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We explore the nature of ultraluminous X-ray sources thinadetailed investigations of their spectral shape usingesoim

the highest quality data available in tk&M-Newtonpublic archives. Phenomenological models allow us to datarise

their spectra, while more ‘physically-motivated’ modelsable us to explore the physical processes underlying these
characteristics. These physical models imply the presefiegtreme (probably super-Eddington) accretion on tdastel
mass black holes.

(© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction 2 Characterising the spectra of ULXs

For more than 30 years, bright ¢ > 10%%erg s'1), extra- Two main features have been highlighted by previous stud-
galactic, non-nuclear sources have been observed in X-raigs of ULX spectra: a soft excess, modelled by a cool disc
yet the nature of these ultraluminous X-ray sources (ULXgYith a power-law tail, and a break at higher energies. Glad-
is still unknown. Their luminosity precludes the possibilstone, Roberts & Done (2009; GRDO9 hereafter) used some
ity of standard stellar mass black holes (StMBHSs) accretirf the highest quality ULX data 10,000 EPIC counts;
isotropically below the Eddington limit, whilst their loca based on SRWO06) currently available in KkIM-Newton

tion within host galaxies - along with dynamical frictiors ar Science Archive (XSB) (a sample of 12 sources, withy
guments - rules out super-massive black holes (SMBHsy.10° —a few 10° erg ') to see if each of these features
The simplest explanation is that these objects are internme present in the majority of ULX spectra.

diate in both mass and luminosity between the black hole To look for a soft excess, each spectrum was fit with an
categories mentioned above, intermediate mass black hoddssorbed power-law. A disc componentkBB in XSPEG
(IMBH; Colbert & Mushotzky 1999) that are accreting in aMitsuda et al. 1984) was then added to the model And
known state. An alternative is that they are StMBHs that afeund. An improvement4y? > 30) was found in 11 spec-
either exceeding the Eddington limit, by undergoing somtea, an example of which can be seen in Fidure 1(a) (see also
form of super-Eddington accretion (e.g. Begelman 2002), tables 4 & 5 in GRDO09 for results). Seven of the sample
circumventing it via geometric or relativistic beaminggie. showed cool discsk{li, < 0.5 keV), while the remaining
King et al. 2001; Kording, Falcke & Markoff 2002). sample displayed a more standard StMBH temperature.

Simple phenomenological models revealed warm disc- The possible break at higher energies was investigated
like spectra inASCAdata, suggesting possible rapidly spinby comparing power-law and broken power-law fits above
ning (Kerr) StMBHs (Makishima et al. 2000). Increases i keV (see Figurel1(b)). This provided clear evidence for a
spectral quality allowed fitting of two component model§reak in the energy spectrum above 3 keV in 11 of the 12
(multi-coloured disc + power-law), indicating the presencsources$ 98 per cent statistical improvement usifidest
of a soft excess at lower energies, well fit by a cool disc. THee also table 6 of GRD09).
cool disc ¢T3, ~ 0.2 keV) indicated the possible presence A soft excess and a break abowe3 keV appear to
of an IMBH (~ 1000M, Miller et al. 2003). However, be almost ubiquitous in this sample, although their spectra
analysis of higher quality data showed evidence of a spectran be split into two distinct categories using these mod-
break at a few keV (e.g. Stobbart, Roberts & Wilms 200&ls. The first displays a warm disc and a bre&ak;{ >
SRWO06 hereafter), curvature not seen in standard stat®s8 keV; Eycqr ~ 4 keV). On closer inspection it is ev-
Thus the accretion flows in ULXs may not simply be scaleifient that each component is modelling the same spectral
up versions of those seen in Galactic black hole binaries.feature. In this case we find that the power-law contributes
to emission at both higher and lower energies, broadening
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Fig.1 XMM-NewtonEPIC pn data for (a) NGC 5408 X-1, (b) NGC 1313 X-2 and (c) M8BXn each case only pn
data is shown and they have been rebinned for clarity. Disgpoments are plotted in red, power-laws are plotted in green
and the combined model in blue. Plots (a) and (c) demongtrativo types of fit received when combining an absorbed
disc and power-law model. NGC 5408 X-1 (a) h&s,, ~ 0.19 kev,I' ~ 2.7, while M81 X-6 displays a warmer disc
(kT ~ 1.42 kev) withI" ~ 2.6. The first may indicate that the source is in the névaluminous statavhilst the second
spectrum is of a source described by a modified accretion(dextaps in the high, very high state). Plot (b) shows the
clear presence of a break in the energy spectrum above 2 keV.

the disc model (see Figuré 1(c)). This is probably due to thenrealistic. This appears to indicate that the simplifiémh sl
DISKBB providing a poor description of the broader specdisc model is an inadequate description of high quality ULX
trum expected from more realistic disc models (Done &ata. A more complex version of the slim disc (e.g. rela-
Davis 2008; Hui & Krolik 2008). The second category exiivistic slim disc in Sadowski et al. 2010) should instead be
hibits a cool discT;,, < 0.8 keV) and break at higher en-applied to investigate this theory further.

ergies (4< Eurear < 7 keV), that are two distinct spectral

features. This new combination of observational characte§ 2  comptonisation models

istics indicate that these systems are residing in an aooret

state not commonly seen in Galactic X-ray binaries, aln « Comptonisation models have been applied to Galactic black
traluminous staté To explore the nature of this new spec-hole binaries for many years with great success. GRDO9 ap-

tral state, we discuss more physically motivated models. Plied them to their sample as a starting point for further
study. Two separate Comptonisation models were applied

(compTT, Titarchuk 1994EQPAIR, Coppi 1999), each in

3 Testing physically motivated models combination with a disc.
The majority of the GRD09 sample were found to be
3.1 Slim discs parameterised by a cool accretion disc with a cool, opticall

thick corona ¢ 2 6), irrespective of Comptonising model.

The slim disc model suggests that the accretion disc cais is very different from standard black hole states. Only
become so optically thick that energy released in the midources in the very high state (VHS) have parameters that
plane does not have time to diffuse to the photosphere kge even close to those observed for ULXs (low state<
fore being lost over the event horizon (Abramowicz et ap, 1T, ~ 50 keV; VHS -7 ~ 3 andkT, ~ 20 keV), and
1988). This causes the disc to swell, creating a geomefsstems residing in this state are accreting at some of the
rically ‘slim’ disc. The change in disc structure causes Righest known accretion rates. Here we observe greater op-
change in temperature gradient, representedhySome tical depths and lower electron temperatures. This indicat
authors have looked for evidence of this changing disc strugat we may be observing ULX states that are more extreme
ture with ‘p-free (DISKPBB in XSPEG €.g. Watarai et al. than the VHS, and possibly super-Eddington accretion on
2001), searching for a shift from the standard value of to StMBHs. However, we must note that the discs remain
(=~ 0.75), to a value of~ 0.5 (e.g. Vierdayanti et al. 2006). cool, that could also be argued as support to IMBHS.

GRDO09 applied this simplified version of the slim disc  There are intrinsic issues with the accretion structure de-
model to their sample. Initial results, at first glance, apscribed above. The model assumed that an optically thick
peared to be in agreement with the slim disc model, wittorona does not intercept the line of sight to inner regions
p ~ 0.4 —0.6 (see GRDO9 table 7). However, closer inspeof the accretion disc, and that the underlying disc spectrum
tion revealed that while the inner-disc temperatures ofesons independent of the presence of a corona (Kubota & Done
sources range from 1-3 keV, which can be expected fab04). Each assumptionis flawed. An optically thick corona
super-Eddington accretion, 4 of the sample exhibit higheould easily mask the inner regions of the disc, while two
temperatures (6 — 13 keV), temperatures that are physicadigtically thick media in such close proximity requires that
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the energetics of the system must be considered. Both ntares have been noted in some StMBHSs (e.g. Miller 2007)
terial and energy would be removed from the accretion digc SMBHs (e.g. Tanaka et al. 1995). Caballero-Garcia &
in order to launch (and feed) the corona, depleting the a€abian (2010) chose to apply this model to some of the

cretion disc and altering its emission spectrum. highest quality data available in XSA. The authors proposed
that ULX spectra could be explained by an X-ray irradiated
3.3 Energetically coupled disc and corona disc around a rapidly spinning black hole. Here the authors

usedreEFLIONX (Ross & Fabian 2005) in combination with

In order to correct the flawed assumptions outlined abovge Kerr kernekpsLUR (Laor 1991) olKERRCONV (Bren-
GRDO09 appliedkBBFTH (Done & Kubota 2006), incor- neman & Reynolds 2006). The turn over at higher energies
porating the energetic disc-corona coupling model of Svengould be explained by a relativistically-broadened iroreli
son & Zdziarski (1994). Itassumes that, as the accreti@n raghilst an absorbed power-law models the underlying con-
increases, material and energy are fed into the corona. Biyuum, representing the emission source illuminating the
conserving energy, whilst calculating the fractigh) flissi-  disc. This implies that both the soft excess and the high
pated in the corona, this model is able to retrieve details ghergy break are possible signatures of an X-ray irradiated
the underlying disc including its resulting luminosity. accretion disc. The authors also note that no statistical im

Figure[2(eft) shows Ho IX X-1, which clearly demon- provements are found with the addition of a disc compo-
strates that neither spectral feature gives direct inftiona nent, they are therefore unable to comment on the mass of
on the inner-disc temperature. The high energy turn ovette black hole residing within ULXs, or on the implied ac-
is described by the corona, whilst the soft excess providegetion rate of these systems.
the transitional radius (the outermost radius of the corona The results of this study indicate that ULXs fall into two
beyond which the disc is Clearly V|S|b|8) The inner dis@najor groups_Some spectra appear to be dominated by are-
(dashed red line) is not visible to the observer. Figure 8 #fection component, whilst others are in a power-law domi-
GRDO09 shows fits for the entire sample over-plotted witRated state. It is argued that these correspond to two of the
the recovered disc component. The recovered disc spectrigimes discussed in Miniutti & Fabian (2004), in which the
is the spectrum that would be observed if the corona (and Kgight of the primary source of X-rays is varied. This allows

effects) could be removed from the system, as can be sefB observer to see differing amounts of the continuum and
overlaid in three of the Sample in F|glﬁh'|@ht) reflection Components_

If we consider those systems initially characterised by
a warm disc (plus power-law), we find that the recovered R
disc (fromDKBBETH) is very similar to the actual spectrum4  Spectral variability
(see Figurél2ight-i)). These disc-like spectra are similar
in shape to those of Galactic StMBHs residing in the higitecent work attempted the test the findings of Sedfioh 3.3
and very high state (when band-pass is considered; see dW¥tudying a series of reasonable quality spectra of Holm-
figure 9 in Done et al. 2007). This would indicate that the®erd IX X-1 (Vierdayanti et al. 2010aXMM-Newtonand
are possibly residing in the high or VHS. Of the remainingWiftdata (grouped by count rate) were combined to study
spectra, we find they two categories, those with a tempeépectral variations over long timescales, with the souree |
ture that would indicate the presence of a StMBH (see Figlinosity varying by a factor of 3—4. When the data is fit
ure[2fight-i7)), and those with a cool disc more indicativeVith @ combined disc and Comptonising corona model the
of an IMBH (see Figur&l2{ght-iii)). The first group’s pa- results agree with those in Sect{on]3.2, the spectra are well
rameters suggest that we are observing extreme StMBHsPY a cool optically thick corona. By comparing resultant
residing in the ultraluminous state, probably accreting #S the authors note that the temperature of the corona ap-
super-Eddington rates. In the second case, we may be gsared to decrease, with a corresponding increase in bptica
serving IMBHSs, or we may be observing something elsélepth, as the luminosity of the system increased. Pintore &
Theory predicts that a photosphere and wind are key Co%a.mpieri (2010) also report on similar work within these
ponents of super-Eddington accretion (e.g. Begelman et Bfoceedings, results that appear to be in agreement with
2006; Poutanen et al. 2007) and this new spectral strfe predictions of super-Eddington accretion, and thesidea
ture could provide observational evidence for such a phgutlined by GRDO9 (see the authors’ conference proceed-
tosphere. In this case, both mass and energy would be [ for further details). However, the results of Vierdatja
from the system whilst launching the wind. If this is theet al. (2010a) also show further complexity in the spectral
case, these sources are residing ineatremeultralumi-  Variability of these sources, with differences appearing i
nous state. In order to pursue this further, new models dft€ spectral shape of these systems when the same level of

in more detail, more in-depth studies are required into the

spectral variability of these systems with high qualityadat
Another work published this year adds further support

X-ray reflection models have also been proposed as a wayGRDO09, namely a study of the Galactic black hole bi-

to unlock the nature of ULXs, as X-ray reflection signanary GRS 1915+105, which has been observed to accrete at

3.4 Reflection models
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Fig.2 (Lef) XMM-NewtonEPIC pn data from Ho 1X X-1 (plotted in black and rebinned ftarity), fitted with an
absorbed ultraluminous moda@KBBFTH, in blue). Various components of the accretion system desttiby the model
are overlaid. Disc components are shown in red whilst thereis in green. The visible regions of the outer disc and the
optically thick corona are plotted with a solid line, whitbe calculated masked emission from the cooled, enerdjgtica
coupled inner disc is plotted wited a dotted linRight panely XMM-NewtonEPIC-pn X-ray spectra for three ULXs
from GRDO09. The spectra are de-absorbed & unfolded and shewspectrum from each suggested spectral regithe: (
the modified disc (M33 X-8);if) ultraluminous (Ho IX X-1); ¢i7) and extreme ultraluminous (possibly photosphere-
dominated; Ho Il X-1) states. The intrinsic disc spectruecavered when the corona is accounted for, is in red.

super-Eddington rates (given best estimates of mass and gisis methods, such as spectral or temporal variability with
tance). The spectral evolution of this source shows simildnigh quality data. The early results of such studies appear t
ities to that of ULXs, and the findings of Section13.3 (Viersupport the predictions of the energetically coupled digt a
dayanti et al. 2010b). When fitting extreme spectra of thisorona model, but larger studies of such high quality X-ray
source with a disc plus Comptonisation model, the authodsita are required to confirm this.

found evidence of increasing optical depth with increasing

luminosity. This provides strong support for the idea of ex-

treme accretion onto StMBHSs. References
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