay
of the third X-ray outburst in 2011 show no evidence for any sig-
nificant variability in optical bands but do not rule out variabil-
ity < 50 per cent. Nonetheless, an exponential decay similar to that
observed in X-rays is not ruled out by the Gemini data. We also
compared each 1’-band observation with the closest X-ray observa-
tion in time (1, 2, 5 and 7 h difference for nights 1 to 4, respectively).
No correlation was observed, though we note that this could be due
to the low number of counts detected in each Swift XRT observa-
tion. In addition, fluctuations in the binned X-ray light curve are not
correlated with the '-band light curve.

We stress that the Gemini data do not rule out the presence
of variability, but instead indicate that it is important to compare
optical data taken with the same telescope and instrument setup
and using the same background subtraction method in order to
confirm the variability and thus constrain the parameters of the SED
model components. Further observations with the HST or longer
term monitoring with ground based 8 m class telescopes at different
X-ray luminosities are thus necessary in order to definitively break
the degeneracies in the SED fitting and thus confirm the age and
mass of the stellar cluster, as well as the fraction of reprocessing in
the accretion disc.
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