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1 INTRODUCTION

ABSTRACT

In this letter, we comment on the robustness of putative ¢dbl~ 0.2 keV) accretion disc
components in the X-ray spectra of the most lumindug ¢ 10*° erg/s) ultra-luminous X-
ray sources (ULXs) in nearby normal galaxies. When comptratiellar-mass black holes,
the low disc temperatures observed in some ULXs may impBrinediate-mass black hole
primaries. Recent work has claimed that such soft excessembkely to be actual disc com-
ponents, based on the lack of variability in these companemtd in the overall source flux.
Other work has proposed that alternative phenomenologiodkls, and complex Comptoni-
sation models, rule-out cool disc components in ULX speétrainspection of the literature
on Galactic stellar-mass black holes and black hole cateiddemonstrates that the flux
behaviours seen in specific ULXs are consistent with phemanodserved in well-known
Galactic X-ray binaries. Applying Comptonisation modessimulated disc blackbody plus
power-law spectra shows that at the sensitivity achievestém the best ULX spectra, Comp-
tonisation fits are highly model-dependent, and do not ywed&hningful constraints on the
accretion flow. In contrast, the need for a soft, thermal comemt does not appear to be
model-dependent. As we have previously noted, soft theooadponents in ULX spectra
may not represent accretion discs, but present alterisativiis interpretation are not robust.
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The nature of ultra-luminous X-ray sources (ULXsx > 2 X ate mass black holes are implied in these sources via Eadingt
10% erg/s) in nearby normal galaxies has been a topic of great in- luminosity scaling, and/or multi-wavelength propertigattargue
terest in theChandra andXMM-Newton era. The apparent luminos-  against beaming, and/or scaling characteristic freqesrfound in
ity of these sources can exceed the isotropic Eddingtort fomia the X-ray flux, and/or scaling apparent inner disc tempeestin

10 M, black hole, leading to the possibility that some ULXs may the X-ray spectra.

harbour intermediate-mass black holg8*(® M). Initially, this

debate was framed in absolute terms, e.g., What is the naittite
ULX phenomenon? Such questions were likely posed in an erro-
neously simple manner. Every new class of sources is so@fediv
into subclasses with further study, and is found to be a bdesd
ignation covering a heterogeneous group of sources. Thehfac
Galactic stellar-mass black holes can appear to be mildbersu
Eddington (see, e.g., McClintock & Remillard 2005) may &gu
that many ULXs are stellar-mass black holes. However, a igigpw
subset (fewer than 10 presently) is emerging that may reptes
class of intermediate mass black holes.

In the case of inner disc temperatures, intermediate mass
black holes may be implied because the temperatures implied
(kT ~ 0.2 keV) are well below the temperatures typically mea-
sured in stellar-mass black holes accreting near their rigdoin
limits (kT ~ 1 — 2 keV), andT « M ~/* for standard black
hole accretion discs (see, e.g., Miller, Fabian, & Miller02).
However, the robustness of these soft components has lkebean
guestioned. It has been suggested that the variabilityepties of
ULXs and the soft components in particular, argue agairsst@at-
ing them with discs (e.g. Dewangan, Griffiths, & Rao 2005; Gea

The lessons learnt from decades of X-ray spectral and timing al. 2005). Other work has suggested that alternative sgjeud-
studies of Galactic stellar-mass black hole binaries aadkbhole els may be more appropriate, and may rule-out the posyilofit
candidates would seem to indicate that a small number of t® m  cool discs and intermediate mass black holes in the moshlousi
luminous ULXs x ~ 10*° erg/s, and above) may harbour black ULXs (e.g. Goad et al. 2005, Roberts et al. 2005). In thiefett
holes of a few hundred or few thousand solar masses (seeCelg. we examine these arguments in detail, in the context of bette
bert & Mushotzky 1999; Strohmayer & Mushotzky 2003; Miller understood Galactic stellar-mass black hole binaries aBN.A
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2 ON DISC TEMPERATURE AND FLUX VARIATIONS

While some broad expectations can be derived from robustehe
ical considerations, the detailed phenomenology of aiceretiscs
and their inner workings are poorly understood at presem. $dich
simple expectation is that disc temperature should directirelate
with disc flux, assuming apparent disc flux is a good proxy ef th
mass accretion rate through the disc. Dewangan, GriffithRa&
(2005) have recently claimed that the cool, soft componerhé
X-ray spectrum of NGC 1313 X-1 may not actually be an accretio
disc because “its blackbody temperature is similar in tixeEM-
Newton observations, despite a change in the observed flu by
factor of about two.” In the absence of a detailed theorktica
derstanding of accretion discs, insight may be gained bsnaxag
the observed behaviour of stellar-mass black holes and biale
candidates. In these systems, both the presence of accdiics
and their manifestation in X-ray spectra are beyond doubigit
mass accretion rates.

The temperatures measured in NGC 1313 X-1 by Dewangan,
Griffiths, & Rao (2005) range between ¥T0.14 — 0.21 keV, de-
pending on the model and spectrum. In fits which apply the same
soft component model to different source flux levels, thesuezd
temperature variations range between 5-20%. The ricladitez on
the behavior of Galactic black holes clearly shows that dmm-
ponents in these better-understood systems can manifastiyex
such behaviour. In the Galactic black hole 4U 1543, Park et
al. (2004) report temperature variations as small as 6% a¥ac-
tor of 2.1 in disc flux (obs. 18 versus obs. 24). In XTE J15564,
Sobczak et al. (2000) report disc temperature variationsnze|
as 4% over a factor of 2.8 in disc flux (obs. 152 versus obs..156)
In GRO J1655-40, Sobczak et al. (1999) show that the disc tem-
perature can differ by as little as 5% over a factor of moreitha
4.0 in disc flux (1996 Oct. 27 versus Nov. 02). In 4U 1632,
Trudolyubov, Borozdin, & Priedhorsky (2001) show that thecd
temperature can vary by as little as 1% across a factor ohac
flux (obs. 3 versus obs. 31). Finally, in XTE J174338, Miller et
al. (2001) report a temperature variation of only 2% acrdsstr
of 5.3 in disc flux (obs. 8 versus obs. 9).

Clearly, based on a comparison with Galactic black holes, th
fact that a temperature—flux relation does not hold at aksimioes
not preclude associating a soft thermal component with areac
tion disc.

3 ON FAST X-RAY VARIABILITY

Goad et al. (2005) claim that the absence of fast variahilitthe
broad-band X-ray flux of Ho Il X-1 argues against the presence
of an intermediate mass black hole, and against the papsibiht
the soft excess in this ULX arises from a cool accretion disis
argument is based on the premise that low fractional vaitials
not observed at low fractional Eddington accretion ratestétiar-
mass black holes and black hole candidates. However, rxikti
erature shows that this is incorrect. Smith et al. (2001prethat
the fractional variability in GRS 1758258 dropped to values con-
sistent with zero, in a low-flux state (approximately 0.D4 4.
for a10 Mg black hole atd = 8.5 kpc) dominated by cool disc
emission. In an observation of 4U 19511 at 0.05Lgq4. (for a
10 Mg black hole add = 7 kpc), Wijnands, Miller, & van der Klis
(2002) report a total fractional variability of only 1.4% ese the
hard component is still 88% of the total flux (see obs. 9).
Clearly, low fractional variability is possible at low flue\-
els in stellar-mass black holes and black hole candidatesndé

that episodes of low fractional variability are not freqtierstellar-
mass black holes and black hole candidates, but they arevedse
and less extreme examples are more common. Thus, low fnattio
variability cannot be used to argue against applying thesssmec-
tral interpretations to ULX spectra that are used in steflass
black holes and black hole candidates.

4 ON PHENOMENOLOGICAL SPECTRAL MODELS

It is common to model the spectra of accretion-powered ssurc
with simple, phenomenological models, usually consistifica
thermal disc component at low energy and a hard (sometimes no
thermal) power-law-like component at high energy. Modélshis
sort reflect the basic expectation that a thermal accrei&n) dnd
hard emission from the inverse Compton scattering of dise ph
tons, should be the dominant sources of emission in acgrelatk
holes. It has been claimed that the roles of these compooantse
flipped in the spectra of some ULXs; that is, the low energysemi
sion might be dominated by a steep power-law component,rand t
hard emission might be dominated by a very hot blackbody @cemp
nent (e.g. Roberts et al. 2005). While such fits may be statlt
permissible in spectra of poor sensitivity, and/or in difgpphases,

it is worth examining whether or not there is any physicafificsa-
tion or any precedent for such a model in ordinary phases.

A component arising from the inverse-Compton scattering of
disc photons cannot dominate the disc flux below the peakeof th
blackbody distribution, so an alternative explanation tfue hard
component is required. It is possible that the hard compioisen
partly or even mostly due to synchrotron emission from ageg.(
Markoff, Fender, & Falcke 2001). In this case, (dependingigidy
on whether or not the jet power-law has a break) the powediaw
tribution might extend to low energy and dominate both bedma
above the disc blackbody distribution. This scenario migbadly
correspond to one in which cool thermal and hard non-thermal
components could be flipped. However, jets are only prediittie
contribute significantly to the X-ray flux in the “low/hardtage; if
ULXs with implied luminosities neat0® erg/s are in a low/hard
state, then they are accreting at a small fraction of thedfifitgton
limits, and intermediate-mass black holes would still belied
by their luminosity. Moreover, in such states, hard povesv-tom-
ponents are typically observell; = 1.5 — 1.7 is common. The
power-laws required in flipped spectral models of ULXs are ex
tremely soft, withl' = 3 — 4. There is no evidence for steady jet
production in stellar-mass black holes and black hole daids,
in states with such steep power-law indices. Given that souct-
els are not dramatically better fits than standard modelsttaaid
better-understood black holes do not manifest the behawou
plied, it seems likely these models only reflect statistinat phys-
ical) possibilities.

5 COMPLEX COMPTONISATION MODELS: THE
ECHOESOF INTENTION

The power of simple phenomenological spectral models is tha
they can be tightly constrained, even when fitting spectrénof
ited sensitivity. Compared to the best AGN and stellar-nivdask
hole spectra, present ULX spectra are certainly of that.tifme
physically-motivated models, many of which attempt to erop-
erly calculate the up-scattering of disc X-rays in a corgadict
subtle curvature which is difficult to detect in low signahtoise
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spectra. Moreover, such models come with a price: additipaa note that there is of course no Comptonisation componertien t
rameters. A model consisting of disc blackbody and power-la simulated spectrum. With this model, we obtain the follayvpa-
components, modified by line of sight absorption, has 5 petars. rameter valuesNy = 2.7(3) X 102 em™2, kT, = 0.22(2) keV,
Replacing the power-law component with a simple Comptditisa Napy = 33(4), Tscea = 0.22(3) keV, kT. = 49(3) keV, 7 =
model — “compTT” — drives the number of model parameters up to 0.83(3), and Neomprr = 2.1(1) x 1075, and a formally accept-
9. A model which employs a full code such as “eqpair” (Coppi able fit statistic of¢? /dof = 1228/1245. Let us refer to this model
2002), which includes a disc distribution, has 21 model patars as “CM2". The incredible similarity of this spectral model that

after adding one parameter to account for line-of-sighbgion. detailed above, despite very different model parametestsaarery
At the signal-to-noise typical of present ULX spectra, tlaegme- different physical picture, is depicted in Figure 1.

ters of complex models cannot be regarded as reliable. Botaat Statistically acceptable fits can also be achieved usinkgloro
fits will (by force) reflect the assumptions of the model arakbs power-law or exponentially cut-off power-law models, tgbuthe
of the modeler in such circumstances. Moreover, resultéafe simulated power-law contains neither a break nor a cutidg:
likely to be statistically degenerate with fits obtainechgshe same ing a broken power-law, the following parameters were oletdi
model with different bounds or choices for given parameters Ny = 2.7(2) x 10*! cm™2, kTupp = 0.29(2), Napy = 7.3(9),

In order to illustrate that even simple Comptonisation nt®de 1, = 1.71(2), E,, = 572 keV, Ty = 1.82(7), N,y = 4.3(1) x
can not only yield degenerate results based only on assomspti 107 ph em™2 571, and x? /v = 1220/1258. We note that a
but can actually yield incorrect “constraints” on the aticre flow, break withé(I') = 0.3 can also be accommodated, statistically.
we have simulated a disc blackbody plus power-law spectmmn @ yUsing an exponentially cut-off power-law, the followingrpene-
fit it with a basic Comptonisation model. The power of this ap- ters are obtainedVy = 2.3(2) x 10%" cm™2, kT = 0.34(3),
proach is that the nature of the spectrum is known a priod,tha Nawy = 4.3(8), I't = 1.1(1), Ecur = 7.7(3) keV, N, =

ability of complex models to distort an intrinsically sinepspec- 3.1(1) x10™* phem™2s7!, andy?/v = 1228/1259. Breaks and
trum or provide false information is effectively tested. cut-offs are merely possible, not required, in present Upcsra.
The simulated spectral parameters were taken from disk-blac We also simulated 100 ksec spectra, based on the parame-

poﬁﬂyllplus',:pgwer-gv&//l_ﬂts rg%gibto _Ilflt?c 1313 X1 :;md rr]_eported ters obtained in CM1 and CM2. The simulated spectrum based
ml |der, apian, : fer”( )_ € parg[netejg ort rm_s on CM1 can be fitted with a model that has the following pa-
ulated spectrum are as followdy = 3.1 X 10°" cm™ =, kTyp, = rameters:Ny = 2.6(2) x 102 em™2, kTup = 0.12(2) keV,

_ _ _ —4 -2 —1
Q.23 KOV, Naw = 28,1 = LT, Nyt = 49510 Dhem S - Ny = 110(60), Tueea = 0.14(2) keV, KT. = 53(3) ke,
€ sam -Newtol -pn “primefullwindow™ mode (plus 7 = 0.89(4), and Neomprr = 2.3(2) x 1077, yielding an accept-

medium optical blocking filter) response files were used to-ge able fit statistic of? /dof = 1307/1245. The simulated spectrum

erate“a S|r_n”u lated 100 ksgc E_PIC-pn spectrum,_ using the XSPECbased on CM2 can be fitted with the following model parameters

task “fakeit”. .Note that thIS. simulated observatlpn is apgjcas Ni = 2.2(2)x10% em™2, kT, = 0.28(3) keV, Nayy = 5.2(9),

the longest smgl_e obser\_/athn _of any U_LX _obtaln_ed witid M- Toea = 0.17(2) KeV, kT, = 6.0(2) keV, 7 — 4.2(2), and

_l\let/vthon. O'T'Y P0|ssont_nO|se 'j }_r:tC_IUdfﬁ |n_3|m|u|tat(|jng a spectrum Neomprr = 1.8(2) x 10™%, yielding an acceptable fit statistic of

considered no additional noise or background. In cfcemgthe .12/ = 1094/1245. Thatis, at the sensiviy of the best present
) . . o - ULX spectra, a cool optically-thick coronal spectrum carfitied

simulated spectrum is of a higher sensitivity than any ULXcsp with a hot, optically-thin model, and vice versa.

trum yet obtained. ) o
Clearly, even simple Comptonisation models cannot be used t

Prior to fitting, the simulated spectrum was grouped to mequi . .
10 counts/bin using the FTOOL “grppha” to ensure the acgurac infer the nature of the corona in present ULX spectra. Algiothe

of 2 fitting results. Spectral fits were made in the 0.3-10.0 keV nature of the corona cannot be inferred reliably, the resldtailed
band using XSPEC 11.3.2. Reported errors on fit parameters ar above show that the assumed nature of a hard spectral contpone
90% confidence errors for one parameter of interest. Thelsimp does not stror!gly affect the. need for a SOf,t cqmppnent, .oteume
Comptonisation model used consisted of a disc blackbodypoem peratures derived when this component is fit with a disc model

nent, and the “compTT” thermal Comptonisation model, medifi This.is true Whe.n working yvith real dgta as well: Goad et D0&)
by line-of-sight absorption. require a cool disc to obtain a good fit to the spectrum of Ho-ll,X

A statistically acceptable fit to the simulated spectrumlzan though its f;%rt"f'f:ntce IS ?'Sm'SSEd based on the Comptimisa
obtained with a low-temperature, optically-thick coromaitar to component it to that spectrum.

the fits spectra of Ho Il X-1 reported by Goad et al. (2005). Of Whereas one might expect that the parameters of Comptoniza-
course, in the simulated spectrum, there is no componenthwhi ton models merely cannot be constrained reliably at theasign
directly Corresponds to such a |Ow_temperature, Opt|d$ﬂ9k noise achieved in ULX Spectl’a, the true situation is in faotin
corona. With this model, we obtain the following parametes: worse: even simple Comptonisation models can easily beguani
Nz = 2.8(3) x 102! em ™2, KTy = 0.23(3) keV, Nap, = 20(4), lated to give the answer the observer wants, and that angmenc

Teea = 0.41(3) keV, kT. = 6.8(3) keV, 7 = 4.1(2), and fact be entirely incorrect though statistically accepeaflhis find-
Neomprr = 9.3(2) x 1077, and a formally acceptable fit statistic ing calls into question the validity of the models considiened the
of x?/dof = 1226/1245. Let us refer to this model as “CM1”. In  utility of these and yet more sophisticated models (e.gaegpee
this fit, we fixed the redshift parameter in “compTT” to be dqoa ~ Roberts et al. 2005) in the ULX regime.

zero, and the approximation flag equal to unity (correspanth a Phenomenological spectral models, while perhaps phygical
disc plus corona geometry). naive, are robust and useful in that their parameters carobhe c
It is also possible to obtain a statistically acceptableofihie strained reliably. Fits with such models are reproduciaésifi-
simulated spectrum, with a hot, optically-thin corona. @tomi- able, and therefore meaningful. They provide a common nayre
sation in a hot corona should produce less spectral curjatund through which different sources can be compared consigtent

should better correspond to a simple power-law, though veinag  Complex models which are not statistically required, andctvh
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are highly malleable, cannot be falsified, and thereforessarily
fail to provide scientific insights.

6 SUMMARY AND CONCLUSIONS

We have shown that a variety of arguments against intergyegp-
parent cool thermal components in the spectra of very luosno
ULXs are contradicted by published results from stellarsvdack
holes and black hole candidates, by simple physical coratides,
and by critically examining the ability of complex modelsyield
meaningful results in low signal-to-noise regimes. Thesabs of
direct correlations between apparent disc temperaturgglaxes
observed in some ULXs is a phenomenon commonly observed in
stellar-mass black holes and black hole candidates. Mergbm-
ited fast X-ray variability has been observed in stellassblack
holes and black hole candidates, even in hard phases atdaw fr
tional Eddington luminosities. Spectroscopy of stellaass black
holes and physical considerations strongly argue for #esthog
thermal distributions with the low energy portion of a speunt,
and scattered or non-thermal distributions with the higtrgypor-
tion. Finally, we have shown that even at the sensitivityi@ad in
the best present ULX spectra, complex Comptonisation nsazel
yield false inferences and give an incorrect picture of eretion
flow geometry.

In the case of NGC 1313 X-1 and M81 X-9, present spectra
have been sufficient to show that cool disc plus power-lawetsod
are at least& better than single-component models, broken power-
law models, and models with significantly sub-solar abundan
in gas along the line of sight (Miller et al. 2003; Miller, Rab,

& Miller 2004b). The same work has shown that cool discs are
robust against specific choices of disc models and specifices

of hard component models. Even in cases where Comptonisatio
models are invoked to argue against interpreting soft sesxas
discs, cool disc components are required to achieve adilefits
(e.g. Goad et al. 2005). This further highlights the robessnof
cool thermal components, and the perils of Comptonisatiodeis

in low signal-to-noise spectra.

The cool disc interpretation is merely the most plausible,on
based on a comparison to other black holes, and principzias
mass black holes. As we have previously noted, however theol
mal components in the spectra of very luminous ULXs are not
necessarily disc components, and not all soft componentkein
spectra of accreting black holes are well-understood. Bifteex-
cess observed in some Seyfert-1 galaxies is too hot to easily
attributed to a disc, and its nature is uncertain. Millethiga, &
Miller (2004a) noted this aspect of Seyfert-1 spectra, iicgration
of the possibility that some of the ULXs which have cool thatm
components may actually be background AGN. Indeed, thiggolo
to be the case for the ULX Antennae X-37 (Clark et al. 20055 It
possible that the soft excess in genuine ULXs is similar & ih
some Seyfert-1 spectra. However, if both phenomena arealue t
relativistically-blurred disc emission lines (Crummy ét 2005),
then the soft component in ULXs indicates that the emisson i
isotropic and intermediate-mass black holes may still logired
via simple Eddington scaling arguments. We note that amreli
nary investigation we have undertaken reveals ¥iM-Newton
spectra of ULXs with apparent cool thermal components caa al
be fit acceptably with blurred disc reflection models.

While this letter demonstrates that cool thermal companent
are likely more robust than than inferences derived from etsod
for the hard component in ULX spectra, it also serves to demon

strate that present ULX spectra are intrinsically a low algn-
noise regime. All spectral fits, whether simple or complexistn

be regarded cautiously in such circumstances, but the mabast
conclusions probably derive from simple models that candre ¢
strained by the data. Very deep observations of ULXs WitM-
Newton (350 ksec or longer) may be the only means of parsing the
nature of soft and hard components in very luminous ULXs ineno
detail.
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Figure 1. The figure above shows the results of model fits to a simulgiedisim consisting of disc blackbody and power-law comptse€lhe fit shown in
the left panel was obtained using disc blackbody and pomerdomponents. The fit shown in the middle panel was obtaisedwa model consisting of a
disc blackbody and a cook{" = 6.8 keV), optically-thick ¢ = 4.1) Comptonising coronal component. The fit shown in the rigittgd was obtained using a
model consisting of a disc blackbody and a Haf'(= 48 keV), optically-thin ¢ = 0.8) Comptonising coronal component. Although the fits ardstieally
equivalent, it is clear that very different Comptonisationdels produce only minor changes in the 0.5-10.0 keV bamtbath Comptonisation models yield
false implications about the simulated spectrum.
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