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ABSTRACT

We present an analysis of 13 of the best quality Ultralumin®uray source (ULX)
datasets available frolMM-Newton European Photon Imaging Camera (EPIC) observa-
tions. We utilise the high signal-to-noise in these ULX gpeeto investigate the best descrip-
tions of their spectral shape in the 0.3—10 keV range. Simmpléels of an absorbed power-law
or multicolour disc blackbody prove inadequate at deseglthe spectra. Better fits are found
using a combination of these two components, with both uésiaf this model - a cook 0.2
keV) disc blackbody plus hard power-law continuum, and apoiver-law continuum, dom-
inant at low energies, plus a warm (1.7 keV) disc blackbody - providing good fits to 8/13
ULX spectra. However, by examining the data above 2 keV, we dividence for curvature
in the majority of datasets (8/13 with at least marginal cid@s), inconsistent with the dom-
inance of a power-law in this regime. In fact, the most susftg#empirical description of
the spectra proved to be a combination of a ceel(.2 keV) classic blackbody spectrum,
plus a warm disc blackbody, that fits acceptably to 10/13 ULDte best overall fits are pro-
vided by a physically self-consistent accretion disc plosptonised corona modab(SKPN
+ EQPAIR), which fits acceptably to 11/13 ULXs. This model provideshggical explana-
tion for the spectral curvature, namely that it originatesam optically-thick corona, though
the accretion disc photons seeding this corona still ogigirin an apparently cool disc. We
note similarities between this fit and models of Galacticklhole binaries at high accre-
tion rates, most notably the modellof Done & Kubata (2005)his scenario the inner-disc
and corona become energetically-coupled at high accredi®s, resulting in a cooled accre-
tion disc and optically-thick corona. We conclude that #iglysis of the best spectral data
for ULXs shows it to be plausible that the majority of the ptation are high accretion rate
stellar-mass (perhaps up to 80@,) black holes, though we cannot categorically rule out the
presence of larger; 1000-M, intermediate-mass black holes (IMBHS) in individual s@sc
with the current X-ray data.

Key words: accretion, accretion discs — black hole physics — X-raysafiés — X-rays:
galaxies

1 INTRODUCTION fore, the accretion of matter oniotermediate-mass black holes
o ) , o (IMBHs, of ~10%-10* M) provide an attractive explanation for

Einstein X-ray observations were the first to reveal point-like, ex- ULXs, and could represent the long sought-after ‘missimg’i

tranuclear sources in some nearby galaxies with lumiressiti between stellar mass BHs and the supermassive BHs in the nu-

39 —1 H )
excess ofl0™" erg s~ (Fabbianc_1989). Subsequently, many of = cjoi of galaxies. However, the large populations of ULXscass
these so-called Ultraluminous X-ray sources (ULXs) have di  iateq with sites of active star formatioe.d., in the Cartwheel

played short and long term variability, which suggests they a5y [Gag ef Al_2003) demand rather too high formatioesrat
predominantly a(?cretlng objects (see_Miller & quaer.t 208y of IMBHs if they are to explain the ULX class as a whale (King
references therein). H.owever,. the observeq Iummosnfesmxt 2004). An alternative to accreting IMBHSs is that ULXs may be a
ULXs exceed the Eddington limit for spherical accretioncoat type of stellar-mass BHB with geometrically (King e!lal. 40@r

stellgr—mass&lO-M@) black hole (BH). In fact, their luminosites relativistically [Kording. Falcke. & Markdff 2002) beameemis-
are |qtermed|ate between thlose of nqrmal stgllar mass BH X- sion, such that their intrinsic X-ray luminosity does notead the
ray Binaries (BHBs) and Active Galactic Nuclei (AGN). There
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Eddington limit. Another possibility is that they are stelimass
BHBs that can achieve truly super Eddington luminositiessiim
(Ebisawa et el. 2003) or radiation pressure domingted (Bee
2002) accretion discs.

As ULXs are probably the brightest class of X-ray binary
fueled by the accretion of matter onto a BHa knowledge of
the properties of Galactic BHBs could be vital in interpngti
their characteristics. Traditionally the X-ray spectrdBéfBs have
been fitted empirically with two components, namely a power-
law continuum and a multicolour disc blackbody (MCD) compo-
nent (Mitsuda et al. 1984; Makishima et lal. 1986). In the dtad
picture, the power-law component is thought to represergrge-
Compton scattering of thermal photons from the accretisn by
hot electrons in a surrounding corona. As such, the powerda-
resents the hard tail of the X-ray emission while the MCD comp
nent models the soft X-ray emission from the accretion dite
MCD model itself has been formulated based on the best known
model for accretion onto BHS.€., the thin accretion disc model,
Shakura & Sunya&v 1973).

It has long been recognised that Galactic BHBs demon-
strate various X-ray spectral states which are defined byaihe
ance of these two componenise( power-law and MCD) at any
one time. The three most familiar X-ray bright states are the
low/hard (LH), high/soft (HS, also described as ‘thermamilo
nated’) and the very high (VH, or ‘steep power-law’) statesg
McClintock & Remillardi 2003 for further details). At lower ass
accretion rates, a BHB usually enters the LH state whereXamy
emission is dominated by a hard power-law compon&nt1(.7),
thought to arise from Comptonisation of soft photons by a hot
optically thin corond. In this state, the disc is either undetected
(e.g., Belloni et all 1999) or appears truncated at a much larger in-
ner radius and hence cooler than the parameters derivelefepft
state (Wilms et al. 1999, McClintock etial. 2001). The softay-
state is generally seen at a higher luminositg.(the HS state)
and is best explained asl keV thermal emission from a multi-
temperature accretion disicq, modelled with a MCD component).

In this state, the spectrum may also display a hard tail that ¢
tributes a small percentage of the total flux. The VH state many
cases the most luminous state and is characterised by aokemnbr
power-law spectrum extending out to a few hundred keV or more
The photon index is typically steepeg (2.5) than found in the

LH state and generally coincides with the onset of stronga)-r
quasi-periodic oscillations (QPOs). A MCD component magoal
be present in the VH state and tBXOSAT era demonstrated that
some of the QPOs occur when both disc and power-law compo-
nents contribute substantial luminosity_(van derlKlis 1995

The idea of ULXs as analogues to Galactic BHBs in the
HS state was supported WASCA observations, which revealed
that their 0.5-10 keV spectra were successfully fitted wiita t
MCD model with relatively high disc temperatures (1.0—1e8/k
Makishima et all 2000). As such, the ULXs were considered to
be mass-accreting BHs with the X-ray emission originatimgu
optically-thick accretion disc. In fact, the use of the MCDahel to
describe these spectra permits one to obtain an ‘X-rayratsd’

1 Although the most likely reservoir of fuel for an ULX is a coampon
star, others have been suggested, for example the direetiaocof matter
from molecular clouds (Krolik 2004).

2 However this is still a topic of debate, with the main altéive for
the X-ray power-law emission being synchrotron emissiamfrthe ra-
dio jet that is associated with this stateg(, [Falcke & Biermanr _1995;
Markoff, Falcke, & Fend&r 2001).

BH mass,Mxr, from the following equation (cf._Makishima etial.
2000 equations (5)—(8)).

¢ D fool
Mxg = 1
X7 8860 veos: \ 20T O @

Where D is the distance to the X-ray source, which has an
inclination, a full bolometric luminosity (from the MCD model)
of fio1 and an observed maximum disc colour temperaftreln
additiono is the Stefan-Boltzmann constant,s the ratio of the
colour temperature to the effective temperature (‘spebteden-
ing factor’), andg is a correction factor reflecting the fact tHat,
occurs at a radius somewhat larger than (here, we assume that
Ri, is at the last stable Keplerian orbit). Makishima et al. (200
use values of = 0.412 andx = 1.7, though other work has found
different values for the spectral hardening factor (e.g= 2.6 for
GRO J1655-40, Schrader & Titarchk 2003). Finatlyis a posi-
tive parameter withv = 1 corresponding to a Schwarzschild BH.
However, the masses inferred from tASCA data and Equation
(1) are far too low to be compatible with the large BH masses
suggested by their luminosities (assuming Eddingtontéchiac-
cretion), for standard accretion discs around SchwarddBifls.
Makishima et al. [(2000) suggested that this incompatjbiibuld
be explained if the BHs were in the Kerr metrice(, rapidly ro-
tating objects), allowing smaller inner disc radii and hehayher
disc temperatures.

Chandra observations have provided some support for
the |Makishima et al. | (2000) results, with some ULX spec-
tra being consistent with the MCD modet.d., IRoberts et al.
2002). However,Chandra also revealed that some ULX spec-
tra showed a preference for a power-law continuum rathan tha
the MCD model é.g., IStrickland et all 2001; Roberts el al. 2004;
Terashima & Wilsarl 2004). It has been suggested that this pre
erence for a power-law spectrum could be interpreted in derm
of the LH state seen in Galactic BHB candidates, relativisti
cally beamed jets or emission from a Comptonised accretion
disc in the VH state. As well as these single component mod-
els, ASCA and Chandra spectroscopy have also suggested the
presence of two component spectra for some ULXs, compris-
ing a MCD with a power-law component. For example, previous
ASCA analyses hinted at evidence for IMBHise., cool accre-
tion disc components (see below), but these observatiors nee
sensitive enough to statistically require two componentiating
(e.g., IColbert & Mushotzkyl 1999). Similar results have been ob-
tained byChandra, e.g., ULXs in NGC 5408 |(Kaaret et al. 2003)
and NGC 6946 [(Roberts & Colbelt 2003). ConverseBhan-
dra spectra of the Antennae ULXs (Zezas et al. 2002a; Zezas et al.
2002b) revealed an accretion disc (MCD) component comgiste
with the high temperaturdSCA results (e, kTin~1 keV), to-
gether with a hard power-law componeht{1.2).

It is only recently, using high qualitMM-Newton/EPIC
spectroscopy of ULXs, that it has been demonstrated that the
addition of a soft thermal disc component to a power-law con-
tinuum spectrum provides a strong statistical improvement
the best fitting models to ULX datae.§., Miller et all 12003;
Miller, Fabian, & Miller 12004a). These particular obseivat
have provided strong support for the IMBH hypothesis by aéve
ing disc temperatures in these sources up to 10 times lovaer th
commonly measured in stellar mass BHBs, consistent witkexhe
pectation for the accretion disc around-d000M, IMBH? (cf.

3 It is common for the generic range of masses for IMBHSs to beteplio
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Equation (1)). However, in a few casesMM-Newton/EPIC ob-
servations have revealed a more unusual two-component/ X-ra
spectrum. A detailed analysis of such a source is presemnted i
Stobbart, Roberts, & Warwick (2004). In this case, the ULXhis
brightest X-ray source in the nearby (1.78 Mpc) Magellagjoe
galaxy NGC 55 and, although its X-ray luminosity only maedin
exceedd 0° erg s7!, it represents one of the highest quality ULX
datasets obtained to date. The initial low flux state dataewest
fitted with an absorbed power-law continuuii~4), while a sub-
sequent flux increase was almost entirely due to an additoama
tribution at energies- 1 keV, adequately modelled by a MCD com-
ponent £75,~0.9 keV).

Whilst this accretion disc component is reasonable fotestel
mass BHSs, the dominance of the power-law continuum at soft X-
ray energies is problematic. Such a soft power-law canrmere

3

of ULXs as accreting IMBHs. The paper is structured as foliow
Sec[? - introduction to the ULX sample; SEE. 3 — details of the
observations and data reduction; 9dc. 4 — description ofpke-
tral analysis; Se€l5 — a comment on the luminosity and iniser d
temperature relationship of these ULXs; 9dc. 6 — a discossio
our results; and finally Selll 7 — our conclusions.

2 THE SAMPLE

As our primary goal is to find the best description(s) of thapgh
of ULX spectra, only the highest quality datasets were chose
The ULXs were initially selected from thBROSAT catalogues of
Roberts & Warwick|(2000) and Colbert & Plek (2002) to provide
list of historically-bright ULXs that are resolved at a Sphtesolu-

sent Comptonised emission from a hot corona, as one would nottion similar toXMM-Newton*. We applied a source selection crite-
expect to see the coronal component extend down below the pea ria of observed count rates of 10 counts ks in the ROSAT HRI

emissivity of the accretion disc, where there would be ifisieht
photons to seed the corona. Alternative sources of seedphdr
the corona are unlikely; for example, the incident photonr difthe
secondary star at the inner regions of the accretion disoibtv to
provide the seeding (df. Roberts etial. 2005). It also seailsaly
that the power-law emission could arise from processesatdke
of a jet, as these are typically represented by much hardeoph
indices than measured heile~<1.5-2; Markoff et all. 2005 and ref-
erences therein). Indeed, with the possible exception aES&08
X-1 (Kaaret et al. 2003), there is no evidence that ULXs dpldis
bright radio jets, though this cannot be excluded by curobsser-
vations (Kording et al. 2005). The possibility of the saftieponent
resulting from an outflow of material from the accretion disay
also be discounted as this would produce a thermal specttimarr
than a power-law continuum.

Although this spectral description has not been seen indsala
tic systems, a second case has been reported independgritie f
nearest persistent extragalactic ULX (M33 X-8)lhy Foschiml.
(2004). The non-standard model provided the best fit to thiX U
with T'~2.5 andkTi,~1.2 keV. However, this source is also at the
low luminosity end of the ULX regime with& ~2x10% erg s~*.

A further possible case, in a more luminous ULX, has arisemfr
the XMM-Newton data analysis of NGC 5204 X-1 (Raberts €t al.
2005). In this case the authors show that there is spectrbi-am
guity between the non-standard fit+3.3, kTin~ 2.2 keV) and
the IMBH model '~2.0, kTin~ 0.2 keV), with both providing
statistically acceptable fits to the data. Even more regemib ad-
ditional examples of this spectral form have been uncovereoh
XMM-Newton survey of ULXs by Feng & Kaatet (2005).

Although it is difficult to derive a literal physical intergiation
from the non-standard model, it does provide an accuratérieaip
description of ULX spectra in some cases, and as such it feas th
potential to provide new insights into the nature of theserces.
Therefore in this paper we re-evaluate current data in @mgt to
determine the best spectral description for the shape of dugl-
ity ULX spectra, and ask what consequences this has for & id

as 2010% Mg . The lower limit comes from a consideration of the mea-
sured masses of BHs in our own Galaky (McClintock & Remill2D3),
and a theoretical limit for the mass of a BH formed from a snglassive
star [Erver & Kalogela 2001). However, more recent poputaynthesis
analyses show that BHs of up te 80-M may be formed in young stel-
lar populations|(Belczynski etldl. 2004). Hence, when werréd IMBHs

in this paper we refer specifically to the largel000-\M, IMBHs implied

by the cool accretion disc measurements.
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camera, combined witly 10 ks of XMM-Newton/EPIC data avail-
able in the archive by December 2004, to select ten ULXs with
potentially sufficient counts for very detailed spectradlgais. In
addition, we included three more high quality ULX datasets-
prietary data for Holmberg Il X-1 (hereafter Ho Il X-1), angd
sources not quite bright enough in tROSAT bandpass to be clas-
sified as ULXs, namely the ULX in NGC 55 and M33 X-8. Whilst
some of the sources in this sample have been observed mare tha
once, we have only selected the longest individual expdsweach
case to provide the clearest single view of their spectra. fdu
nal sample of 13 sources from 12 different galaxies is ligteth-
ble[l. The selected ULXs are located at distances of betweéen 8
kpc and 17.8 Mpc, posse¥®IM-Newton count rates between 0.1
and 8.9 count s~* and cover the full range of ULX luminosities
(~10% erg s~ 1- few x10*° erg s—1). Hereafter we refer to the
sources by their names as given in column (1) of TBble 1.

3 OBSERVATIONSAND DATA ANALYSIS

In this work we have utilised data from the EPIC cameras on
board XMM-Newton (Turner et all 2001;_Striider etlal. 2001). The
datasets were obtained through tK&M-Newton public data
archive (excluding proprietary Ho Il X-1 data) and detaifsttee
observations are shown in TalflE 2. The data were processkd an
reduced using the standard toolsxafim -SAS software v.6.0.0. In
some cases the observations were affected by soft protamgffar
which preliminary cleaning was necessary. For these ohgens

we extracted full field X-ray (0.3-10 keV) light curves andesmed

for flaring using Good Time Interval (GTI) files based on eithe
time or count rate criterion. The NGC 55 ULX and NGC 5204 X-1
observations were not affected by flaring episodes. The N@&3 2
X-1 observation was only affected by flaring at the end of ttpoe
sure (the last-20 ks), therefore we used a time selection to exclude
this flaring event. For the remaining sources we used a cetat r
cut-off criterion to produce a GTl file. The exact value of te-off
was allowed to vary from field-to-field, to provide the bestngo-
mise in each case between excluding high background peaiwdis
facilitating the longest available exposure on the ULX. tagiise
the actual cut-off values varied in the 6.5-1%&unt s~ (0.3-10
keV) range. In all cases we used only those data recorded tliben

4 TheROSAT lists were deemed appropriate as most bright ULXs are per-
sistent and vary by factors of no more than 2-3 in flux over &lbaes of
years, cfl_ Roberts etlal. (20004).
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Table 1. The sample

Nu d Lx
Source Alternate names R.A. (J2000) DEC (J2000) 29&t~2) (Mpc) (10*9 ergs™1)
1) ) (3) 4) (%) (6) (7)
NGC 55 ULX1! XMMU J001528.9-391319¢  001528.9 —391319.1 1.74 1.7¢8 1.3
NGC 55 6¢
Source
M33 X-8 2 - 013350.9 +303937.2 5.69 0.70f 1.0
NGC 1313 X-13  Source & 031820.0 —662911.0" 3.96 3.70 4.7
IXO 77
NGC 1313 X-23>  Source & 0318223 —663603.8° 3.94 3.70 1.7
IXO 87
NGC 2403 X-1% Source 27 0736255  +653540.0 417 4.20 2.7
Ho Il X-1° IXO 317 081929.0 +704219.3" 3.41 4.50 17
M81 X-9 6 Holmberg IX X-17 095753.2 +690348.% 4.25 3.55 12
IXO 347
NGC 3031 10¢
H 447
NGC 3628 X-14 IXO 397 1120158 +133513.6° 2.22 7.70f 5.2
NGC 4395 X-14 NGC 4395 X2t 1226015 +333130.5% 1.36 3.60 0.6
IXO 537
NGC 4559 X-1¢  X-7? 123551.7 42756 04.1% 0.82 9.70f 9.1
IXO 657
NGC 4861 ULX! IXO 737 1259019 +345113.5° 1.21 17.80 8.8
X1v
NGC 5204 X-14 IXO 777 1329386  +582505.7 1.38 4.80f 4.4
HST 3%
Ul aa
M83 ULX ! Source 13 133719.8 —295348.9¢ 3.69 4.70 1.0
IXO 827
H30dd
H2 ee

NoOTES (1) Source designation; (2) Alternative names; (3—-4) X-saurce position fromXMM-Newton and Chandra data, or posi-
tion of possible optical counterpart; (5) Galactic absorptcolumn density from theNH' FTOOLS program (based on the measure-
ments of_Dickev & | ockman_1990); (6) Distance to the host ggld7) Observed X-ray luminosity (0.3—10 keV) based on tasuits
of the physically self-consistent modelling (see laterEFRRENCES ! This paper,? IMarkert & Rallis [1988),3 IColbert et al. [(1995),
4 [Roberts & Warwick 1(2000)? [Dewangan et al.L (2004¥ [Fabbianb |(1988)¢ IStobbart et al.| (2004)® [Karachentsev et all (20035,
Read, Ponman & Stricklahd_(1997,/Schlegel, Barrett & Singh (1997, [Foschini et &l. [(2004)f [Ho, Filippenko, & Sargehtl (1997Y,
Schlegel et al.| (2000)" IMiller et all (2008, [Tully (1988), 7 IColbert & Ptak (2002)F [Zamnpieri et &l. [(2004)! |Schlegel & Pannuiti
(2008), ™ IKaaret, Ward, & Zezas| (2004)* Miller et all (2004a),° IRamsey et al. (2006 |Paturel et 21. [ (2002)¢ [Radecke [(1997),
™ lImmler & Wang (2001),* IStrickland et &l. [(2001), ILira. Lawrence. & Johnsbn| (2000)* Sourcelist (Obs.ld 5302) viadChan-
dra X-ray Centre: |http://cxc.harvard.edu/chaset, Mogler, Pietsch, & Bertoldi [(1997) [Cropper et &l. [(2004)* Sourcelist (Obs.Id
014115010) viaXMM-Newton Science Archive: http://xmm.vilspa.esa.es/external/xnuomtaacc/xsa/index.shtrnV, ILiu & Breaman (2005),
z |Goad et &l. [(2002) 2 |Liu, Bregman, & Seitzer| (2004)% [Ehle et al. 1(1998),cc [Saria & Wil [2002), %4 limmler et al. (1999),°¢
Trinchieri, Fabbiano. & Paulumbp (1985).

MOS and pn cameras were in simultaneous operation (see@able events from bad pixels. For the MOS detectors we used evént pa
for the net good exposure times). terns 0—-12 which allows ‘single’, ‘double’, ‘triple’ and tgdruple’

e pixel events. We employed a less conservative screeniterion

for the MOS data by using the flag expressiotMi#EA _EM to ex-
clude hot pixels and events outside of the field of view. Bhas
taskespecget was used to produce source and background spectra
for each ULX, together with the appropriate Redistributida-

trix File (RMF) and Ancilliary Response File (ARF). Spedtiifes

were grouped to require at least 20 counts Bibefore fitting, to
ensure Gaussian statistics.

For each ULX, events were extracted in a circular apertur
centred on the source position given in Table 1. The backgrou
was taken from a circular region, near to the source in thepreca
and at the same distance from the readout node. The choslken bac
ground regions were the same in all three detectors wherr-obs
vations were taken using the full-frame observing mode. él@x,
in three cases the MOS cameras were operated in either ge lar
window or small-window mode, so here we used a background re-
gion closest to the one used for the pn extraction. The sizbeof

source and background spectral extraction regions aeglligtTa- ray spectral fitting packagesPEC (v.11.3.0). The pn, MOS-1 and
blefd. MQOS-2 spectra for each object were fitted simultaneouslyysu
For the pn camera the spectra were extracted using event patincluded constant multiplicative factors in each modelltovafor
terns 0—4, which allows ‘single’ and ‘double’ pixel everlfge also calibration differences between the cameras. This valigsfreaen
set ‘FLAG=0' to exclude all events at the edge of the CCD and at unity for the pn data and allowed to vary for the MOS detegto

Model spectra were fitted to the data using the HEAsoft X-

(© 2004 RAS, MNRASD00, THIH


http://cxc.harvard.edu/chaser
http://xmm.vilspa.esa.es/external/xmm_data_acc/xsa/index.shtml

Table 2. XMM-Newton Observation Log

XMM-Newton observations of the brightest ULXs 5

Source Obs.ID Date Duration (s) Netexp.(s) Rate{d)s MOS-1 MOS-2 pn Position Ref
1) 2 3) 4 (5) (6) (7) (8) 9) (10) (11)
NGC 55 ULX 0028740201 2001-11-14 34025 30410 2.08 FF FF FF axim- 1
M33 X-8 0102640101 2000-08-04 18672 6850 8.55 SW SW FF om-axi2,3,4
NGC 1313 X-1 0106860101  2000-10-17 42769 18490 1.15 FF FF FF n-axis 45,6
NGC 1313 X-2 0106860101 2000-10-17 42769 18490 0.39 FF FF FHf-axis® 4,5,6
NGC 2403 X-1 0164560901  2004-09-12 84600 57063 0.47 FF FF FF n-axis 4
Ho Il X-1 0200470101 2004-04-15 111999 47260 4.52 LW LW FF acis 7
M81 X-9 0112521101 2002-04-16 11935 8440 3.25 FF FF FF om-axi 4,5
NGC 3628 X-1 0110980101 2000-11-27 60745 45260 0.20 FF FF FF n-axis 4,5
NGC 4395 X-1 0142830101 2003-11-30 118900 98900 0.18 FF FF Frn-axis 4.8
NGC 4559 X-1 0152170501 2003-05-27 43290 37660 0.48 SW SW FF n-axis 4,9
NGC 4861 ULX 0141150101 2003-06-14 29600 14590 0.11 FF FF FF n-axts —
NGC 5204 X-1 0142770101 2003-01-06 32999 17048 0.87 FF FF FF n-axis 4,10
M83 ULX 0110910201 2003-01-27 31722 21130 0.21 FF FF EFF axf 4

NOTES (1) Source designation; (2) Observation identifier; (3s&@Wbation date (yyyy-mm-dd); (4) Observation duration (ks does include cali-
bration observations in some cases); (5) Useful exposteeadrrecting for flaring episodes and ensuring simultasaperation of the EPIC cameras;
(6) Combined EPIC count rates derived from the combinedyight curves (0.3-10 keV); (7-9) Observing mode of each@E@tector (SW : Small
Window, LW : Large Window, FF : Full Frame, EFF : Extended Hedime); (10) Source position with respect to the centre efpth field of view:
a— 7' offset;b— ~6.5' offset; (11) References for previous analyses of theseseatdalthough not all references contain a complete dsaljshe
ULX): 1-Stobbart et all (2004), 2—Foschini et al. (2004 P&tsch et all (2004), 4—Fena & Kaaret (2005). 5-Wana!e2aD4), 6:-Miller et al.1(2003),
7-+Goad et al1(2006), B=Vaughan et al. (2005). 9—Croppdi (8GD4), 10=Raberts etlal. (2005).

with the values typically agreeing within 20 per cent. Quidtaxes
are an average of the three measurements.

Spectra were initially fitted in the 0.3-10 keV band. However
in several cases we found that the data below 0.5 keV did metag
with any of the models we tried, leaving large residuals t{pa+
larly with respect to the pn data) to the best fits. We note timt
datasets with this problem — NGC 55 ULX, NGC 1313 X-1 & X-2
and NGC 3628 X-1 — were all obtained in the years 2000-2001 (in
fact M33 X-8 is the only observation from this epoch withchadte
fitting residuals). At first glance this would appear to be @bpem
with the calibration at early mission times; however the pii-c
bration at least has remained remarkably static in orbitCEBam,
priv. comm.). As we cannot explain this variation we conagévely
excluded these data in all EPIC cameras, such that spedttirag fi
was restricted to the 0.5-10 keV range in these four cases, &
the case of Ho Il X-1 there is a possible pn calibration feathat
is particularly prominent at low energiess (Goad el al. 20€&re-
fore we followed the method of these authors and excludegrhe
data below 0.7 keV to account for this, whilst retaining MC8ad
down to 0.3 keV.

The X-ray spectra were modified for absorption follow-
ing IBalucinska-Church & McCammboh (1992), assuming thersola
abundances of Anders & Grevesse (1989%,(the wABS compo-
nent inxsPeQ. We used two absorption components, one of which
was fixed for each source to represent the appropriate fawagr
column density through our Galaxy_(Dickey & Lockman 1990 —
see Tabl&ll), and the second component was left free to fittiae d
to represent additional absorption within the host galaad/ar in-
trinsic to the ULX. The errors quoted in this work are at th&00
confidence level for one interesting parameter. Throughbist
analysis we distinguish statistically acceptable fits framaccept-
able fits using a fixed criterion dP.; < 95 per cent, where>;;
is the probability of rejection derived directly from thé statistic
for the spectral fit.

(© 2004 RAS, MNRASD00, THIB

Table 3. Spectral extraction apertures

Extraction radius

Source Source  Background
(1) (2 3
NGC 55 ULX 60 75
M33 X-8 35 120
NGC 1313 X-1 35 70
NGC 1313 X-2 35 70
NGC 2403 X-1 45 45
Ho Il X-1 45 60
M81 X-9 30 45
NGC 3628 X-1 35 70
NGC 4395 X-1 40 40
NGC 4559 X-1 40 80
NGC 4861 ULX 15 45
NGC 5204 X-1 40 50
M83 ULX 35 50

NoTes (1) Source designation; (2)—(3)
Aperture radii in arcseconds

4 SPECTRAL PROPERTIES
4.1 Simplemodels

The X-ray spectra appeared relatively smooth and featgédle
each case, hence we began by fitting simple continuum maalels t
the data. We tried the two models most often used in the past as
single-component descriptions of ULX spectra, namely agyew
law continuum model and the canonical MCD model. The detdils
these fits are given in Tadlé 4 and the quality of the X-ray spés
illustrated using the power-law fits in Figtte 1. Due to theadlent
spectral quality, we were able to reject the power-law maalé&

out of the 13 cases at 95% confidence. Interestingly, the five
ULXs for which a power-law is an adequate description of tatad
(NGC 1313 X-1 & X-2, M83 ULX, NGC 4861 ULX, NGC 5204
X-1) include the three poorest quality datasets. Even motatty,
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Figure 1. EPIC pn count rate spectra aridy residuals for a simple power-law continuum model fit for eatthe ULXs in the sample.

(© 2004 RAS, MNRASO00, THIH



XMM-Newton observations of the brightest ULXs 7

0.1

NGC 4395 X-1

Normalisation (ct s™! keV™?!)
107° 107* 107 o.0t

5

: +
B i

-5

0.5 1 2 5 10
Energy (keV)

0.1
T

NGC 4861 ULX

0.01

Normalisation (ct s™! keV™?)
1078
.
1

+
et i Jri*’ff +i1~b,++++—|—_1-_—+——'——_—;_— ==

-5

0.5 1

2
Energy (keV)

NGC 45569 X—1

Normalisation (ct s™! kev™?!)
107 o0

A A

5 10
Energy (keV)

NGC 5204 X-1

0.1

Normalisation (ct s™! kev™?)
0.01

5 1072

_* I I | + E

“ ﬂﬁ%wmmmww“%*ﬁ*

0.5 ]I. 2 5 10
Energy (keV)

-
o

0.01

Normalisation (ct s™! keV™?)
107°
ooy

Mgt
i, H#

M83 ULX E

+ i

-5

_+ NWWM‘"}MW? Wiy B it i

0.5 1

2
Energy (keV)

5 10

Figure 1 — continued

the MCD model does not provide an acceptable fit to any of the (Table[®). As with previously published work, these disc pena-

spectra.

4.2 Power-law + M CD model

As simple spectral models were inadequate, we proceedddtie fi
data with the two component model generally employed for BHB
systems, namely the combination of a power-law plus a MCD-com
ponent. More specifically, we began by testing the standd&H
model,i.e, a cool accretion disc plus power-law continuum model.
This spectral description improved on the simple modelsrbyig-

ing acceptable fits to 8 sources (NGC 1313 X-1 & X-2, M81 X-9,
NGC 3628 X-1, NGC 4559 X-1, NGC 4861 ULX, NGC 5204 X-1,
M83 ULX), with 0.1 keV < kTin, < 0.3 keVandl.6 < T < 2.5

(© 2004 RAS, MNRASD00, THIB

tures are broadly consistent with IMBHs of arourd 0000/ in
size, though the power-law slopes are puzzlingly shallawfoat
are supposed HS (or VH state) sources If@005
further discussion). In all cases the 0.3-10 keV flux is datdd
by the power-law component.

We then attempted to fit the X-ray spectra with the non-
standard modei.e.,, with the power-law component dominant at
soft energies. This also provided statistically-accdptdits to 8
ULXs (M33 X-8, NGC 1313 X-2, NGC 2403 X-1, NGC 3628 X-
1, NGC 4559 X-1, NGC 4861 ULX, NGC 5204 X-1, M83 ULX),
with disc temperatures of 1.2 ke¥ kT, < 2.2 keV (excluding
M 83 for which the temperature is unconstrained belod keV)
and2.5 < T' < 4.5 (except NGC 3628 X-1, for whicl' is un-
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Table 4. Single component spectral fits

WA* WA* PO Ny @ rb Ap€© x2/dof
NGC 55 ULX 3.50:0.08  3.38:0.03 3.09+0.08 1128.9/830
M33 X-8 1.94£0.06  2.28+0.02 6.02+0.12 1790.1/1115
NGC1313X-1  1.0%0.11 1.847)%57 0.55£0.02 723.0/675
NGC1313X-2  1.680.02 2.27"50% 0.3140.02 261.7/257
NGC2403X-1  3.780.13  2.40+0.03 0.65+0.02 1130.2/851
Ho Il X-1 1.53+£0.04  2.76+0.02 3.23£0.04 1690.6/1314
M81 X-9 1.57£0.08  1.89+£0.03 1.9215:0 938.1/864
NGC3628X-1  2.7£0.03 1.45£0.05 0.10+0.01 459.8/406
NGC4395X-1 273017 4377072 0.094+0.01 540.8/368
NGC4559 X-1  1.150.08  2.38"00% 0.27+0.01 752/599
NGC4861ULX  1.24030  2.497017 0.09£0.01 94.0/74
NGC5204X-1  0.580.08 2.10700; 0.39"0-02 572.3/529
M83 ULX 122703 251700 0.14+0.01 199.2/207
WA*WA*DISKBB N ® kTin? Ancp® x2/dof
NGC 55 ULX 0.37 0.60 1.62 1796.3/830
M33 X-8 0 1.08£0.01 0.62"0-02 1538.7/1115
NGC 1313 X-1 0 1.32 0.04 1409.6/675
NGC 1313 X-2 <0.02  0.93:0.04 0.05+0.01 443.3/257
NGC 2403 X-1 120008 1.04:0.02 0.06+0.01 923.7/851
Ho Il X-1 0 0.59 2.74 8646.7/131
M81 X-9 0 1.42 0.09 1758.6/864
NGC3628 X-1  1.040.02 2277075 (1.387)2%) x 1073  466.6/406
NGC4395X-1  0.130.09  0.32£0.01 0.817015 693.0/368
NGC 4559 X-1 0 0.69 0.15 1651.4/599
NGC 4861 ULX 0 0.64 0.06 166.9/74
NGC 5204 X-1 0 0.66 0.33 1650.1/529
M83 ULX <0.01  0.64:0.03 0.11+0.02 310.7/207

NoOTES Models are abbreviated tespPEC syntax: wA—absorption components for the
Galactic value and external absorptigro—power-law continuumpiskBB—MCD. ¢ Ex-
ternal absorption columni(2! atoms cm~2), ® Po photon index, PO normalisation
(10~3 photon cm~2 s~ keV~1 at 1 keV ), Inner disc temperature (ke\).DISKBB
normalisation (((R,/km)/(D/10 kpc)¥ cos ©; where R,—inner disc radius, D—distance to
source ©—inclination angle of the disc). Where the reduggtvalue (i.e.é‘—;) exceeded
2, errors are not shown. Statistically acceptable fits agklighted in bold.

constrained below-1.2) (Tabld®). The balance in 0.3-10 keV flux  power-law component is dominant above 2 keV, whereas ssurce
between the two components was much more varied for thiskinode best-fitted by the non-standard model have the curved MCD com
though most sources showed a relatively equitable balaatieg ponent dominant at these hard X-ray energies. We therefere a
of no more than 3:1 in either direction, and.:1 in five cases). tempted to fit the high energy (2-10 keV) ULX spectra with a
In total, the power-law + MCD combination could not be re- broken power-law model. For comparison we also fitted thed2-1
jected at> 95 per cent confidence for 10/13 sources in the sam- k€Y ULX spectra with a single power-law component, as shown
ple. Two of these sources were unambiguously best fittedtwith N Table[®. We did not include absorption in the fit in eithesea
IMBH model (NGC 1313 X-1, M81 X-9) while two more were &S Single- and two-component fits generally limit absorptio
best fitted by the non-standard model (M33 X-8, NGC 2403 X-1). S 4 x 10! atoms cm ™2, which should not strongly affect the

Statistically acceptable fits existéat both models for the remain- ~ data above 2 keV. When we do include absorption in these fits
ing six sources. Three sources in this sample (NGC 55 ULX,IHo | We actually measure far higher columns in several casesfwsi
X-1 and NGC 4395) rejected both models>at95 percent confi-  Physically unrealistic (and may be a result of the absorptiom-

dence, although a comparison of the fits show that the speaifu ~ Pensating for intrinsic curvature). The results of the erolower-
the NGC 55 ULX appeared to fit much better to the non-standard '@w spectral fits, together with the statistical probapibf the fit

model, whilst Ho Il X-1 and NGC 4395 X-1 much preferred the improvement over the single power-law fits (using the Fjtast
IMBH model. shown in Tabl€l7.

This sample of high quality ULX datasets demonstrates spec- To demonstrate the validity of this method, the two sources
tral ambiguity for six sources (NGC 1313 X-2, NGC 3628 X-1, with unambiguous non-standard fits (M33 X-8 and NGC 2403 X-
NGC 4559 X-1, NGC 4861 ULX, NGC 5204 X-1, M83 ULX). 1), plus NGC 55 ULX which clearly prefers this model, showemna
As|Roberts et all (2005) suggest, a key discriminator baivtiee ceptable power-law fits that are made acceptable by thesiociof
models could be a test for spectral curvature at high ere(gie a break. In these cases the improvement is highly statitiig-
keV). Curvature is not expected in the IMBH model where the nificant (>~ 90 improvement over a simple power-law fit accord-

(© 2004 RAS, MNRASD00, THIH
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Table 5. Two component spectral fits

WA* WA*(PO+DISKBB)! Ny @ rb Ap¢ kT, Anmcp©(x102) x2/dof fxpo!  TXmen?
NGC 55 ULX 3500002  3.38£0.03  3.09709% <0.16 < 9.71 x 104 1128.8/828  99.9 0.1
M33 X-8 4437005 2527007 8517070 0.09+0.002 3312H10%2 1527.0/1113  92.7 7.3
NGC 1313 X-1 2.3707%;  177£0.06  0.51:0.04  0.19+0.02 0.817 32 664.5/673  90.9 9.1
NGC 1313 X-2 1.80075 221015 02570% 0277910 0.035:27 255.0/255 91.7 8.3
NGC 2403 X-1 718000 2.68700°  0.98:0.03  0.097 50 5277551 1028.5/849  93.6 6.4
Ho Il X-1 1741000 2.63£0.03  2.8140.09  0.19+0.01 21123 1453.1/1312  89.7 10.3
M81 X-9 2177008 1.8rt99% 1747012 0.20+0.03 1.0572°78 877.2/862 94.0 6.0
NGC 3628 X-1 426070 1587007 0.12£0.01  0.08:0.01 1270 424.6/404  98.1 1.9
NGC 4395 X-1 1.960%0 372012 0.05£0.01  0.18£0.02 0.1179-99 492.2/366 71.6 28.4
NGC 4559 X-1 233070 223007 0247003 0.14+0.01 2.745:54 597.2/597 815 18.5
NGC 4861 ULX 175060 2.24t05%  0.07£0.02  0.18")0% 0.137005 84.4/72 82.4 17.6
NGC 5204 X-1 0.687:  191'007  0.31£0.03  0.227)02 0.12"0-51 520.9/527  88.2 11.8
M83 ULX 1.287057 2477007 0147002 [~o0.2]k <0.98 198.6/205 96.6 3.4
WA* WA*( PO+DISKBB)? Ny @ rb Ap¢ kT, @ Amcp€(x1073) x2/dof fxpo!  TXpen?
NGC 55 ULX 43202 4317012 3297021 0.86t0.03 170.47°35-5% 957.6/828 67.6 324
M33 X-8 1420090 249701% 3157030 1.1850.06 264.557959%  1187.0/1113  48.8 51.2
NGC 1313 X-1 - - - - - - - -
NGC 1313 X-2 252097 293707 0367052  2.65798 <2.19 255.9/255  64.4 35.6
NGC 2403 X-1 47150 4057078 0557049 1167001 36.9371514 847.7/849 27.3 72.7
Ho Il X-1 2.34t005 345010 378010 179t0 L0 10.337333 1508.8/1312  74.5 25.5
M81 X-9 - - - - - - - -
NGC 3628 X-1 1.430-57 <118 <0.04  1.40+0.21 4.68" 35 439.5/404 53.4 46.6
NGC 4395 X-1 - - - - - - - -
NGC 4559 X-1 3.3804% 4477037 0417)0° 1611003 4.04"7-52 637.0/597  47.3 52.7
NGC 4861 ULX 3.3370  4360r 043000 1607050 1.0970 37 85.6/72 51.9 48.1
NGC 5204 X-1 1.64037 3337031 044700 22370352 1.96" &7 525.5/527 50.3 49.7
M83 ULX 1377992 2757092 0.14+0.02 < 4.03 <4.53 198.1/205 829 17.1
WA* WA*(BB+DISKBB) Ny @ kT A’ kT, @ Anmcp(x1073) x2/dof fxes?  fxpen?
NGC 55 ULX 1437075 020£0.01  335703%  0.81+£0.01 343753 884.1/828  36.4 63.6
M33 X-8 0.16'0 00 0.27£0.02  3.09°030  1.267002 303737 1216.7/1113 117 88.3
NGC 1313 X-1 0.6003: 0257057 08655  2.20+0.10 507753 666.5/673 17.7 82.3
NGC 1313 X-2 < 0.54 0277005 0.41t007 171018 4.02°939 257.0255 277 72.3
NGC 2403 X-1 202030 0217005 038700 1127007 46.63+3.42 830.0/849 8.7 91.3
Ho Il X-1 <0.01  0.23:0.002 4377005  1.28£0.02 77.69°5 02 1677.9/1312  41.4 58.6
M81 X-9 0.64"01%  027£0.01  2.56:0.16  2.2170}2 15.93"5-23 922.3/862 17.5 82.5
NGC 3628 X-1 0.71p3% 0607000 0.16"00¢ 43270702 0.13"047 429.4/404  17.7 82.3
NGC 4395 X-1 034319 0.1740.01  0.15£0.02  0.61+0.05 17.66"5°55 464.5/366 65.5 345
NGC 4559 X-1 080017  0.17£0.01  0.6I7J.:  1.3370°07 9.9472%9 604.9/597  30.6 69.4
NGC 4861 ULX 046005  0.20£0.03 0157007  1.37H050 2.387175 77.7/72 34.1 65.9
NGC 5204 X-1 <0.03  0.20£0.01  0.67£0.03  1.69") 0o 7.37° 1% 527.8/527 28.0 72.0
M83 ULX <0.37 0217092 016'005 1103 9.28"2 10 193.2/205  27.8 72.2

NoTES Models are abbreviated tosPEC syntax: WA, PO and DISKBB as before B—blackbody continuum. Model fitted with a céobr hof
DISKBB component? External absorption column¢?! atoms cm—2), ® Pophoton index¢ Ponormalisation {0~3 photon cm=2 s~! keV~1

at 1 keV),? inner disc temperature (keV9.DISkBB normalisation as before (((Rkm)/(D/10 kpc)$ cos ©), f fraction of the total flux (0.3—10 keV)
in thePo component? fraction of the total flux (0.3—10 keV) in theisSkeB component? blackbody temperature (keV) blackbody normalisation,
(1075 L3g/D?,; where Lsg—source luminosity in03° erg s—*, Dig—source distance in 10 kpg).Fraction of the total flux (0.3-10 keV) in the
BB component® Unconstrained at the 90 per cent confidence level. In the tbases in the central portion of the table where no fit is sheven
x2-minimisation always found the minimum describing the IMBtédel. Statistically acceptable fits are highlighted irdb@NB. In cases where the
spectral fitting was not performed over the 0.3-10 keV enesigge, we created a dummy response matrixsrec(see Sec. 4.5), to determine the
fraction of the total flux in each spectral component over-0@BkeV, consistent with the other datasets).
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ing to the F-test). However, these were the clearest-cugscasf
the ambiguous spectra, three out of six showed evidencaifeac
ture. This was marginal in the case of M83 ULX Qo level), but
more significant for NGC 4559 X-1 and NGC 5204 X-% @o),
with the latter case having an unacceptable power-law fistNfe
terestingly, though, one of the IMBH-fit sources (NGC 1313 )X-
shows evidence for curvature (30 improvement), whilst Ho 11 X-
1 also shows a significant break ¢lo improvement). In total 8/13
sources show at least marginal evidence for curvature &hitie
energy end of theiKMM-Newton spectrum. This is strongly sug-
gestive that the majority of sources ax@ dominated by a power-
law continuum at these energies, such as one might expeeeto s
if the X-ray emission arises from the optically thin, hot@oa as-
sumed in the IMBH model.

4.3 Dual thermal modds

In the above analysis we determine that there is (at leaginsdy
evidence of curvature above 2 keV in the majority of our sesyc
arguing that a power-law continuum is not an adequate qeswTi

of this emission, while the hotter accretion disc preserthal-
ternate model may be more appropriate. The situation bellosv/2

is less clear cut. Though the alternate model uses a powesda-
tinuum to describe the soft component, this is modified toeapp
curved by absorption. As this power-law emission is difficalun-
derstand physically we have therefore explored a new vaiaif

the alternate model in which the soft component is alsarisically
curved (.e, it does not rely solely on absorption to produce the ob-
served curvature). In this model we fitted a cool blackbodB)(B
continuum to the soft component, and a MCD to the hard compo-
nent. The physical motivation for the soft component comemf
the suggestion that optically-thick outflowing winds frorhi8ac-
creting at or above the Eddington limit could explain ulbisom-
ponents in ULXs|(King & Poundls 2003). Such winds would appear
as BB continua with temperatures©0.1-0.3 keV. One might then
observe emission from both the accretion disc and the wivghgi

a favourable accretion disc geometry and viewing angle (gK
priv. comm.¥.

The results of applying this new model to the data are shown
in Table[®. It proved to be the most successful empirical rilesc
tion of the data, providing statistically acceptable fitd@out of
the 13 sources, with 0.15 ke¥ kT < 0.3 keV and 0.8 keV
< kTin < 2.2 keV (excluding NGC 3628 X-1 for which the
temperatures are much higher than shown in the other squrces
i.e, kT'~0.6 keV andkTin~4.3 keV). This model provided the
only acceptable empirical fit to the ULX in NGC 55, and all sm-a
biguous sources are adequately described by this modealGly;
this is also true for both IMBH sources (though it does previd
notably worse fit than the IMBH model for M 81 X-9), and for one
of the two non-standard model sources (NGC 2403 X-1). Howeve
this model could not provide statistically acceptable Gitse other
non-standard source (M 33 X-8) or to the final two ULXs (Ho Il X-
1 & NGC 4395 X-1, which also do not fit well with the power-law
+ MCD combination).

5 Miller et all (2004a) argue that cool, optically-thick ootfls cannot ex-
plain the soft excess in ULXs as it would be impossible to faowerful
enough shocks to produce a luminous non-thermal power-avirtum
component in such systems. If the hard component is not ardawebut
instead originates directly from the accretion disc, thenrequirement for
shocks to be present is removed and their argument is cirented.
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Figure 2. EPIC pn count rate spectra aidy residuals for theEKAL + PO
model fit to NGC 4395 X-1. Also shown are the individual additmodel
components: solid ling~o, dotted linemEKAL .

4.4 WhydoHoll X-1and NGC 4395 X-1 not conform?

As shown in the previous sections, statistically acceptditd for
Ho Il X-1 and NGC 4395 X-1 cannot be found using the chosen
two-component models. Interestingly, these are two of tfest
sources in the sample which means that their X-ray spectreehr
atively dominated by 1 keV emission, where it is most sensitive
to absorption characteristics (cf. FI3. 1). The analysiafRGS
spectrum of Ho Il X-1 by Goad et al. (2006) revealed that its X-
ray emission is subject to absorption by a medium with a sldxs
oxygen abundance. The mis-modelling of absorption, in éoazb
tion with the exceptionally high signal to noise EPIC spewctrof

Ho 1l X-1, may be responsible for the lack of a good fit to this
ULX in our analysis. However, even after correcting for tlubs
solar abundance absorption acting on Ho 1l X-1, Goad et D€¢?
still did not find acceptable fits using the canonical povesv-h
MCD model. Instead, a statistically acceptable solutiathéospec-
trum was found through using a more physical model, namaly th
DISKPN + coMPTTcombination. We explore the utility of a similar
model in describing our whole dataset in the next section.

In the case of NGC 4395 X-1, a further inspection of the resid-
uals to a simple power-law fit does suggest some structutablyo
including a smooth ‘hump’ at-1 keV, which is unlike the fea-
tureless X-ray spectra of the other ULXs. Therefore we tadi
including aMEKAL component (nominally representing the emis-
sion spectrum from hot, collisionally-ionised gas) in diddi to a
power-law continuum to model this spectrum. The result @sh
in Table[®. This model does indeed provide the best (and s¢atigs
tically accceptable) fit to NGC 4395 X-1 with?/dof = 397.5/366.
The model fitted to the pn count rate spectrum is shown ilkias 2
well as the individual additive model components. From figigre,
one can clearly see how tlvekAL component effectively models
the emission hump at 1 keV. Using a fixed solar-abundance ab-
sorber, we find the temperature of thekAL component is~0.75
keV, while the photon index is quite steeplat- 4.

MEKAL components have been reported in the spectral fits of a
small number of ULXs. In fact, two other ULXs within this salap
have been described thus in previous analyses, namely He Il X
1 based on joinROSAT - ASCA fits (Miyaii. Lehmann & Hasinger
2001), and NGC 4559 X-1 based on one of t@bandra obser-
vations [(Roberts et Al. 2004). We have investigated whetheh
MEKAL + power-law models can be applied to the current data for
these sources, and show the results in Table 8. This modghia a

(© 2004 RAS, MNRASO00, THIH



Table 6. Power-law spectral fits (2—10 keV)

XMM-Newton observations of the brightest ULXs

WA* WA* PO re Ap? x2/dof
NGC 55 ULX 3.58°0:05  3.57£0.25 459.3/326
M33 X-8 2.50£0.04 8.9070%  663.1/548
NGC1313X-1  1.7000% 0.44fgfgf; 263.7/259
0.12 0.04
NGC1313X-2 219012  027700F 60270
NGC2403X-1 26355 08270052  467.3/340
Ho Il X-1 2.61£0.03 2.65£0.10 805.7/824
M81 X-9 1.78£0.05 1.59£0.10 360.4/355
NGC3628X-1 150000 0.10+0.01 21957211
NGC4395X-1 448071  0.12£0.04 33128
NGC 4559 X-1 22809 0247052 171.3/155
NGC 4861 ULX 2.5@:0.38 0.0970 09  12.3/8
NGC5204 X-1 ~ 1.820.09 0.29"0-0%  160.8/133
M83 ULX 267702 0.1740.05  455/39

NOTES Models are abbreviated txSPEC syntax: PO
as before. @ po photon index, ® Po normalisation
(1072 photonecm~2s~ 1 keV~! at 1 keV). Statistically
acceptable fits are highlighted in bold.

Table 7. Broken power-law spectral fits (2—-10 keV)

WA* WA* BKNPO r,e Ebreak? I'¢ Agp? x2/dof  Ax2¢  1-P(F-testf
NGC 55 ULX 3.08:0.11  3.90"0379 534705 2.32702% 3410324 1183 >99.9
M33 X-8 217£0.09 3.9402% 3320017 6.07703 5161546  147.0 >99.9
NGC1313X-1 158000  4.937)37 216058 0377005 2509257 129 99.8
NGC 1313 X-2 - - - - - - -
NGC2403X-1 207079 4.007077 4.05703% 0.49:0.05 3254/338 141.9 >99.9
Ho Il X-1 2.55£0.04 531030  3.08702 250707, 7861822  19.6 >99.9
M81 X-9 - - - - - - -
NGC 3628 X-1 - - - - - - -
NGC4395X-1  2.7733F 2457093 4927077 <0.09 30.0/26 3.1 72.1
NGC4559 X-1 207075 477705  3.14'0%  0.20:0.03 1577153 136 99.8
NGC 4861 ULX - - - - - - -
NGC 5204 X-1  1.68012  4.92704%  2.9970-% 0237003 1383131 225 >99.9
M83 ULX <179 24103 3217090 <0.08 37.5/37 8.0 97.2

NOTES Models are abbreviated t&sPEC syntaxBkNPO-broken power-law model* Photon index below the
break energy? break point for the energy (keVY¥, photon index above the break enerfyskNPO normalisation
(10~3 photon cm~2 s~ keV—! at 1 keV),¢ x2improvement over a singleo fit, for two extra degrees of free-
dom,/ statistical probability (per cent) of the fitimprovemeneow singlerofit. We only show the results where we
could constrain fits that showed the requisite behavioeiTy > I"y and E},,..) cOnstrained in the 2-10 keV range..
Statistically acceptable fits are highlighted in bold.

Table 8. MEKAL + power-law spectral fits

WA* WA*( MEKAL +P0O) Ny @ kT® AmE rd Ap® x2/dof fxpo!  fxy?
Ho Il X-1 1.42£0.04 0.66:0.03 157385 267:0.02 29@:005 1463.9/1312  96.7 3.3
NGC 4395 X-1 173013 0.75:0.04 132015 38870 538017 3975366 844 156
NGC 4559 X-1 126010 025£0.02 723159 2.25700°  0.24£0.01  612.1/597 92.8 7.2

NoOTES Models are abbreviated tosPECsyntax:wA andPo as beforeMEKAL —thermal plasma modet. External absorption column
(102! atoms cm~2), ® plasma temperature (keV),MEKAL normalisation (0~ /(4x[D(1 + 2)]?)) [ nenudV, where D is the
distance to the source (cmj, is the electron density (cr?), ny is the hydrogen density (cr?)), ¢ po photon index¢ Po normal-
isation (10—% photon cm~2 s—! keV~1 at 1 keV), fraction of the total flux (0.3—10 keV) in theo component? fraction of the
total flux (0.3—10 keV) in themEKAL component. Statistically acceptable fits are highlightetdald. (NB For Ho Il X-1 we created a
dummy response matrix over the 0.3—10 keV energy range téordime the fractional flux in each spectral component (s2e45)).

(© 2004 RAS, MNRASD00, THIB
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rejected for Ho Il X-1, though it is notable that the qualifitioe fit

is very close to that of the best empirical description ofgbarce
(cool MCD plus power-law). In this case the temperature ef th
MEKAL is again relatively high at- 0.66 keV, but the contribu-
tion of this component is minimak{ 3 per cent of the 0.3-10 keV
flux)®. This is both far hotter and far fainter than the0.3 keV

as the internal mechanisms, and it provides the dominanieinfie

on the spectral shape. The source geometry assumed issgittesr

ical or a disc-corona (slab) geometry. Low energy (UV or Yjra
thermal photons from the accretion disc are assumed to be emi
ted uniformly inside the source region for the spherical elteand
enter from the base of the corona in the slab geometry. We take

thermal plasma that composed 20 - 30 per cent of the 0.5-2 keV the seed photons to have an accretion disc spectrum ashdsbcri

emission modelled by Miyaiji et Al. (2001). On the other hahd,
temperature of the best-fittingekAL to NGC 4559 X-1 is lower,
at~ 0.25 keV, but it does constitute part of a statisticallyegtable
fit to the data. This temperature is similar to th@.18 keV plasma
inferred byl Roberts et Al. (2004). We note that this lattsultgust

adds to the spectral ambiguity already seen in the casesdfithX.

Finally, if NGC 4395 X-1 really does possess an X-ray line-

emitting component, what is its physical origin? Severahslhave

with the biskPN model ofi Gierlinski et al.|(1999), with the inner
edge of the disc &G M /c?. This model assumes a proper general
relativistic potential and has a characteristic tempeegtdi,,. To
allow for a patchy Compton corona, we add a secorskPN com-
ponent to the model, with the temperature coupled to thahef t
EQPAIRSeed photons.

This model ultimately proved the best description of the ULX
spectra in our sample, with statistically acceptable fitd 1613

been put forward to explain such a component in the spectrum datasets, all with similar or improved goodness of fits campdo

of an ULX.|Miyaji et all [2001) suggest the presence of a young
supernova remnant coincident with Ho Il X-1, a theme expende
on bylFeng & Kaarkt (2005). Indeed, these authors indepdigden
confirm the presence of theekAL component in the spectrum of
NGC 4395 X-1, and find two further ULXs with similar charaeter
istics. Alternately, as Roberts ef al. (2004) find thex AL compo-
nent in NGC 4559 X-1 to switch on between t@bandra obser-
vations separated by 5 months, they suggest that the plasma may
originate in the collision of a jet or outflow from the ULX with

the best empirical modelling, for only one extra degree @édiom.
Only Ho Il X-1 and NGC 4395 X-1 were rejected:at95 per cent
confidence (see TaH[g 9), although in the case of Ho Il X-1dsdo
provide clearly the best fit of all that were attempted to théad
and is only marginally rejected®.; =~ 97.7 per cent). Again the
fit to NGC 4395 X-1 is poor, for reasons explained in the presio
section.

The fits provide a uniformly low measurement of the disc tem-
perature across the sample, in the range G 0FTmax < 0.29.

a denser medium in the close proximity of the system. A second Taken in isolation, this might be interpreted as strong supfor

alternative is offered by Terashima & Wilsdn (2D004), who et
that emission lines in the spectrum of an ULX in M51 may orig-
inate from a photoionised stellar wind, similar to what igrsén
some high-mass X-ray binaries in our own Galaxy. A final point
interest is that a broagt 1 keV feature, similar to that driving the
MEKAL fitin NGC 4395 X-1, has recently been seen in XiMM-
Newton spectrum of GRS 1915+105 ly Martocchia €t al. (2005)
(although see their paper for caveats). One intriguing ipiig

is that this feature could originate in a disc wind. ClearlyX$
possessingIEKAL components in their spectra are an interesting
subject in their own right, and should be the subject of fiatten-
tion.

4.5 Physical models

The success of theomMPTT model in describing the spectra of
some ULXs (e.g._Miller et al. 2008, Goad eflal. 2006) shows tha
a Comptonised spectrum is in principle another viable adtive.
The coMPTT model however, is not fully self-consisteaq., it
allows spectra to have temperatures higher than expectem wh
Compton cooling is taken into account. We therefore attechpd

fit a more physical model to the ULX spectra, namely HgPAIR
model [Coppl 1999), which allows thermal and non thermat-ele
tron distributions. In our modelling, we assume a purelyrrirad
electron distribution, the temperature of which is compuself-
consistently by balancing heating and cooling (the latfextuich

is mainly due to Compton cooling). A key parameter of this elod
is the ratiol,/ls, wherel, andls represent the compactness of the
electrons and the compactness of the seed photon disbibret
spectively. This ratio depends on the geometry of the scasaeell

6 The contribution of thevEKAL is so small that its parameterisation is
relatively insensitive to changes in metallicity. For exden setting a low
abundance (as found hy_Mivaii efl al. 2D01) leaves the tenyreraf the
MEKAL unchanged at- 0.66 keV.

the presence of IMBHSs in ULXs. However, many of the fits show a
second remakable characteristic, which is that the optiepth of
the coronae appear to be very high, ranging from 8 for Ho Il

X-1 up to depths well in excess of 30 (NGC 55 ULX, NGC 2403 X-
1)7. Importantly, this result gives a physical explanationtfa cur-
vature noted to be present in the spectra in previous secfidis
second characteristic appears irreconcilable with th@mssump-
tion behind the IMBH model, which is that they operate as $&mp
scaled-up BHBs (see also Goad et al. 2006), as such sougpies ty
cally do not possess very optically-thick coronae. Thisiltamust
therefore strongly challenge the IMBH interpretation foe hine
ULXs (including Ho 1l X-1) well-described by this model. Hew
ever, three ULXs - NGC 1313 X-1, M81 X-9 and (possibly) NGC
3628 X-1 - may still possess optically-thin coronae, andushs
remain viable IMBH candidates.

As this spectral model provides at least the same goodness of
fit as the empirical models in all but one case, we used thesmfit
determine the observed X-ray flux. Due to uncertainties énldk
energy spectrum of some ULXs, the spectral fitting was i&stli
to 0.5-10 keV (and in the case of Ho Il X-1 the pn data was re-
stricted to 0.7-10 keV) instead of the 0.3-10 keV range atbpt
for the other sources. Therefore to determine the absorbes X
flux of each ULX over the same energy range, we created a dummy
response matrix irxSPEC over the 0.3-10 keV energy range for
those cases with calibration uncertainties. This dummpaese
temporarily supersedes the response matrix used in th&akfie
ting of those sources, allowing us to examine the behavibthieo
DISKPN+EQPAIR model over this energy range. The three EPIC
cameras are consistent to within 20 per cent in 12/13 cdseg-t
fore we derived an absorbed flux (0.3-10 keV) for each of these
ULXs based on an average of the three measurements. We con-

7 Indeed, the optical depth for four sources hit the artificiaper limit of
7 = 100 during spectral fitting, therefore we quote values dswer limit’
in these cases.
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Table 9. DISKPN+EQPAIRspectral fits

13

WA* WA*( DISKPN+EQPAIR) Ny @ kT max? Ap¢ In/ls® e Arf x2/dof
NGC 55 ULX 212017 0.24£0.01 137050 454190 >372 0961307 889.3/827
M33 X-8 1.0370:9%  0.087951  <437x10710 3227008 187°0¢  1083721%%° 1188011112
0.21 +0.03 2.48 +0.4 8.72
NGC 1313 X-1 20905,  0.2L7000 <0.44 222758 0.2707 9.99"572 658.7/672
NGC 1313 X-2 14402 0.26t007 <027 18370%  92t%T 0721350 254.1/254
NGC 2403 X-1 253058 027508 0.11") 2% 4507785 >333 03673 8317848
Ho Il X-1 1117005 0.2070 07 2.017%7 1.01+0.03 8598 267753 1414.8/1311
M81 X-9 190011 0.2370:01 < 2.08 325299 0503 1897162 873886l
NGC 3628 X-1 428035 0.07750° 1677972 26.973%° <74 4787210 424.9/403
0.12 0.08 0.34 0.03
NGC 4395 X-1 10@8‘9? 0.2&8.811 0.151%%; 5.97%%{ > 30544 o.osf?% 467.0/365
NGC 4559 X-1 1.970 05 0167000 221327 2.23t020 13.9t3% 412009 577.5/59
NGC 4861 ULX 1.09055  0.24+0.06 0.06"052 53075%  >158  0.06750% 78.7/71
NGC 5204 X-1 0.240.08 0.29")02 0.0970 02 4327057 26375700 025109 505.8/526
M83 ULX 0.65703%  0.237007 0.057) ) 1967052 >158 032757 193.2/204

—0.33 —0.07

—0.04

—0.19

NoOTES Models are abbreviated txXsPEC syntax: WA as before, DISKkPN-accretion disc model EQPAIR-Comptonisation model,
o External absorption column1(?! atoms cm—2), ® maximum temperature in the accretion disc (keV),DISkPN normalisation
(10~3(M?2 cos(i))/(D? 3*); where M—central mass\W{), D—distance to the source (kpc), i—inclination angle @f dlisc, 3—colour/effective
temperature ratio¥! ratio between the compactness of the electrons and the comega of the seed photon distributiémpptical depth/ Eq-
PAIR normalisation (corresponding to the disc componeat)(f. M2 cos(i))/(D?3*), wheref- is the covering factor. Statistically acceptable

fits are highlighted in bold.

verted these fluxes to an observed X-ray luminosity for eachce
in the 0.3-10 keV band (assuming the appropriate distanu#) a
tabulate the results in TadlE 1

5 A COMMENT ON THE RELATIONSHIP BETWEEN
X-RAY LUMINOSITY AND INNER-DISC
TEMPERATURE IN ULXS.

Perhaps the most visually striking evidence for ULXs canitaj
IMBHs was presented by _Miller, Fabian, & Miller (2004b) (the
Figures 1 & 2). These authors selected a sample of ULXs wilh pu
lished estimates of £ > 10%° erg s™!, that require a soft excess
component (at least at tir confidence level) in the low energy
part of a two component X-ray spectrum. They then compared th
inferred disc temperatures (taken from the soft comporsemt)un-
absorbed luminosities (0.5-10 keV) of their ULXs to thoseaof
number of Galactic BHBs, and found that these ULXs and stella
mass BHBs occupy distinct regions of & & kT diagram. More
specifically, the ULXs are more luminous but have coolerriar
disc components than standard stellar-mass BHBs, confsigitn
the ULXs harbouring IMBHSs.

Following on from this work, we have reproduce¢t & kT’
diagrams, based on the inferred unabsorbed 0.5-10 keV Xiray
minosities for ULXs in this sample (Fifl 3). However, we désth
for two cases: (i) disc temperatures measured from the IM&ial(
disc + hard power-law) fits; and (ii) disc temperatures takem
the dual thermal (cool blackbody + warm disc) fits. In bothesas
we only show sources where the spectral fits are statigtieaH
ceptable, and the fit parameters are well constrained. Forah-

8 Although the power-law MEKAL spectral model statistically provided
the best fit to NGC 4395 X-1, the measured source flux derivemah this
model and thediskPN+EQPAIRMOdel were in close agreement. For con-
sistency, we quote the value from theskPN+EQPAIRmModel. However, as
the ULX lay on a hot column in the pn data we simply use the et
the two MOS flux measurements to estimate its luminosity.

(© 2004 RAS, MNRASD00, THIB

son, we excluded the values from the IMBH fit to M83 ULX, as the
disc temperature is unconstrained in this case. AdditignsiGC
3628 X-1 does not appear on either plot as its unusual disgern
tures place it outside the range displayed in both caseacin@ase
the luminosity was derived from an average of the unabsdilbzd
(0.5-10 keV) from each detector. The errors on the disc teatpe
are 90 per cent confidence errors, likewise the luminosityrsiare
based on the 90 per cent confidence errors in the average re@¢asu
flux, as calculated byxspPec Finally, we illustrate the regions of
parameter space occupied by the BHBs and ULXs_ in _Miller et al.
(2004Db) by ellipses, with the ellipse representing IMBHhdidate
ULXs at the upper-left.

The two Lx — kT diagrams in Fid13 tell very different stories.
As would be expected, our IMBH model results reproduce tlobse
Miller et all (2004b),.e., the ULXs occupy a very different region
of parameter space to the stellar-mass BHBs, consistemiavger
black holes and hence more luminous, cooler accretion.dins-
ever, the dual thermal model disc temperatures suggestemnal
tive interpretation. In this case, the ULXs appear to be eadjihigh
luminosity extension of the BHB class, and follow thg bk 7
trend one would expect from standard accretion discs. @isiyo
one cannot conclude which is the correct interpretatiorhenbia-
sis of these plots. However, it does demonstrate very gie¢halt
it is the choice of empirical model used to determine the atwar
teristics of ULX spectra that governs whether one conclutias
some ULXs contain IMBHs, or whether they are more similar to
stellar-mass BHBs.

6 DISCUSSION

In this work we have analysed the X-ray spectra of a small gamp
of 13 ULXs, that constituted the highest quality (i.e. mdsoton-
rich) datasets in thXMM-Newton data holdings as of December
2004. We demonstrate that the superior collecting ared\i-
Newton over its rivals leads to better spectral definition, priryari
through the rejection of simple single-component specimadiels
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Figure 3. Unabsorbed X-ray luminosity (0.5-10 keV) plotted agairst a
cretion disc temperatures inferred from the X-ray spedital (as per
Miller et all 12004b). The ellipses represent the regionsupies by ULXs
(small ellipse) and Galactic BHCs (large ellipse) preserniteFigure 2 of
Miller et all (20040). The values of the data points dispthaye these fig-
ures are derived from the IMBH spectral fitog panel) or the dual ther-
mal model fits pottom panel), for sources with statistically acceptable and
well constrained fits for that model. @FE: IMBH data points neglect M83
ULX, which has an unconstrained temperature, and NGC 3628n%ich
has a lower temperature than the other soure&9[eV]; dual thermal data
points also neglect NGC 3628 X-1 which has a much higher teatype
than the other sources-§i keV])

(power-law, MCD) that have adequately described previpes-s
tra of many of these ULXs. However, we are still photon-liit

in many of these spectra, to the extent that in six cases werare
able to tell whether a combination of a MCD plus a power-law
uniquely fits the data with the MCD component at the low or the
high energy end of the X-ray spectrum. In each of these sixgumb

ous spectra, we accumulated no more thah8000 EPIC counts
(pn and MOS combined). In each spectrum that we resolved this
simple ambiguity, or excluded both cases as unacceptab)evt
had> 20000 EPIC counts (excluding NGC 4395 X-1, as this had
both an atypical spectrum and an underestimated pn coentluat

to its location on a hot column). Even then, the introductéra
model composed of two thermal components adds an extradayer
ambiguity to many of the datasets. This suggests that onéresqg
very photon-rich datasets to make progress in descriptiygrecal
XMM-Newton ULX spectroscopy, equivalent to at least 100-ks of
flare-free data for a 0.2ount s~' on-axis ULX observed by the
EPIC cameras, and spectral results from poorer qualitystatald

be regarded with caution.

Issues of spectral ambiguity aside, perhaps our most Bitere
ing result is the probable detection of curvature in the tggkrgy
part of theXMM-Newton EPIC spectrum in more than half of the
sample. Though this has previously been detected in ingid
ULXs (Stobbart et al._ 2004; Foschini ef al. 2004), or as mitgor
populations in ULX sample$_(Feng & Kaalret 2005), this is thet fi
suggestion that the majority of ULXs, across the whole raoige
ULX luminosity, might appear thus. Indeed, we demonstrhgd t
the most successful empirical modelling of our sample isexeld
using a model in which the high-energy portion of the speutisi
described by the MCD model, with a soft excess modelled asla co
blackbody emitter.

This obviously adds to the challenges in modelling ULXs as
IMBHSs. Indeed, though 8/13 ULXs present acceptable fits & th
simple IMBH model of a cool disc plus a hard power-law contin-
uum, we are again faced with the problem noted by Roberts et al
(2005). Namely we detect a very dominant power-law &0 per
cent of the observed 0.3-10 keV flux) that appears too haratiat
should be a HS (or perhaps VH) source, if we are to believe that
the inner-disc temperature can provide an estimate of thenBkb
(1.6 < T" < 2.5 for the IMBH candidates in our sample, compared
to approximately2.1 < T' < 4.8 for the HS, and™ > 2.5 for the
VH state { McClintock & Remillard 2003). Curvature above 3/ke
compounds these problems further, as the IMBH model assumes
that whilst the bigger black hole results in a cooler acoretlisc,
the corona remains similar to that observed in Galactic BHBs
optically-thin and hence modelled with a power-law. In fabere
is no reason to suppose that increasing the mass of the BHdshou
alter the state of the corona - timing measurements at |ppsta
to scale linearly with BH mass for given spectral states,lying
the properties of the states themselves are invariant wétbsnicf.
Done & Gierlinskil 2005). But the detection of curvature ifep
that either the state of the coronae is changing as the BHiexo
more massive, or a different physical process is respangiblthe
emission above 2 keV.

The dual thermal model uses a MCD to model this curvature,
with inner disc temperatures in the range 1.1-2.2 keV. AdFig
shows, this provides a natural explanation of ULXs as a g}
tension of the behaviour of Galactic BHBs, with more lumisou
and slightly hotter discs. In this case, assuming one capeskc
the Eddington limit, there is no obvious requirement for INI8
However, even this simple empirical model has limitatiofts;
instance, in order to see both the inner regions of the aooret
disc and an optically-thick outflow simultaneously, oneuiees
a very specific geometry and viewing angle. One may therefore
have to consider further explanations for the origin of th# ex-
cess component; we note that one interesting suggestianhas
recently been found to work in some AGN X-ray spectra, is that
the soft excess could arise in relativistically-blurrednaic fea-
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tures found in the reflection spectrum of a photoionised ezt
disc [Crummy et &l. 2006). A further concern for this modethist
similar spectral shapes have not been commonly found indBela
BHBs, with the exception of slight soft excesses (modellgde
extension of the power-law component below the MCD) seehén t
spectra in LMC X-1 and LMC X-3 (Haardt etlal. 2001). One expla-
nation could be that soft excesses, below the MCD compoment i
Galactic BHB spectra, are not seen due to a combination &f hig
absorption columns and lack of detector sensitivity at lowa)
energies. However, the columns to a significant minority bitB
are not much in excess of the 10! cm~2 columns inferred for
our ULXs (McClintock & Remillartl 2003), and many have now
been observed b)XMM-Newton and Chandra without such soft
excesses being reported. Perhaps this is simply tellingatshis
spectral shape is unique to the very high accretion ratesrest)if
ULXs contain stellar-mass BHs.

The model that did best in terms of providing acceptable fits
to the data was also the only physically self-consistentehac
used in the analysis, namely tbeskPN+EQPAIR spectral model.
The best fits provided by this model show, without exceptthat
the accretion disc photons seeding the corona are coolctihfay
are cool enough, at 0.3 keV, to be consistent with the accretion
disc around an IMBH. However, this model also provides a phys
ical explanation for the curvature above 2 keV: unlike inveam
tional BHBs, it originates in an optically-thick corona. i§ltom-
bination of a cool disc and optically-thick corona has alsebeen
observed in Ho Il X-1]_ Goad et al. (2006) note the cosmetid-sim
larities between this spectral model and the mod¢l of Zhaag e
(2000) of a three-layered atmospheric structure in theegicer
discs around BHBs. More specifically, their model includesam
layer (kT'~1-1.5 keV,7~10) between the cool optically-thick ac-
cretion disc £7T~0.2-0.5 keV) and the hot optically-thin corona
(kT ~100 keV,7~1) of BHBs, which is responsible for the dom-
inant component below10 keV (see also_Nayakshin & Melia
1997 [ Misra et dl. 1998). The warm layer appears relativigiple
and hence unconnected to the hot corona, which can be highly d
namic and even disappear completely (Misra =t al. 11998)hik t
picture, the cool disc seeds the warm optically thick scige
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fractional variability (in excess of counting noise) lieitto< 10

per cent in all casés

Recently a second, very plausible explanation for our
physically self-consistent spectral modelling has comdight.
Done & Kuboth [(2005) describe spectral modelling of the Gala
tic BHB XTE J1550-564 in its high-luminosity VH state, usiag
model in which the energetics of the inner regions of theetemn
disc are coupled to a surrounding corona. This results inodeco
apparent disc temperature, as the corona drains energytfrem
inner disc, and an optically-thick corona, that are both pathe
accretion flowl_Done & Kubaota (2005) note that this may previd
an explanation for the low disc temperatures observed in $Jhot
reliant upon the presence of an IMBH. As we also provide exide
that the corona itself is indeed optically-thick in suchrees, this
model must constitute a very serious physical alternativBHs
for the majority of ULXs. However, even here there are caseat
for instance_Feng & Kaalet (2005) note that optically-thatio-
nae should show deep Fe K absorption edges, unless theiagcret
material has a very low metallicity. We do not detect suchuies
in our analysis.

Our empirical spectral fitting has posed new challenges for
the IMBH model fits to ULX spectra, and our physical mod-
elling describes scenarios in which the bulk of ULXs could
be stellar-mass BHs accreting at around the Eddington .limit
This is perhaps not surprising, as many strands of recent ev-
idence have pointed away from an IMBH model for most
ULXs. In fact, excepting the somewhat unique case for M82
X-1 as an IMBH, possibly formed in the dense MGG-11 clus-
ter or captured as the nucleus of an accreted dwarf galaxy
(e.g.LStrohmayer & Mushotzky 2003; Portegies Zwart =t a@i420
King & Dehnenl 2005 Mucciarelli et al. 2006), and the coolcdis
detections (shown to be somewhat ambiguous in this paper), o
servational results have tended to argue in the oppositeséor
example, the probable breaking of the Eddington limit saen i
some - perhaps most (ske_Jonker & Neleirians|2004) - Galactic
BHBs, and especially GRS 1915+105, argues that we cannot ex-
clude stellar-mass BHs from producing ULXs on this triviakis
(McClintock & Remillardl 2003). Also, the shape of the unisalr
X-ray Luminosity Function (XLF) for high-mass X-ray binas,
derived byl Grimm et al.L (2003), is somewhat puzzling if IMBHs

medium, and as such may explain both components seen in ourconstitute a significant part of the ULX population. In pautar,

modelling.

why does the XLF appear to cut-off at 2 x 10" ergs™'?'°
Surely no such cut-off would be present~f 1000-Mc IMBHs
constitute a large fraction of the ULX population (we aretaiely

This model has been successful in describing the X-ray spec- unaware of any other source population that cuts off d.1 Ed-

trum of GRS 1915+105_(Zhang etl al. 2D00), and.so_Goad et al.

(2006) speculate that this modelling, combined with an uppet

on the mass of the BH in Ho Il X-1 of 100-Mg derived from
timing properties, implies that Ho 1l X-1 behaves in an agals
manner to GRS 1915+105 in ifsclass. We speculate, by exten-
sion, that many of the ULXs in our sample that are well fitted by
this spectral model could also be GRS 1915+105 analogwes, i.
stellar-mass BHs accreting at around and in excess of thang:dd
ton limit. We note that if individual BHs with mass up to 8@,
can form from stellar processes as suggested by Belczyhaki e
(2004), and these larger stellar-mass BHs exist in ULXs; the
factors by which the Eddington limit are exceeded need nizrige

for even the brighter ULXs (factors: 2 — 3 only). One piece of
additional, encouraging evidence in this respect is thatilaly

to Ho Il X-1 and GRS 1915+105 in its analogoysclass of be-
haviour, the light curves of the ULXs in this sample showditir

no intrinsic variability on timescales of minutes to housth the

(© 2004 RAS, MNRASD00, THIB

dington rate). We therefore conclude that, on current edgit is
unlikely that accreting IMBHs constitute a large propantiof the
total ULX population.

7 CONCLUSIONS

We have conducted a detailed examination of the X-ray salectr
shapes in a sample of the highest quaXiyM-Newton EPIC ULX

9 Excepting the NGC 55 ULX, which shows prominent dips inXtéM-
Newton light curve (Stobbart et Ell. 2004).

10" A near identical cut-off is found from a large sample of ULXsdied

by ISwartz et 21.1(2004). Independent support for this ctitomes from
the empiricalLx — star formation rate relationship lof Grimm el al. (2003),
which can only have its linear form above 10M, yr—1 if the cut-off is
real (see alsp.Gilfanov_etlal. 2(0004).
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datasets available to us. Most notably, more than half otihes
show at least marginal evidence for curvature in their 2-@0 k
spectra, which is somewhat unexpected if they are to bepirgtd
as the accreting- 1000-Ms IMBHs suggested by modelling the
soft spectral components as accretion discs. Physical limade
shows that this curvature is likely to originate in optigathick
coronae, which in turn leads to interpretations of the ULiXerms
of high accretion-rate stellar-mass (or slightly largeE)Boperat-
ing at around the Eddington limit. However, while we condulat

it is likely that the general ULX population does not have i@éa
contribution from IMBHs, we obviously cannot rule out thespd
bility that some ULXs do possess IMBHs. Perhaps the besticand
date on the basis of our spectral fitting is M81 X-9, which idl fie
ted by cool disc plus power-law/optically-thin corona misgend
does not show explicit curvature in its 2—10 keV spectrurauti
even this ULX may be fitted using a het (2.2 keV) accretion disc
plus soft excess model. Clearly, it is difficult to find unigs@u-
tions for these sources even with high quaktyiIM-Newton EPIC
data. Ultimately, we may perhaps have to wait for radial e#jo
measurements from the optical counterpart of an ULX, legtiin
dynamical mass measurements of the compact accretoreheéor
have conclusive evidence whether any individual ULX does ha
bour an IMBH.
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