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ABSTRACT

Ultraluminous X-ray sources (ULXs) with luminosities lying between ∼3 × 1039 and

2 × 1040 erg s−1 represent a contentious sample of objects as their brightness, together

with a lack of unambiguous mass estimates for the vast majority of the central objects, leads

to a degenerate scenario where the accretor could be a stellar remnant (black hole or neutron

star) or intermediate-mass black hole (IMBH). Recent, high-quality observations imply that

the presence of IMBHs in the majority of these objects is unlikely unless the accretion flow

somehow deviates strongly from expectation based on objects with known masses. On the

other hand, physically motivated models for supercritical inflows can re-create the observed

X-ray spectra and their evolution, although have been lacking a robust explanation for their

variability properties. In this paper, we include the effect of a partially inhomogeneous wind

that imprints variability on to the X-ray emission via two distinct methods. The model is

heavily dependent on both inclination to the line of sight and mass accretion rate, resulting

in a series of qualitative and semiquantitative predictions. We study the time-averaged spectra

and variability of a sample of well-observed ULXs, finding that the source behaviours can be

explained by our model in both individual cases as well as across the entire sample, specifically

in the trend of hardness-variability power. We present the covariance spectra for these sources

for the first time, which shed light on the correlated variability and issues associated with

modelling broad ULX spectra.
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1 IN T RO D U C T I O N

Ultraluminous X-ray sources (ULXs) have been widely observed

in the local Universe, with inferred isotropic luminosities above

1039 erg s−1 (Roberts 2007; Feng & Soria 2011). Those below

∼3 × 1039 erg s−1 can be readily associated with accretion on to

stellar mass black holes (BHs) (∼10 M⊙) accreting close to or at

their Eddington limit (see Sutton, Roberts & Middleton 2013, and

references therein). There is now strong evidence to support this

assertion, with the discovery of extremely bright ballistic jets from

a ULX in M31 (Middleton et al. 2013; Middleton, Miller-Jones &

Fender 2014b), which unambiguously links the flow with Eddington

rate accretion (Fender, Belloni & Gallo 2004), and the first dynami-

cal mass measurement of the compact object in a ULX, from M101

⋆ E-mail: mjm@ast.cam.ac.uk

ULX-1 (Liu et al. 2013). Observations of such ‘low-luminosity’

ULXs (Middleton et al. 2011b, 2012; Kaur et al. 2012; Soria et al.

2012) have revealed changes in the disc emission that may imply the

creation of a radiation pressure supported, larger scaleheight flow in

the inner regions (Middleton et al. 2012) or magnetic pressure sup-

port (Straub, Done & Middleton 2013). Although emission below

∼2 keV is generally heavily photoelectrically absorbed by material

in the Galactic plane (e.g. Zimmermann et al. 2001), similar spectral

behaviour may also be seen in a small number of Galactic BH X-ray

binaries (BHBs) at high rates of accretion (e.g. Ueda, Yamaoka &

Remillard 2009; Uttley & Klein-Wolt, in preparation). Such ‘ex-

treme’ high state BHBs probably dominate the ULX population

(Walton et al. 2011), yet a significant number of ULXs can still be

found at higher luminosities. Those above 1041 erg s−1 are dubbed

hyperluminous X-ray sources (HLXs; Gao et al. 2003) and provide

the best evidence (Farrell et al. 2009; Davis et al. 2011; Servillat

et al. 2011; Webb et al. 2012) for a population of intermediate-mass
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BHs (IMBHs; Colbert & Mushotzky 1999). Such IMBHs (with

masses above those expected from direct stellar collapse: >100s

of M⊙) could potentially be formed in globular clusters (Miller

& Hamilton 2002, but see Maccarone et al. 2007), through captur-

ing and tidally stripping a dwarf galaxy (King & Dehnen 2005) or

mergers in young super star clusters (Portegies-Zwart, McMillan &

Gerhard 2003; Portegies-Zwart et al. 2004).

ULXs that fall between the two categories, i.e. Lx = ∼3 × 1039

to 1 × 1041 erg s−1) remain contentious and have been pro-

posed as possible locations for IMBHs accreting at low sub-

Eddington rates (e.g. Miller, Fabian & Miller 2004; Strohmayer

& Mushotzky 2009). Indeed, the brightest objects in this class,

with LX,peak > 5 × 1040 erg s−1, have demonstrated observational

properties consistent with IMBHs in the hard state (Sutton et al.

2012). However, for the less-luminous ULXs, several problems ex-

ist with this interpretation for the entire population (see King 2004

for a discussion of theoretical issues related to formation); namely

the emission characteristics do not generally match the expecta-

tion for low rates of accretion where, in the case of a BH of mass

102−5 M⊙, the emission from the disc would still peak in the soft

X-ray band and so the structure of the flow is not expected to de-

viate strongly from that in BHBs at similar rates (see Zdziarski

et al. 1998; Remillard & McClintock 2006). As a result, we would

expect such sources to display a hard spectrum up to >50 keV due

to thermal Comptonization in an electron plasma arranged in some

still-undetermined geometry. Instead, ULXs up to 2 × 1040 erg s−1

generally show spectra that cannot easily be reconciled with sub-

Eddington accretion (Stobbart, Roberts & Wilms 2006; Gladstone,

Roberts & Done 2009) showing a spectral break above ∼3 keV

(recently confirmed by NuSTAR observations of a sample of lumi-

nous ULXs; Bachetti et al. 2013; Walton et al. 2013b, 2014; Rana

et al. 2014) which, in at least one source, has been unambiguously

associated with Eddington-rate accretion (Motch et al. 2014).

Obtaining a deeper and full understanding of the nature of these

sources, requires consideration of both spectral and variability prop-

erties simultaneously, with the latter providing a complementary set

of powerful diagnostics by which to make comparisons to better

understood sources. This has proven to be valuable, e.g. whilst the

presence of quasi-periodic oscillations (QPOs) in the light curves

of five ULXs (to date) have been used as evidence in support of

IMBHs (Strohmayer & Mushotzky 2003, 2009; Strohmayer et al.

2007; Rao, Feng & Kaaret 2010), the details of the variability do

not generally appear to well-match this identification (Middleton

et al. 2011a; Pasham & Strohmayer 2012, but see also Pasham,

Strohmayer & Mushotsky 2014). Notably, the recent study of Sutton

et al. (2013) has reinforced the idea of using variability properties

(the fractional variability; Edelson et al. 2002) together with spectra

to broadly characterize the properties of ULXs. This has demon-

strated an apparent dependence of variability on spectral shape,

distinctly unlike that expected from IMBH accretion. Instead, it has

been argued that both the spectral (Feng & Kaaret 2009; Gladstone

et al. 2009) and variability properties (Heil, Vaughan & Roberts

2009) of these contentious ULXs can be fully explained by a model

for ‘supercritical’ accretion on to stellar mass BHs (or equally neu-

tron stars; King 2009; Bachetti et al. 2014), where inclination and

mass accretion rate are likely to be the key determining factors in ap-

pearance (Middleton et al. 2011a, 2014a; Sutton et al. 2013). In most

supercritical accretion models, a large scaleheight, optically thick

equatorial wind is predicted (and reproduced in magnetohydrody-

namic, MHD, simulations – Ohsuga 2007; Ohsuga & Mineshige

2011) to be radiatively driven from the disc from within the ‘spher-

ization radius’, Rsph which can be at large radii (depending on the

mass transfer rate from the secondary; Shakura & Sunyaev 1973;

King 2004; Poutanen et al. 2007 – hereafter P07). Unlike models

for sub-Eddington accretion on to IMBHs, this model can repro-

duce the observed spectrum with the soft emission being associated

with the wind (King & Pounds 2003; P07) and the hard emission

originating in the innermost regions which have been stripped of

material, revealing the hot disc underneath (potentially further dis-

torted by turbulence, advection, spin and self-heating; Beloborodov

1998; Suleimanov et al. 2002; Kawaguchi 2003). As the wind is

expected to be optically thick (τ ≥ 1: P07, at least near to the disc

plane), the scattering probability is large such that, depending on

inclination angle, we may expect geometrical beaming to amplify

the hard emission (King 2009; P07) or scatter emission out of the

line of sight. Should the wind be inhomogeneous/clumpy (Takeuchi,

Ohsuga & Mineshige 2013, 2014), this scattering can theoretically

imprint variability by extrinsic means (Middleton et al. 2011a) and

produce the large fractional rms seen in many sources (Heil et al.

2009; Sutton et al. 2013). However, an explanation for how this vari-

ability mechanism operates and depends on key system parameters,

such as inclination and mass accretion rate, has been lacking.

In this paper, we build on previous theory and recent spectral-

timing analyses of ULXs (notably Sutton et al. 2013) and present a

simple model for the variability originating in a radially propagat-

ing, inhomogeneous wind. This allows us to make a series of key

predictions for the evolution with mass accretion rate (Sections 2

and 3) which we compare to observations (Sections 4, 5 and 6).

2 T H E S U P E R C R I T I C A L M O D E L O F

AC C R E T I O N

For the benefit of the reader, we now summarize the key properties

of the supercritical model for accretion, as discussed and developed

by several key authors. Models describing the supercritical inflow

(Shakura & Sunyaev 1973; King et al. 2001; King 2004, 2009, P07;

Dotan & Shaviv 2011) differ in their precise details but the overall

picture is one where the high mass transfer rate (ṁ0 – in dimension-

less units of Eddington accretion rate) from a close binary system

results in the Eddington limit being reached at large radii. In the

case where the mass transfer rate is much greater than the ‘critical’

value of (9/4) × Eddington (P07), an optically thick outflow (with

the escape velocity, vesc >
√

2GM/R, where M is the BH mass and

R is the radial distance) can be launched from within Rsph ≈ ṁ0Rin

(where Rin is the position of the inner edge in Rg = GM/c2) where

the scaleheight of the disc (proportional to ṁ0; Shakura & Sunyaev

1973) exceeds unity. Mass is then lost through this outflow with

the mass accretion rate decaying approximately linearly down to

Rin, where the accretion rate is locally Eddington (in the limit of no

advection; P07).

The geometry of the supercritical inflow can be broadly defined

by three zones (depending on the optical depth of the outflow), as

fully described in P07 (to which we direct the interested reader) and

illustrated in Fig. 1.

(i) In the innermost regions (R < Rph,in), the wind is essentially

transparent (τ ≤ 1) and so the emission will appear as a distorted

‘hot disc’, peaking at a characteristic temperature, Tin (modified

by some colour temperature correction, spin and overheating; see

Beloborodov 1998; Suleimanov et al. 2002; Kawaguchi 2003).

(ii) At larger radii, the outflow – seen effectively as an extension

to the large scaleheight inflow – is expected to be optically thick

for mass accretion rates above a few times Eddington. As a result

of advection in this optically thick material (as the photon diffusion

MNRAS 447, 3243–3263 (2015)
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A spectral-timing model for ULXs 3245

Figure 1. Schematic representation of the supercritical model for bright

(>3 × 1039 erg s−1) ULXs (P07) where an optically thick wind is launched

from the surface of a large scaleheight flow. This flow is driven from the

disc from Rsph (≈ṁ0Rin; Shakura & Sunyaev 1973) down to Rph,in within

which the outflow is effectively transparent and the underlying disc emis-

sion can emerge (which may be further distorted by advection, spin and

overheating; P07, Beloborodov 1998; Suleimanov et al. 2002; Kawaguchi

2003). Variability due to obscuration/scattering can be introduced when the

wind is inhomogeneous – expected on large scales via radial propagation

of flux (Lyubarskii 1997) and seen on small scales in 2D MHD simulations

(Takeuchi et al. 2013, 2014). Depending on the orientation of the observer

(given by θ ), the emission can be stochastically boosted by scattering into

the line of sight (position 1) or reduced by scattering out of the line of sight

(position 2). The spectrum will also depend heavily on θ , with the emission

from the hot inner region becoming progressively geometrically beamed

with smaller θ and Compton down-scattered at larger θ .

time-scale is longer than the viscous time-scale), the radial tem-

perature profile (as seen at the last scattering surface at τ = 1) is

broadened from R−3/4 to R−1/2 (see Abramowicz et al. 1988), and

the result is a smeared blackbody extending from Tph,in to Tsph. As

the material in the wind is outflowing and we have assumed this is

an extension of the inflow, the viscously dissipated energy emerges

at larger radii (∼ twice the radius at which it is generated; P07).

However, this does not affect the temperature profile (and nor in

principal does having the wind disconnected from the inflow due to

stratification).

(iii) At radii greater than Rsph, the optical depth of the wind falls

as 1/r (P07) such that the underlying emission begins to emerge at

approximately the radius at which it is generated, i.e. the emission

is a quasi-thermal blackbody with a peak temperature of Tph, which

we shall refer to hereafter as the ‘outer photosphere’ (and for high

mass transfer rates will peak in the UV rather than X-ray band –

equation 38 of P07).

2.1 Effect of a static wind

The detailed physical properties of the wind require the global ge-

ometry and radiative transfer (e.g. Abolmasov, Karpov & Kotani

2009) to be fully modelled. Whilst beyond the scope of this work,

we can already make some simple deductions. The large scale-

height flow and wind will naturally subtend a large solid angle to

the hottest inner regions (Shakura & Sunyaev 1973; P07) and so a

correspondingly large fraction of the high-energy flux will illumi-

nate the material. The latest 2D MHD simulations (Takeuchi et al.

2013, 2014) show that the optically thick wind will have inhomo-

geneities due to the Rayleigh–Taylor (or other hydrodynamic insta-

bility) with a size of the order of 10 Rs (Rs = 2GM/c2). Given typi-

cal particle densities expected for these clumps (up to ∼1017 cm−3;

Middleton et al. 2014a), the wind will have a highly photoionized

skin (logξ > 6 out to hundreds of Rg for a 10 M⊙ BH) down to

an optical depth of unity (where most of the scatterings occur). As

a result, we expect the surface material of the wind (clumpy or

otherwise) in the inner regions to be approximated to an electron

plasma with a large optical depth (τ ≥ 1 – see P07) such that large

amounts of incoming flux from the inner regions will be scattered

into the cone of the wind. This naturally results in geometrical

beaming (proportional to ṁ2
0; King & Puchnarewicz 2002; King

2009) where, from simple inspection of the assumed geometry (a

hemispherical wind of opening angle θw, see Fig. 1), we expect a

scattered fraction of Sf ≈ cos θw/(1 − cos θw). As an example, for

a wind launching angle of 45◦ (Ohsuga & Mineshige 2011), we

would then expect a factor of ∼2.4 more flux to be scattered to an

observer viewing down the cone of the wind.

Scattering will not only amplify the emission from the innermost

regions when looking into the cone of the wind but also change the

energy of the scattered photons: as the wind plasma temperature is

less than that of the hot disc, i.e. hν > kTe, the highly energetic

incident photons will lose energy to the plasma in the inflow via

Compton down-scattering (Sunyaev & Titarchuk 1980) and to the

outflowing wind via both recoil and bulk effects (e.g. Titarchuk &

Shrader 2005; Laurent & Titarchuk 2007). At larger inclinations (i.e.

sight lines intercepting the wind), the effect of beaming diminishes

and the number of scatterings towards the observer – and therefore

energy loss – will increase (as the optical depth to the observer will

be larger), although this will be complicated by the density profile

of the wind which will not be constant as radiation momentum

transfer (plus the lack of hydrostatic equilibrium) will cause the

initial clumps to expand and density drop as they move away from

the launching point (e.g. Takeuchi et al. 2013).

2.2 On the origin of variability in ULXs

The toy model of Middleton et al. (2011a) ascribed the observed

large amplitude, short time-scale (tens to thousands of seconds)

variability seen in NGC 5408 X-1 to obscuration by individual

clumps, generated through radiative-hydrodynamic instabilities in

the wind (now reproduced in simulations; Takeuchi et al. 2013,

2014). In the specific case of NGC 5408 X-1, this requires our line

of sight to the inner regions to intercept the wind (see Middleton

et al. 2014a). In general, however, we may expect the variability in

ULXs to originate through two mechanisms and below we provide

the framework for these.

2.2.1 Method 1: clumps

A natural source of variability derives from the physical time-scales

of the clumps (how long they exist before expanding and become

optically thin, how quickly they are launched and how large they

are). We can make a crude determination of the shortest time-scales

available and the impact on the flux, by considering a single element

launched at a radial distance R which remains optically thick for

the duration of the transit across the projection of the illuminating,

central region. As the distance to the observer is very large, the

MNRAS 447, 3243–3263 (2015)
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crossing distance and area of the inner region is simply:

D ∼ 2Rph,in cos θ (1)

A ∼ πR2
ph,in cos θ. (2)

Assuming a maximum velocity in the perpendicular direction to

the line of sight equal to the escape velocity (vesc =
√

2GM/R),

we find a crossing time, tc:

tc ∼ Rph,in

√
2R

GM

c3
cos θ, (3)

where Rph,in and R are given in units of gravitational radii

(Rg = GM/c2).This crossing time is the fastest time-scale we should

expect from this process. As an example, if we take values of

R = 1000Rg, Rph,in ≈ 20Rg (from equation 32 of P07, this would be

for a small fraction of energy lost to the wind), M = 10–100 M⊙,

θ = 45◦ we find the fastest time-scales to be of the order of seconds

or faster. This is of course assuming only a single clump which,

whilst not an accurate representation, remains an illustrative limit.

It is then useful to see that the maximum drop in flux (F) we

could expect from a single, optically thick clump is simply the ratio

of the covering areas:

dF =
πR2

c

A
=

(

Rc

Rph,in

)2

(cos θ )−1, (4)

where Rc is the radius of the clump (∼5Rg from simulations;

Takeuchi et al. 2013). For the same values as above, we can see that

∼1 per cent covering fraction is quite reasonable assuming only a

single clump; in the limit of a greater number, this value will of

course increase (dependent on the time-scales between clumps be-

ing launched).

In a more physical sense, N clumps will be launched at a given

radius over a given time leading to a shot noise process and proba-

bility distribution. As the crossing time will more accurately depend

on the velocity distribution (we only assumed the escape velocity

to indicate approximate time-scales) and details of the instabilities

leading to their production (Takeuchi et al. 2014), we approxi-

mate the power imprinted by these events as a sum of zero-centred

Lorentzians, cutting off at the mean of the velocity distribution (vr):

| ˜f (Nv,r )|2 ∝
1

1 + [vr/v̄r ]2
, (5)

where the tilde indicates a Fourier transform. We do not define a

lower frequency cutoff but we expect this to occur at the lowest

frequencies of the shot noise process (which will be a function of

the radiative hydrodynamic instabilities leading to clump formation;

Takeuchi et al. 2014). Above this low frequency break, the sum of

Lorentzians will approximate to a power-law shape with

P (f ) ∝ ν−β (6)

β = γ (1 − cos θ ), 0 < γ < 2, (7)

where we assume γ to be within the range of observed noise pro-

cesses seen in accreting BH systems (e.g. Remillard & McClintock

2006). Here, we explicitly account for the tendency at small inclina-

tions for such processes to cancel out, leading only to an increase in

apparent flux to the observer (an increase as the clumps will scatter

radiation towards the observer rather than obscure). As such, where

we assume N to be large, this mechanism will only imprint vari-

ability for ULXs at larger inclinations where the effective number

of scattering elements seen is lower due to overlap. This is a key

prediction of this model, implying that the largest amounts of vari-

ability on the time-scales of the events (which should be relatively

fast when compared to viscous changes: see next section), should

be seen for sources at higher inclinations.

Should ṁ0 increase, we should expect some change in the filling

factor of the clumps. An increase may tend to lower the amount

of imprinted variability, but as the size and launching of individual

clumps (on which the variability relies) is a function of the radiative-

hydrodynamic instabilities (see Takeuchi et al. 2014), an accurate

understanding is beyond the scope of the work here.

2.2.2 Method 2: propagating flux

The above description assumes a wind that is ‘steady state’ (i.e. mat-

ter is being launched at a constant rate at a given radius). However,

in sub-Eddington inflows, the observed (often considerable) vari-

ability (e.g. Remillard & McClintock 2006; Belloni 2010; Muñoz-

Darias, Motta & Belloni 2011; Heil, Uttley & Klein-Wolt 2014a,b)

originates as a result of inwardly propagating variations in mass ac-

cretion rate/surface density through the viscous inflow (Lyubarskii

1997; Ingram & Done 2012) which leads to the universally ob-

served rms–flux relation in all accreting sources (Uttley, McHardy

& Vaughan 2005, Arévalo & Uttley 2006; Heil & Vaughan 2010;

Heil, Vaughan & Uttley 2012; Scaringi et al. 2012). This can then

lead to the observed power density spectrum (PDS) shape common

to BHBs formed from a series of convolved Lorentzians, damped

above the local viscous time-scale (Ingram & Done 2012).

If we assume that propagation of fluctuations still occurs in the

larger scaleheight supercritical flow, then this underlying and inher-

ent stochasticity will drive radial variations in the mass-loss in the

form of the clumpy wind (see equation 26 of P07; Fig. 2). Should

the variability originate via obscuration/scattering by clumps in the

launched material, the propagating fluctuations will imprint addi-

tional variability on to the emission by changing the radially de-

pendent ‘global’ amount of mass-loss and scattering. Additionally,

should the inner disc not be geometrically thin, then the variabil-

ity propagated down should also emerge directly. Such an origin

would seem to argue against an IMBH interpretation where such

discs should be geometrically thin and intrinsically stable (Chura-

zov, Gilfanov & Revnivtsev 2001).

A clear prediction of this second mechanism is that, as mass is

lost in the wind, some fraction of the variability carried in the flow

at a given radius is expended such that the next inward radius has

less with which to convolve (Fig. 2; Churazov et al. 2001; Ingram &

van der Klis 2013) and the wind tends to radial homogeneity with

decreasing radius. The effect of this mechanism then is to imprint

the variability of the propagating flux (via scatterings or directly

from the inner disc), suppressed at frequencies higher than the local

viscous time-scale at Rsph (where mass-loss begins):

| ˜̇M(r, ν)|2 ∝
1

1 + [ν/νvisc(r)]2
, R > Rsph (8)

| ˜̇M(r, ν)|2 ∝
1

1 + [ν/νvisc(r)]2
∗

ṁ

ṁ + ṁw

, R ≤ Rsph, (9)

where Ṁ(r, ν) in the above equations refers to the mass accretion

rate propagations (see Ingram & Done 2012), ṁw is the mass rate

lost through the wind and ṁ is the remaining accretion rate passing

through the same radius (which are also functions of R and ṁ0;

P07).

To determine the likely time-scales imprinted by this process,

we can consider the viscous time-scale at Rsph for representative

MNRAS 447, 3243–3263 (2015)
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Figure 2. Schematic slice of the inflow and wind. At large radii close

to Rsph, the wind loss is affected by propagated variability (Lyubarskii

1997) through the sub-critical disc into the large scaleheight inflow. As

the mass-loss does not conserve the variability but instead removes it from

the flow, the next inner radius has less with which to convolve (vertical

arrows). Therefore, within Rsph (≈ ṁ0Rin), the propagated variability (which

can emerge from both the hot inner disc if not geometrically thin and via

scattering of this radiation) is damped. Scatterings by individual clumps

(Method 1) – which can imprint an extra source of variability on relatively

short physical time-scales – will average out for a large number of elements,

i.e. at small θ , but at larger θ an imprint is expected to remain.

values, e.g. H/R (disc scaleheight) ≈1, α (viscosity parame-

ter) = 0.01, ṁ0 = 1000–10 000 (e.g. as expected for an SS433

type system; Fuchs, Koch-Miramond & Ábrahám 2003) and for a

10–100 M⊙ BH, νsph ≈ 0.1–0.001 mHz. This is at the edge or be-

yond the typically observable bandpass (due to current X-ray count

rate limitations) and so we should not expect large amounts of

‘rapid’ variability (e.g. tens to hundreds of seconds) to be imprinted

by this process as a result of dampening above νsph. However, it is

clear that even where Rsph is large, the time-scales of both methods

could, in principle, overlap.

Importantly, as opposed to the contribution from single wind ele-

ments (Method 1), at small inclinations the imprinted non-Gaussian

variability via propagated fluctuations will not average out. The to-

tal variability for a single ULX will then be a combination of the

two methods – although at small inclinations we should only expect

variability by this second process – and a PDS resulting from the

combination. Although it may be tempting to produce test PDS from

the combination of the two methods (specifically for those ULXs at

moderate inclinations), we caution that the relative normalizations

are unknown and doing so would lead to misleading results. In spite

of the unknowns, we can make predictions resulting from variations

in ṁ0 within a combined model of the spectrum and variability as

presented in the following subsection and Section 3.

[For clarity, we reiterate that, as opposed to the origin of variabil-

ity via Method 1, variability via propagating flux variations through

the supercritical inflow can imprint on to the emission via the hot

disc directly only if the scaleheight is not small (i.e. not a thin

disc) and/or via scattering events from the global changes in radial

mass-loss in the wind (which does not rely upon the inner disc being

intrinsically variable).]

2.2.3 Effect of increasing ṁ0 on Method 2

As Rsph ≈ ṁ0Rin, increasing the mass transfer rate has a predictable

effect on the observed variability and mean energy spectrum for

those sources where we view into the evacuated funnel of the wind.

We assume that the majority of the beamed emission is from the

innermost regions such that any changes in spectral hardness (de-

noted in the following formulae as h) are a result of the changing

amount of beaming as the cone closes (∝ṁ2
0; King & Puchnarewicz

2002; King 2009). We also assume that the power (fractional rms

squared, from Method 2), referred to hereafter as P, which we ap-

proximate by a power law with index, γ > 0 (i.e. not white), is seen

in a fixed frequency bandpass. As a result of increasing the mass

accretion rate from ṁ1 to ṁ2, we expect Rsph to increase, moving

the PDS dilution break to lower frequencies, reducing the power

in our bandpass (by effectively moving the whole PDS to lower

frequencies). We can subsequently derive the expected correlation

between spectral hardness and power (for Method 2 only). From

King (2009), we expect

h2

h1

=
(

ṁ2

ṁ1

)2

. (10)

Assuming that all of the power is dominated by the lowest fre-

quencies, consistent with a decaying/diluted power above νsph:

P2

P1

≈
(

ν2

ν1

)γ

. (11)

Note in the above equation that the index would usually be −γ

but as the PDS is moving to lower frequencies with increasing ṁ0,

across a fixed bandpass, the ratio of observed powers is inverted.

To help illustrate this point, we have shown the shift in PDS with

increasing Rsph in Fig. 3.

Figure 3. Illustration of the shift of the PDS to lower frequencies associated

with an increase in ṁ0 and Rsph. Due to the time-scales at Rsph, we expect

to see the diluted power above the break (at Rsph) where P ∝ ν−γ . As the

power shifts out of the observable bandpass (shown as the shaded area),

the drop in power is equivalent to the increase in power that would have

occurred had the bandpass not been fixed. As a result of the shift, we then

find �logP = γ�logν or (P2/P1) = (ν2/ν1)γ in the formulae below, where

we use the ratio of the viscous frequencies at each Rsph in the derivations

for ease (and the ready connection to the change in ṁ0).
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As we wish to consider the movement of the PDS with ṁ0, we

can use the shift of the dilution break, νsph, which scales as t−1
dyn ∝

R−3/2 ∝ ṁ
−3/2
0 :

ν2

ν1

≈
(

ṁ2

ṁ1

)−3/2

. (12)

Combining the above, it is straightforward to see that

P2

P1

≈
(

h2

h1

)−3γ /4

. (13)

By taking logarithms, we then obtain

�logP ≈
−3γ

4
�logh. (14)

We note that, in the above case, γ is intuitively also a function

of ṁ0 as the effect of dampening is expected to scale with ṁw (see

equation 26 of P07). Whilst there are several assumptions, it is clear

that the general trend between spectral hardness and power will be

an anticorrelation when considering only Method 2, i.e. specifically

for those ULXs viewed at smaller inclinations.

As a final caveat, we note that we have only considered the

variability to be a modulation of the high-energy emission from the

hot inner disc (via scattering and/or directly); however, stochastic

variability via Method 2 may also lead to some variability of the

intrinsic wind emission (the likely advection-dominated flow from

Rsph to Rph,in) by varying the column density of material and thereby

changing the colour temperature correction (fcol). Although this

too will tend to average out at small θ for individual elements

(Method 1), the longer time-scale trends introduced by the radial

inhomogeneities will leave a global imprint which, once again,

should not average out. However, assuming that the soft emission

has the same physical origin in all ULXs, then the lack of variability

observed in NGC 5408 X-1 at these energies (Middleton et al.

2011a), implies that such variability is likely to be relatively weak.

3 A C O M B I N E D SP E C T R A L - T I M I N G M O D E L

In order to make a set of predictions for how the properties of ULXs

should evolve, we must consider both of the methods discussed

above and the spectral-variability patterns we should expect to result

from changes in ṁ0. The predictions which follow are, by necessity,

only semiquantitative; a full and accurate quantitative picture can

only be obtained from full radiative simulations which include the

nature and impact of instabilities on the short time-scale variability

(and are beyond the scope of this work).

For the following predictions, we assume that the inflow is super-

critical (or is responding in the manner of being such; Bisnovatyi-

Kogan & Blinnikov 1977) with the wind launched from the disc

such that increasing ṁ0 will still increase the scaleheight of the in-

flow further. We also assume that emission from the subcritical disc

beyond the wind is negligible (i.e. ṁ0 is large enough that emission

beyond Rsph is out of the X-ray bandpass).

3.1 Source/population evolution: spectral hardness versus

variability

The inclination of the observer’s line of sight and how this intercepts

the wind (θ in Fig. 1) is pivotal to the observed spectrum and

power. We therefore dispense with past descriptive terms for ULXs

based on the spectral shape alone and instead present an inclination-

dependent description based on the line of sight indicated in Fig. 1.

Sources at small θ . At small inclinations, where the wind does

not enter the line of sight (position 1 in Fig. 1), the observer sees

the maximum unobscured emission from the hot inner ‘disc’ as

well as the scattered flux from the cone of the wind. We therefore

expect a spectrum with a strong hard component with a beaming

factor scaling as ṁ2
0 (King & Puchnarewicz 2002; King 2009). Such

a spectrum would correspond to the ‘hard ultraluminous’ class in

Sutton et al. (2013).

At low inclinations, we expect variability only through Method 2

with the variability emerging directly in the disc (if not geomet-

rically thin) and/or via scattering of hot photons from the inner

regions into the line of sight. Given the nature of the plasma, some

proportion of the variability should be shifted to energies below the

high-energy peak via down-scattering in the surface plasma of the

wind (Titarchuk & Shrader 2005). We may also see variability on

similar time-scales in the intrinsic wind emission possibly due to

the changing radial density profile and therefore fcol, although as

scattering events are predicted to dominate the emission (via beam-

ing), we might not expect this component to dominate the fractional

variability (although we may still detect its presence in an absolute

variability spectrum).

At these inclinations, an increase in ṁ0, which leads to a larger

Rsph and also smaller wind cone opening angle (θw in Fig 1, as

scaleheight scales with ṁ0; Shakura & Sunyaev 1973), can lead to

one of two possibilities (assuming no system precession).

(i) The wind remains out of the line of sight such that the spec-

trum will get increasingly beamed (i.e. brighter and harder) and

the variability will drop as discussed in Section 2.2.3. The intrinsic

shape of the hot component should vary little (P07).

(ii) The wind enters our line of sight such that the spectrum

becomes softer (as hard emission is both scattered away and down-

scattered through the wind).

In both cases, as Rsph increases with ṁ0, we might expect a cor-

responding decrease in Tsph (equation 37 of P07), leading to a

predicted anticorrelation with luminosity (see P07; King 2009).

However, contributions to the soft emission by down-scattering and

advection will complicate the evolution and this remains an impor-

tant, unresolved issue (see Miller et al. 2013, 2014).

Sources at moderate θ . At larger θ , the wind will start to enter the

line of sight (position 2 in Fig. 1). As a result, a significant fraction

of the hard X-ray flux will be scattered out of the line of sight such

that the spectrum has a relatively smaller contribution from the hot

inner regions, and that which does arrive is expected to be down-

scattered such that the peak temperature of the hot component is

cooler than when seen more directly, i.e. at small θ . Such a spectrum

would correspond to the ‘soft ultraluminous’ class in Sutton et al.

(2013).

As opposed to ULXs at small θ , the variability can originate by

both methods presented in Section 2 (including possible changes in

f). As the variability we can readily observe should have a large

contribution from obscuration events (Method 1), it will likely

peak at the energy of the (down-scattered) hot inner disc. As the

fraction of flux towards the observer is lower, the integrated frac-

tional variability (and therefore power) should be larger than for

smaller θ .

We note that whilst it may appear incongruous to have both

obscuration and down-scattering, given the covering fraction of

the wind to the hot inner regions, it seems inescapable that

down-scattering will occur in some less optically thick phase of this

MNRAS 447, 3243–3263 (2015)
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wind (we speculate that this could occur in the expanded clumps

further from the launching point).

Unlike those ULXs viewed at small inclinations, we expect only

one outcome from increasing ṁ0 (once again assuming no system

precession).

(i) As we expect the wind to increasingly dominate our sight

lines, more of the hard emission is beamed out of the line of

sight whilst that in the observer’s direction is increasingly Comp-

ton down-scattered. As a result, emission from the soft component

should increase by a larger amount than the hard component. Vari-

ability via Method 2 will be increasingly damped, whilst the effect

on Method 1 (clumps) is somewhat unclear (and will be a func-

tion of the generation of the instabilities); however, we predict

that the filling factor will likely increase with increasing ṁ0 and

so we might expect a corresponding decrease in this contribution

as the variability will increasingly tend to average out. Irrespec-

tive of the method, any variable, scattered emission from the hot

disc must also pass through the larger optical depth inflow/outflow

where reprocessing will redistribute it to lower energies (as with

the inner disc emission) and, as we assume the soft emission from

the wind to be relatively stable, dilute the fractional imprint (and

therefore power). The most extreme result for this evolution is

the spectrum and variability tending towards those predicted for

largest θ ; as a corollary, it is a distinct possibility that the lumi-

nosity could drop below that considered to indicate a ‘bright’ ULX

(>3 × 1039 erg s−1).

Sources at large θ . In the case, where the observer is viewing

at largest θ (position 3 in Fig. 1), the outer photosphere of the

wind at R > Rsph, is predicted to dominate the observed emission

(at Tph; P07), which may be out of the X-ray bandpass and emit

in the UV. Observing at such inclinations may then explain the

extremely bright UV emission seen in ultraluminous UV sources

(e.g. Kaaret et al. 2010), the supersoft ULX, M101 (Kong & Di

Stefano 2005; Shen et al. 2015), and the UV excess of SS433

(Dolan et al. 1997). As the X-ray luminosity is expected to be low,

the source may not fall into the empirical class of bright or even faint

ULXs (see as possible examples Soria et al. 2010, 2014). Whilst

we may not expect these to feature in ULX population studies,

they represent an important set of ‘hidden’ ULXs, should provide

interesting diagnostics for the winds (Middleton & Maccarone, in

preparation) and are a necessary component of any model which

hopes to describe the entire population. Although these sources

are unlikely to feature in X-ray studies (although over time we

may be able to see some sources evolve to being UV bright), it is

useful to make predictions about the variability properties and effect

of changing ṁ0. Due to the large optical depth in this direction

(P07), we should not expect contributions to the variability from

that emerging directly from the inner regions or via scattering and

propagating through the inflow (Method 2). However, we should

expect variability on the long viscous time-scales at Rsph. For an

observer already at large θ , increasing ṁ0 will increase the soft

emission only.

Summary. Here, we summarize the predicted spectrum and vari-

ability properties for a source viewed at a given inclination to the

wind.

(i) Small θ : the spectrum is expected to be hard with variability

via Method 2 only. If ṁ0 increases, then the spectrum should get

harder with a corresponding drop in variability. Should the wind

enter the line o sight, then the spectrum may soften and, assuming

ṁ0 is not too high to make the wind homogeneous, the variability

may increase – analogous to viewing at moderate θ .

(ii) Moderate θ : the spectrum is expected to be soft with variabil-

ity via Method 1 and 2 but likely dominated by Method 1 (although

we re-stress that the relative normalizations are unknown at this

time). If ṁ0 increases, then the spectrum should get softer and the

variability should decrease, both due to the wind tending towards

homogeneity and the variability being suppressed by the stable soft

component.

(iii) Large θ : the spectrum should be extremely soft and possibly

out of the X-ray bandpass altogether. Long time-scale variability

only should be present.

A highly simplified version of the predicted evolution for the popu-

lation is presented in Fig. 4 with spectral hardness (in an observing

band which includes both the soft and hard components) plotted

against fractional rms squared (in log space and under the rea-

sonable assumption that the two methods of imprinting variability

overlap in time-scales: see Section 2). The overall shape is an in-

flection (positive to negative gradient with spectral hardness), peak-

ing where the sources are soft and highly variable, corresponding

to those seen at moderate inclinations. From this inflection point,

the variability drops as the spectrum hardens (dominated by those

face-on sources: see equation 14 for a derivation of this in a sin-

gle source) and drops towards softer spectral colours (as the wind

increasingly dominates the emission). The grey points track the pos-

sible evolution of the spectrum softening out of a hard state whilst

the variability does not substantially increase (or even drops), as a

result of the wind tending towards homogeneity as ṁ0 increases.

In practice, this will lead to increased scatter (depending on the

likelihood of the situation) around the inflected path. We note that

the predicted shape is distinctly unlike that expected from scaling

the hardness-variability evolution of BHBs (Belloni 2010; Muñoz-

Darias et al. 2011) to IMBH masses where MBH > 100 s of M⊙
would imply sub-Eddington states and increasing rms with spectral

hardness.

3.2 Source/population evolution: effect of precession

In the previous subsection, we made predictions for how a source’s

spectral and variability properties should appear for a given incli-

nation and how they might change in response to increasing ṁ0

without precession. However, precession – as seen in SS433 (see

Fabrika 2004 for a review) – due to a ‘slaved-disc’, i.e. one where

the donor star’s rotational axis is inclined to its orbital axis (Shakura

1972; Roberts 1974; van den Heuvel, Ostriker & Petterson 1980;

Whitmire & Matese 1980), must lead to changes in the spectral

and variability properties. In the simplest case, where ṁ0 remains

unchanged as the disc precesses, we should see evolution between

each of the inclinations minus the effect of increased accretion rate

on homogeneity of wind and position of Rsph. Changes in ṁ0 as well

as precession would lead to greater complexity but can be deduced

from the discussions above.

(i) Low→moderate θ with increasing ṁ0: as discussed in the sub-

section above, if the new ṁ0 is high enough to suppress Method 1

then the variability could drop whilst the spectrum softens. Oth-

erwise, the variability will increase as the spectrum softens. The

reverse evolution will occur for moderate→low θ with decreasing

ṁ0.

(ii) Low→moderate θ with decreasing ṁ0: variability increases

as the spectrum softens. The reverse evolution will occur for

moderate→low θ with increasing ṁ0.

MNRAS 447, 3243–3263 (2015)
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Figure 4. Simple schematics showing the possible evolutionary paths of a ULX in spectral hardness (in an observing band which includes both the soft and

hard components) and power (fractional rms squared), which depend on the inclination the wind makes to the observer and the change in ṁ0 as described in

section 3. Left: the evolution without precession is shown. When viewed at low inclinations to the wind (i.e. when the wind is not directly in the line of sight),

the source is predicted to get harder with increasing ṁ0, with a drop in variability due to larger Rsph and increased dampening in a fixed frequency bandpass

(giving a gradient in log space of ≈−3γ /4 – equation 14). Alternatively, should the wind start to intercept our line of sight, the spectrum will become softer due

to beaming of hard emission away from, and down-scattering towards, the observer, with variability increasing via Method 1 (where N elements contributing to

such events is lower than at small inclinations). Eventually, the wind will dominate, leading to substantial Compton down-scattering and a softer, less variable

spectrum. The grey points indicate the evolution where an increase in mass accretion rate results in the wind tending towards homogeneity and suppressing

variability via Method 1. Centre: the evolution with increasing ṁ0 including the effect of precession which can further change our view of the ULX. Right: the

evolution including precession with decreasing ṁ0. Across a population, we would expect the combination of the possible tracks, weighted by likelihood. In

effect, we expect this to be an inflected shape (peaking with those soft ULXs seen at moderate inclinations with large amounts of variability) with substantial

scatter due to the effect of precession and wind tending towards homogeneity at larger ṁ0 (suppressing variability in Method 1). Importantly, above the softest,

most variable sources we would expect a negative gradient, distinctly unlike the positive gradient expected from BHBs scaled to IMBH masses (see Belloni

2010; Muñoz-Darias et al. 2011).

(iii) Moderate→high θ with increasing ṁ0: the spectrum will

soften and the variability will decrease (and start to shift to longer

time-scales).

(iv) Moderate→high θ with decreasing ṁ0: the spectrum will

soften and variability is also likely to decrease (or decrease with a

flatter gradient).

We plot the possibilities above for both increasing and decreasing

ṁ0 in Fig. 4. There are clearly several paths a given ULX may

take depending on the presence of precession, ṁ0 and starting in-

clination, with the overall trend we should expect to observe across

the population resulting from the combination of the possibilities

weighted against their likelihood. Whilst precession will no doubt

distort observational trends, by studying a large number of sources

we can expect to average across the effect and still see an inflected

shape across the population.

4 O B S E RVAT I O NA L C O M PA R I S O N

The work of Sutton et al. (2013), goes some way to establishing

a trend of variability with spectral hardness which (encouragingly)

appears similar to our predictions. However, to rigourously test

our model predictions and identify weaknesses, it is important to

examine the spectral and variability evolution of a high-quality

sample of ULXs – excluding those which can now be confidently

associated with ‘normal’ modes of BHB evolution (Middleton et al.

2013) – in greater detail.

We select nine of the brightest ULXs (in flux), known to span

a range of spectral shapes (Gladstone et al. 2009), that have been

well observed by XMM–Newton to ensure the availability of high-

quality data sets for spectral and timing analysis. Importantly, we

exclude the ‘broadened disc’ class of sources from Sutton et al.

(2013) which are considered to be BHBs experiencing normal mass

transfer rates but with Eddington inflows in their most inner regions

(Middleton et al. 2011b, 2012, 2013). The observational details of

our sample are given in Table 1.

For all observations, we re-process the data using SAS v.12.0.1

and up-to-date calibration files. We apply standard data filters and

flags for bad pixels and patterns (see the XMM–Newton user’s

handbook1), and remove periods of high-energy background (based

on the 10–15 keV count rate from the full field of view) associated

with soft proton flaring.

We use XSELECT to extract EPIC-PN spectra and light curves from

source regions not smaller than 30 arcsec radius (with the exception

of the first six observations of NGC 6946 X-1 as the source is close

to a chip-gap) and background regions chosen to avoid the pixel

read-out direction and other sources in the field. We do not use

the EPIC-MOS in this analysis as the fractional increase in data is

small, and the instrumental responses differ at soft energies.

4.1 Spectral analysis

The 0.3–10 keV spectra of ULXs above ∼3 × 1039 erg s−1 generally

favour a two-component model description (Sutton et al. 2013) with

a high-energy (>3 keV) break, distinctly unlike the spectra observed

from sub-Eddington accretion (Zdziarski et al. 1998; Stobbart et al.

2006; Gladstone et al. 2009; Bachetti et al. 2013). In this section,

we model the ULX spectra assuming the soft emission originates

in the wind and hard emission from the inner, distorted disc with

down-scattering likely broadening the emission towards energies

below the peak.

Although advection is likely to be important for the wind at large

ṁ0, we note that even the highest quality data sets do not presently

favour describing the soft emission with a model for an advection-

dominated disc over a simple thin disc (though see Section 5). As

a result, when fitting the data in XSPEC v 12.8 (Arnaud 1996), we

use a quasi-thermal, multicolour disc blackbody (DISKBB; Mit-

suda et al. 1984) to account for emission from the wind (i.e. the

emission from Rph,in to Rsph; e.g. Kajava & Poutanen 2009) and a

broad model to describe the emission from the inner disc and its

down-scattered component. NTHCOMP is an appropriate model

for the latter as it can provide a variety of complex continuum

1 http://xmm.esac.esa.int/external/xmm_user_support/documentation/uhb/
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Table 1. ULX sample observational information.

ULX Obs.ID Obs. date Useful exposure Lx Count rate

(ks) (×1039 erg s−1) (ct s−1)

NGC 5408 X-1 0302900101 2006-01-13 85.4 4.8 1.0

4.85 Mpc 0500750101 2008-01-13 28.6 4.5 0.9

0653380201 2010-07-17 71.8 5.6 1.2

0653380301 2010-07-19 88.2 5.6 1.1

0653380401 2011-01-26 73.4 5.3 1.1

0653380501 2011-01-28 69.2 5.3 1.0

NGC 6946 X-1 0200670101 2004-06-09 2.1 3.8 0.3

5.96 Mpc 0200670301 2004-06-13 10.0 3.0 0.3

0200670401 2004-06-25 3.2 3.8 0.3

0401360301 2006-06-18 2.7 3.4 0.3

0500730101 2007-11-08 17.4 3.0 0.2

0500730201 2007-11-02 24.5 2.6 0.2

0691570101 2012-10-21 81.1 3.8 0.4

NGC 5204 X-1 0142770101 2003-01-06 13.9 4.8 0.6

5.15 Mpc 0142770301 2003-04-25 4.1 6.4 0.8

0150650301 2003-05-01 4.6 6.7 1.0

0405690101 2006-11-15 1.7 7.9 1.2

0405690201 2006-11-19 30.4 7.3 1.0

0405690501 2006-11-25 20.9 6.0 0.8

NGC 1313 X-1/X-2 0106860101 2000-10-17 11.9 4.9/1.5 0.7/0.2

3.95 Mpc 0150280301 2003-12-21 7.0 8.6/6.4 1.0/0.9

0150280401 2003-12-23 3.0 6.4/7.5 0.7/1.0

0150280501 2003-12-25 6.6 −/2.8 −/0.5

0150280601 2004-01-08 8.2 7.7/2.2 0.8/0.4

0205230301 2004-06-05 8.6 6.7/7.5 1.0/1.0

0205230401 2004-08-23 3.8 3.0/1.7 0.6/0.3

0205230501 2004-11-23 12.5 −/1.7 −/0.3

0205230601 2005-02-07 8.4 5.2/7.1 0.6/1.0

0301860101 2006-03-06 16.6 −/6.5 −/0.7

0405090101 2006-10-15 74.0 4.9/6.2 0.7/0.7

Ho II X-1 0112520601 2002-04-10 4.6 8.5 3.2

3.34 Mpc 0112520701 2002-04-16 2.1 7.7 2.8

0112520901 2002-09-18 3.5 1.9 0.8

0200470101 2004-04-15 22.2 9.1 3.1

0561580401 2010-03-26 21.0 3.3 1.3

Ho IX X-1 0112521001 2002-04-10 7.0 14.6 1.9

4.23 Mpc 0112521101 2002-04-16 7.6 16.7 2.2

0200980101 2004-09-26 57.2 12.6 1.5

0657801801 2011-09-26 6.9 23.1 2.5

0657802001 2011-03-24 2.7 16.7 1.4

0657802201 2011-11-23 12.6 22.1 2.3

IC 342 X-1 0093640901 2001-02-11 4.8 3.4 0.3

3.61 Mpc 0206890101 2004-02-20 6.8 7.5 0.9

0206890201 2004-08-17 17.1 3.9 0.4

0206890401 2005-02-10 3.3 11.0 1.2

NGC 55 ULX-1 0028740201 2001-11-14 30.4 1.5 1.4

1.95 Mpc 0655050101 2010-05-24 56.6 0.6 0.8

Notes: observational properties of the sample of ULXs studied in this paper including the XMM–Newton

observation ID, date of exposure, duration of spectral exposure (after accounting for background flares

and dead time), 0.3–10 keV X-ray luminosity (absorbed, determined from the model as per the text) using

distances from NASA NED (http://ned.ipac.caltech.edu) provided below the source name, and EPIC-PN

count rate. In the case of NGC 1313, ‘-’ indicates that X-1 was outside of the detector’s field of view when

the observation was taken.

shapes (Życki, Done & Smith 1999) whilst providing some useful

and readily identifiable ‘physical’ parameters (e.g. the photon index

of the spectrum, Ŵ, and high-energy rollover: 2–3 kTe) although we

have to be careful in how we interpret these in the sense of the

physical model. We note that Walton et al. (2014) show that the

high-energy tail (in at least Ho IX X-1 and Ho II X-1) following

the rollover is not well described by a Wien tail. As this is out of

our bandpass, it will not affect our spectral modelling (as our model

hinges on the characteristic temperatures) although we speculate

that this broadening may result from the heavily distorted inner disc

emission (see also Tao & Blaes 2013).

We combine these emission components with a model for neutral

absorption (TBABS) using appropriate abundance tables (Wilms

et al. 2000) with the lower limit set at the Galactic column in the line
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of sight to each host galaxy (Dickey & Lockmann 1990). We fit this

simple convolved model (TBABS*(DISKBB+NTHCOMP)) to all

of the ULX data sets, keeping the high-energy component within a

region of parameter space such that the high-energy rollover (which

here refers to the inner disc peak temperature, i.e. 2–3kTe ≈ kTin)

is in the observable bandpass (as seen in Stobbart et al. 2006;

Gladstone et al. 2009). This is preferable to allowing the model

parameters to roam freely which can often lead to the high-energy

rollover being out of the bandpass, which in light of our model would

be incorrect (i.e. we do not expect a further break in the spectrum,

as indicated by NuSTAR observations; Bachetti et al. 2013; Walton

et al. 2014). As a result, the index (Ŵ) is associated with the rise to

the peak of the high-energy emission and allows for a contribution

from down-scattering.

In using the NTHCOMP component to model emission from

the hot inner disc and down-scattered component, we fix the seed

photon temperature to be that of the wind to provide a realistic (albeit

conservative) constraint: by energy balance, we expect the down-

scattering to lead to temperatures �Tsph. For the highest quality (or

softest) data sets, we note that the models favour the wind emission

component dominating at soft energies (�1 keV) over the hard

component. However, due to poor data quality in several data sets or

where the data does not obviously show a two-component structure,

it becomes necessary to force the presence of a soft component

dominating below �1 keV rather than allowing a fit with only

a single (broad) component. As a consequence, the errors on the

parameters in these models (denoted by a ∗ or ∗∗ in Tables 2 and 3)

are strictly only an approximation as they are found by fixing the

temperatures (kTd and kTe) and/or the slope (Ŵ) for each component

in turn (and rarely by fixing the normalization of the DISKBB

component).

Across all observations, we generally obtain a fairly hard

(Ŵ < 2.4) photon index and a rollover in the spectrum >3 keV

(as reported in Gladstone et al. 2009; Bachetti et al. 2013). The

best-fitting parameters of interest from model fitting are presented

in Tables 2 and 3 (with the total absorbed luminosities also provided

in Table 1) and spectral plots in Figs 5, 6 and 7.

In order to make comparisons to our predictions for the

spectral-timing evolution of ULXs as a population, we obtain the

de-absorbed fluxes in two energy bands: 0.3–1 and 1–10 keV, re-

spectively, by including a CFLUX component in the model fit-

ting (TBABS*CFLUX*(DISKBB+NTHCOMP)); these values are

given alongside the model parameters in Tables 2 and 3. We then

determine the ‘colour’ from the ratio of hard to soft fluxes and de-

termine the error on the colour from propagation of errors. Together

with the fractional rms (see next section), we can subsequently

assess the evolutionary pattern of ULXs in spectral hardness and

variability.

4.2 Timing analysis

We obtain the PDS (normalized to be in [σ /mean]2 units) by

fast-Fourier transforming segments of background-subtracted, 0.3–

10 keV, time series of length 1200 s and taking the average of the

resulting periodograms (see van der Klis 1989 for a review). Short

periods (<10 s) of instrumental dropouts are then corrected by lin-

early interpolating between the points either side of the gap. By

integrating the (Poisson noise subtracted) power over a given fre-

quency range and taking the square root, we are naturally left with

the fractional rms (Fvar; see Edelson et al. 2002). This is a more

robust method of measuring Fvar than by obtaining the variance of

the light curve in the time domain as multiple measurements of the

variance are taken and the true distribution can be measured (see

Vaughan et al. 2003). We integrate the PDS over a frequency range

3 to 200 mHz – as this range encapsulates the broad-band noise

variability seen in most ULXs (Heil et al. 2009) and ensures ade-

quate statistics in the majority of cases – with the resulting values

presented in Tables 2 and 3. We note that, although QPOs are seen

in two of the sources presented here (NGC 5408 X-1 and NGC

6946 X-1) and lie within the frequency range over which our rms is

calculated, in neither case will the variability of the QPO dominate

over the broad-band noise (see e.g. Strohmayer & Mushotzky 2009)

and so our values fairly reflect the underlying variability.

Constraining a value for Fvar depends on both the level of Pois-

son noise (set to be 2/mean count rate in our normalization) and

the length of an observation; for those observations where the for-

mer is high or the latter short, we may not be able to directly

constrain the presence of variability. For observations with uncon-

strained fractional rms, upper limits were found by performing

light curve simulations with an underlying PSD shape equivalent

to that of a highly variable observation of NGC 6946 X-1 (Obs.ID:

0691570101), determined by fitting Lorentzians to the PDS. Sim-

ulated light curves were generated with the same count rates and

duration as the real observations. In order to place upper limits on

the power (with a similar shape to that of NGC 6946 X-1), hidden

within each PDS, the input model was rescaled at 1 per cent inter-

vals from 20–100 per cent of the normalization of the original PDS.

For each rescaled input model, 200 light curves were generated and

the average rms and its error calculated; the upper limit was then

taken to be the point where the rms was just significant at a 3σ level

and is given in Tables 2 and 3.

We plot the power (i.e. fractional rms squared) for each obser-

vation (where constrained) against the spectral hardness in Fig. 8.

In plotting these together, we have assumed that the variability

time-scales between sources are the same (reasonable in light of

expected viscous time-scales: see Section 2) and that we have a

homogeneous population of compact objects. Although differences

in the mass transfer rate will lead to differences in the dampening

of variability (as γ in Method 2 is expected to be a function of ṁ0),

by including a large enough sample of sources (and observations)

we can start to average over this difference.

Although there is considerable scatter, the general trend appears

to be broadly consistent with the predicted shape of spectral hard-

ness versus power shown in Fig. 4. The amount of scatter is un-

surprising given the range of possible evolutionary tracks (driven

by the effect of precession and the wind tending towards homo-

geneity at large ṁ0: Section 3) and that there will be a distribu-

tion of masses. We note that should this association be correct,

the positive gradient branch would appear to be underpopulated;

this is likely due to selection effects as these will be underlumi-

nous and may not qualify as bright ‘ULXs’ in the traditional sense

(see Section 3).

To estimate the significance of a correlation on the negative slope,

we exclude NGC 55 ULX-1 – as the spectrum is significantly softer

than any other ULX (see next section for more details) – and per-

form a Kendall’s rank coefficient test on the data binned into five

even logarithmic spectral hardness bins (which does not account

for the errors on the data); however, this is only marginally (2σ )

significant. We can however, attempt to rule out a positive slope,

expected should we be observing a population of IMBHs (which we

assume behave as BHBs at similar Eddington ratios; Belloni 2010;

Muñoz-Darias et al. 2011). We determine the gradient of the slope

through a least-squares fit to the un-binned data points (using av-

erage symmetrical errors), constraining the gradient to be negative
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Table 2. Model-fitting parameters and Fvar values.

Obs.ID NH kTd Ŵ kTe f0.3-1 f1-10 χ2/d.o.f Fvar

(×1022 cm−2) (keV) (keV) (×10−12 erg s−1 cm−2) (per cent)

NGC 5408 X-1

0302900101 0.10 ± 0.01 0.18 ± 0.01 2.35 ±0.12 1.70 +0.55
−0.29 1.85 ± 0.04 0.85 ± 0.02 670/525 21 ± 1

0500750101 0.11 +0.02
−0.01 0.18 ± 0.01 2.23 ± 0.19 1.57 +1.01

−0.36 1.71 ± 0.07 0.87 ± 0.03 398/356 22 ± 1

0653380201 0.09 ± 0.01 0.20 ± 0.01 2.21 ± 0.11 1.55 +0.33
−0.21 1.84 ± 0.04 1.12 ± 0.02 686/552 19 ± 1

0653380301 0.09 ± 0.01 0.20 ± 0.01 2.27 ± 0.10 1.80 +0.50
−0.28 1.71 ± 0.04 1.08 ± 0.02 682/581 19 ± 1

0653380401 0.10 ± 0.01 0.19 ± 0.01 2.28 ± 0.12 1.69 +0.54
−0.29 1.78 +0.04

−0.05 1.00 ± 0.02 575/535 20 ± 1

0653380501 0.09 ± 0.01 0.20 ± 0.01 2.25 +0.13
−0.12 2.16 +1.64

−0.50 1.58 ± 0.04 1.03 ± 0.02 534/531 20 ± 1

NGC 6946 X-1

0200670101 <0.27 0.34 +0.05
−0.12 <1.99 >0.88 0.63 +0.53

−0.08 0.79 +1.13
−0.18 15/19 22 ± 7

0200670301 0.25 +0.03
−0.05 0.30 +0.06

−0.04 <1.85 <2.18 0.63 ± 0.03 0.62 ± 0.03 81/93 (23 ± 8)

0200670401 0.33 +0.14
−0.09 0.23 +0.10

−0.08 2.23 +0.46
−0.42 unconstrained 1.05 ± 0.09 0.76 +0.07

−0.06 45/33 33 ± 9

0401360301 0.28 +0.05
−0.09 0.26 +0.07

−0.10 <2.62 unconstrained 0.88± 0.08 0.66 ± 0.06 18/26 (27 ± 15)

0500730101 0.27 +0.07
−0.05 0.24 +0.03

−0.05 1.84 +0.40
−0.21 >1.14 0.69 +0.09

−0.03 0.62 +0.05
−0.02 130/128 42 ± 4

0500730201 0.37 +0.08
−0.06 0.20 +0.02

−0.03 2.04 +0.36
−0.17 >1.23 0.99 +0.09

−0.06 0.58 ± 0.03 144/136 30 ± 5

0691570101 0.30 +0.03
−0.02 0.23 ± 0.02 1.98 +0.13

−0.07 1.68 +0.44
−0.26 0.99 +0.04

−0.02 0.80 +0.02
−0.01 598/501 31 ± 2

NGC 5204 X-1

0142770101 <0.05 0.24 ± 0.03 1.74 +0.15
−0.17 1.65 +0.53

−0.29 0.58 +0.02
−0.01 1.11 ± 0.05 197/241 <11

0142770301∗∗ 0.05 ± 0.01 0.32 +0.03
−0.04 1.70 +0.15

−0.14 >1.24 0.85 +0.06
−0.05 1.33 +0.13

−0.11 114/111 <10

0150650301 <0.07 0.39 +0.06
−0.11 <2.28 1.42 +4.21

−0.36 0.88 +0.15
−0.05 1.47 ± 0.09 135/135 <14

0405690101∗ <0.09 0.31 ± 0.04 <2.42 0.87 +1.71
−0.19 1.40 +0.13

−0.12 1.53 ± 0.12 63/66 <17

0405690201 0.06 ± 0.01 0.32 +0.03
−0.04 2.11 +0.30

−0.26 >1.67 1.04 +0.07
−0.06 1.57 ± 0.04 493/454 <6

0405690501 <0.06 0.29 +0.01
−0.04 1.89 +0.12

−0.15 >2.13 0.73 +0.03
−0.02 1.36 ± 0.05 331/355 <10

NGC 1313 X-1

0106860101 0.22 +0.05
−0.04 0.29 +0.08

−0.07 1.64 +0.13
−0.18 2.20 +1.31

−0.49 0.95 +0.05
−0.06 2.39 ± 0.09 265/259 20 ± 4

0150280301∗ 0.28 +0.03
−0.02 0.41 +0.05

−0.04 1.85 +0.56
−0.41 >1.14 2.02 ± 0.11 4.36 +0.18

−0.17 215/209 <13

0150280401∗ 0.34 ± 0.05 0.39 +0.08
−0.06 1.64 +0.56

−0.61 >1.02 1.58 +0.16
−0.15 3.30 +0.29

−0.25 62/69 <20

0150280601∗ 0.23 ± 0.02 0.48 ± 0.04 1.66 +0.25
−0.30 >1.59 1.43 ± 0.06 3.82 +0.18

−0.17 200/206 <10

0205230301∗ 0.26 ± 0.02 0.43 +0.05
−0.04 1.64 +0.42

−0.38 1.32 +0.69
−0.25 1.42 ± 0.07 3.47 ± 0.12 239/251 <12

0205230401 0.30 +0.10
−0.07 0.29 +0.07

−0.12 <2.84 0.65 +1.13
−0.09 1.77 +1.34

−0.16 1.34 +0.11
−0.09 97/73 (16 ± 9)

0205230601 0.37 +0.10
−0.08 0.20 +0.06

−0.04 1.74 +0.14
−0.17 1.93 +2.09

−0.48 2.27 ± 0.17 2.69 +0.16
−0.15 138/154 (12 ± 8)

0405090101 0.29 ±0.02 0.24 ± 0.02 1.68 ± 0.04 2.25 +0.29
−0.21 1.31 ± 0.03 2.46 ± 0.04 865/793 17 ± 2

Notes: best-fitting parameters from fitting the continuum model (TBABS*(DISKBB+NTHCOMP)) with errors quoted at the 90 per cent

level. The column density (NH) has assumed the abundances of Wilms, Allen & McCray (2000). kTd is the peak disc temperature in the

DISKBB component, kTe is the electron plasma temperature and Ŵ is the photon index (in the NTHCOMP component) connecting the

seed photon temperature to the high-energy rollover at ∼2–3 kTe. The flux values (in units of ×10−12 erg cm−2 s−1) are quoted for the

unabsorbed model integrated over 0.3–1 and 1–10 keV, respectively, by including the CFLUX component. In order to obtain parameters

which can loosely be related to our model and are generally more physically motivated, we ensure that the high-energy rollover is in the

bandpass and the input seed photon temperature is fixed to the peak of the soft component. This is then consistent with our physical model

where Compton down-scattering is likely to broaden the shape below the peak of the hard emission. In many cases, the continuum was too

broad to provide constraining fits in the required parameter space when all parameters were free; in these cases, we determined the error

bounds on each component in turn. Where the observation is highlighted by an asterisk (by the Obs.ID), the temperature (kTd or kTe) and/or

photon index of the component was frozen; where a double-asterisk is given, the normalization of the DISKBB component was also frozen

to determine errors on the NTHCOMP component. Fractional variability was determined by integrating the PDS (from 3 to 200 mHz), with

values below 3σ significance given in parentheses. Stringent upper limits were determined by simulating using the PDS of NGC 6946 X-1

as input (see Section 4.2 for details).

at > 3σ (<−0.14 at 3σ ). This would seem to rule out the presence

of a positive slope although we caution that the fit is heavily influ-

enced by the five points at high hardness and further data would be

useful to confirm this.

Whilst the hardness-variability trend is consistent with the expec-

tations of our model, we proceed to investigate individual source

behaviour to further test whether the observations match (or can

be broadly explained by) the detailed predictions discussed in

Section 3.

5 E N E R G Y-D E P E N D E N T VA R I A B I L I T Y

A clear prediction of our spectral-variability model is that at small

θ , variability should be present mostly on long time-scales (see
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Table 3. Model best-fitting parameters and Fvar values.

Obs.ID NH kTd Ŵ kTe f0.3-1 f1-10 χ2/d.o.f. Fvar

(×1022 cm−2) (keV) (keV) (×10−12 erg s−1 cm−2) (per cent)

NGC 1313 X-2

0106860101 0.24 +0.08
−0.06 0.31 +0.13

−0.10 <2.21 >1.03 0.47 +0.10
−0.11 0.75 +0.08

−0.06 97/97 (19 ± 10)

0150280301∗ 0.20 ± 0.03 0.60 +0.10
−0.08 1.44 +0.40

−0.35 1.62 +0.92
−0.29 0.62 ± 0.04 3.28 ± 0.12 173/208 (14 ± 5)

0150280401∗∗ 0.19 ± 0.03 0.68 +0.17
−0.13 1.38 +0.11

−0.10 1.62 +0.39
−0.23 0.67 ± 0.06 3.77 +0.21

−0.20 91/103 <16

0150280501 0.27 +0.12
−0.07 0.30 +0.21

−0.15 <2.04 1.37 +0.94
−0.40 0.71 +0.65

−0.20 1.45 +0.11
−0.10 131/125 (12 ± 10)

0150280601∗∗ 0.21 ± 0.02 0.44 +0.08
−0.07 1.79 +0.19

−0.17 >1.27 0.47 +0.04
−0.03 1.11 +0.08

−0.07 112/126 22 ± 6

0205230301∗∗ 0.25 ± 0.02 0.56 +0.09
−0.08 1.45 ± 0.06 1.54 +0.15

−0.12 0.81 ± 0.04 3.91 ± 0.12 215/262 <13

0205230401∗ 0.18 ± 0.05 0.38 +0.10
−0.08 <1.83 >0.96 0.37 +0.05

−0.04 0.78 +0.16
−0.10 30/38 (30 ± 11)

0205230501∗ 0.25 ± 0.03 0.29 +0.09
−0.01 1.96 +0.28

−0.24 >1.40 0.53 ± 0.04 0.82 ± 0.05 113/142 28 ± 5

0205230601∗ 0.19 ± 0.03 0.68 +0.10
−0.08 <1.83 1.52 +0.63

−0.23 0.59 ± 0.03 3.67 ± 0.12 239/259 <13

0301860101∗ 0.23 +0.02
−0.03 0.69 +0.06

−0.05 <1.61 1.35 +0.37
−0.10 0.65 ± 0.03 3.42 ± 0.09 331/355 (7 ± 7)

0405090101∗ 0.21 ± 0.01 0.67 ± 0.03 1.51 +0.26
−0.22 1.68 +0.42

−0.21 0.60 ± 0.01 3.14 ± 0.04 807/856 <8

Ho II X-1

0112520601∗ 0.07 ± 0.01 0.32 ± 0.02 2.06 +0.30
−0.22 >1.45 3.29 ± 0.10 4.39 ± 0.15 325/325 9 ± 3

0112520701∗ 0.06 ± 0.01 0.31 +0.04
−0.03 2.06 +0.31

−0.25 >1.43 2.74 +0.14
−0.13 4.08 +0.21

−0.20 211/170 <12

0112520901 0.10 +0.06
−0.04 0.18 +0.06

−0.05 <2.90 >0.61 1.33 +0.13
−0.12 0.74 ± 0.06 101/86 <12

0200470101∗ 0.07 ± 0.01 0.32 ± 0.01 2.04 +0.11
−0.10 1.77 +0.42

−0.24 3.37 ± 0.05 4.73 +0.06
−0.07 594/598 <5

0561580401 0.08 ± 0.01 0.23 ± 0.02 1.91 +0.20
−0.24 1.19 +0.25

−0.17 1.77 +0.09
−0.12 1.49 ± 0.04 411/387 <6

Ho IX X-1

0112521001∗ 0.14 ± 0.01 0.43 +0.04
−0.03 1.54 +0.09

−0.10 2.25 +0.70
−0.36 1.64 ± 0.05 6.14 ± 0.17 350/388 <7

0112521101∗ 0.14 ± 0.01 0.49 ± 0.03 1.60 ± 0.13 >1.95 1.85 ± 0.05 7.06 ± 0.17 425/456 (5 ± 5)

0200980101 0.16 ± 0.01 0.28 ± 0.02 1.55 ± 0.03 2.50 +0.23
−0.18 1.30 ± 0.02 5.36 ± 0.06 1030/1042 <6

0657801801∗ 0.15 ± 0.01 0.61 ±0.04 1.66 +0.27
−0.26 >1.77 2.38 ± 0.04 9.97 ± 0.22 443/465 <5

0657802001∗ 0.13 ± 0.02 0.54 +0.07
−0.06 1.41 +0.14

−0.26 >1.73 1.58 ± 0.06 7.16 ± 0.35 115/123 <13

0657802201∗ 0.17 ± 0.01 0.60 ± 0.04 1.63 +0.19
−0.18 2.23 +1.34

−0.42 2.11 ± 0.05 9.59 ± 0.18 589/622 <7

IC 342 X-1

0093640901∗ 0.77 ± 0.13 0.51 +0.16
−0.12 1.34 +0.36

−0.23 1.82 +2.56
−0.43 0.57 ± 0.07 2.44 +0.18

−0.17 60/57 <25

0206890101∗∗ 0.83 +0.05
−0.04 0.81 +0.09

−0.08 1.32 ± 0.11 1.81 +0.36
−0.23 1.16 ± 0.07 5.63 ± 0.19 187/207 (9 ± 9)

0206890201∗ 0.76 ± 0.06 0.62 +0.06
−0.05 <1.51 1.92 +0.83

−0.34 0.62 ± 0.03 2.84 ± 0.10 217/232 22 ± 4

0206890401∗∗ 0.79 ± 0.06 0.89 +0.16
−0.14 1.43 ± 0.12 2.23 +1.23

−0.44 1.27 ± 0.10 8.01 +0.36
−0.35 132/136 <14

NGC 55 ULX-1

0028740201 0.27 ± 0.02 0.28 ± 0.04 <2.06 0.71 +0.10
−0.07 3.45 +0.38

−0.28 2.70 +0.05
−0.04 532/477 <7

0655050101 0.33 +0.02
−0.01 0.22 ± 0.02 <2.04 0.54 +0.06

−0.05 2.83 +0.26
−0.21 1.11 +0.02

−0.01 670/522 10 ± 3

Notes: as for Table 2.

Section 2) and should be a complex combination of the variability

directly from the disc (assuming that the disc is not thin; Churazov

et al. 2001), Compton down-scattered emission from the scattering

surface of the wind and changing fcol. At intermediate θ , we should

see a slightly different energy dependence of the variability (as

obscuration events are expected to dominate where m0 is not too

large) with the same spectrum as the inner disc emission (which

arrives to the observer down-scattered).

The energy dependence of the variability in NGC 5408 X-1 has

already been shown in Middleton et al. (2011a) with the fractional

rms increasing with energy. However, it is clear that those spectrally

hard sources where the variability is predicted to be created by scat-

tering into the line of sight (i.e. those at small θ ) all have low rms

and so we cannot investigate the shape of the rms spectrum. We can

improve on this situation by extracting the cross spectrum (Nowak

et al. 1999) and selecting the linearly correlated/coherent variability

relative to a reference band with high signal-to-noise rms. Normal-

izing by the excess variance in the reference band and plotting this

against energy gives the covariance spectrum (Wilkinson & Uttley

2009) where the removal of uncorrelated Poisson noise significantly

reduces the sizes of the errors on each data point (of variance) in

each energy bin. We plot the covariance (extracted in the time do-

main) relative to the 1.5–3 keV band, for the best-constrained single

observation of each source (with the exception of IC 342 X-1, NGC

1313 X-2 and NGC 5204 X-1 due to insufficient data quality) in

Figs 9, 10 and 11 over two time-scales: long (0.9–3 mHz) and short

(3–200 mHz). The short time-scale variability corresponds to the

fractional rms values reported in Tables 2 and 3 and we expect to

include the contributions from both methods of generating vari-

ability discussed in Section 2. The covariance spectra interrogated

on long time-scales allow for a comparison (where variability on

both time-scales can be constrained) but also allows us to inves-

tigate the correlated spectral variability for sources with low rms

on the shorter time-scales. We plot these unfolded through, and
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A spectral-timing model for ULXs 3255

Figure 5. Best-fitting continuum models (for model parameters, see Tables 2 and 3) for the ULXs as labelled. For those where we have significant variability

(≥3σ ), the spectral models are shown in green. For the brightest and dimmest spectra (in unabsorbed 0.3–10 keV flux, indicated by thicker solid lines), we

also plot the model components, DISKBB: red solid/dashed (bright/faint) lines and NTHCOMP: blue solid/dashed (bright/faint) lines. This allows for crude

inspection of how the ULX has evolved from dimmest to brightest (although care must be taken as this may be misleading in certain cases: see NGC 1313 X-1

for an example in the discussion).

plotted alongside, the de-absorbed, best-fitting time-averaged model

for each observation to allow ease of comparison.

In the case of the softer sources (NGC 5408 X-1, NGC 6946 X-1

and to a lesser extent, Ho II X-1: Figs 9 and 10), we see a shape

consistent with the variability originating in the hard component

only, consistent with a model where the variability on short and

long time-scales at such inclinations is dominated by obscuration

of the high energy emission (Method 1). To demonstrate this more

clearly, we fit the short-time-scale covariance data (long time-scales

in the case of Ho II X-1) with the de-absorbed, time-averaged model

where the component normalizations relative to one another are ini-

tially fixed (so that there is the same proportion of DISKBB to

NTHCOMP as in the time-averaged, best-fitting model); this leads

to large residuals (plotted as a ratio in the lower panels of Figs 9

and 10). We then proceed to free the normalizations, finding that

the residuals improve and the DISKBB normalization tends to zero.

It is apparent that, whilst the variability is generally well matched

by our choice of hard component model above 1 keV, the spec-

tral modelling may deviate somewhat at the very softest energies

(most readily seen for NGC 6946 X-1). This is not unexpected;

we forced the lowest temperature of the NTHCOMP component

to be that of the wind via energy balance, however, this assumes

the most extreme scenario where the down-scattering occurs by

the coolest wind material at the largest radii. Instead, for sources

at more moderate or low inclinations, the temperature of the wind

plasma intercepting the hard photons is expected to be somewhat

higher, leading to the low-energy peak (of the high-energy compo-

nent) moving to higher energies (or in other words kTin > kTd in our

model). As we are using thermal components in our spectral fitting

rather than simple power laws, the effect on the spectral hardness

will only be small (as the spectrum is down-turning to meet the peak

of the seed photon distribution: Figs 5, 6 and 7) and so our spectral-

variability trend (Fig. 8) remains robust. As an interesting aside, as

the hard component rolls over at lower energies/faster than we have

accounted for, it seems likely that the soft component could be of

a different shape to that determined from the time-averaged spectra

(which we will investigate elsewhere). In order to obtain the best

description of the covariance spectra, we allow the parameters of
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3256 M. J. Middleton et al.

Figure 6. As for Fig. 5.

Figure 7. As for Fig. 5.

the NTHCOMP component to be free with the exception of the peak

temperature, kTe, set to the best-fitting value in the time-averaged

spectrum (Tables 2 and 3) to keep the rollover within the bandpass.

We also restrict the lower limit of kTd, to that of its time-averaged,

best-fitting value as it is clear that the true temperature likely resides

at or above this value. Fitting with the NTHCOMP component only,

provides the greatest improvement as shown in the lower panels of

Figs 9 and 10. The best-fitting parameters and their errors are given

in Table 4, although we caution that these values should only be

seen a representative of the spectral shape rather than a physical

description. It is interesting to note that, in the case of NGC 6946

X-1, even this component alone does not appear to account for the

shape of the covariance at the softest energies.

The covariance spectra of Ho IX X-1 and NGC 1313 X-1 (Figs 10

and 11) highlight the variable component for the hardest ULXs

which we have not been able to previously study. Once again we

show the residuals (as a ratio) from fitting the covariance (short

time-scales in the case of NGC 1313 X-1 and long time-scales for

Ho IX X-1) with the de-absorbed, time-averaged spectral model

with a fixed proportion of normalizations, free normalizations and

with the NTHCOMP component alone (with free model parameters,

with the exception of kTe). In the case of the highest data quality, i.e.

MNRAS 447, 3243–3263 (2015)
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A spectral-timing model for ULXs 3257

Figure 8. Spectral hardness (from the ratio of unabsorbed 1–10/0.3–1 keV

fluxes) versus power (fractional rms squared) in log space (with 1σ errors).

The colour scheme corresponding to the different sources is as follows:

black: NGC 5408 X-1, red: NGC 6946 X-1, purple: NGC 1313 X-2, orange:

NGC 55 ULX-1, green: NGC 1313 X-1, cyan: IC 342 X-1, blue: Ho IX X-1,

yellow: Ho II X-1. This appears similar in overall shape to our predicted

evolution shown in Fig. 4.

NGC 1313 X-1, we see that the best description of the covariance

spectrum is once again the hard component on its own (i.e. the

DISKBB normalization tends to zero) with free model parameters

(see Table 4). Based on our model, we may have expected the

variability spectrum to have a contribution due to down-scattering

below that of the hard component with the addition of variability in

the soft component due to changing fcol. Although the covariance

spectrum may appear slightly flatter than the de-absorbed, time-

averaged model, consistent with expectation (appearing as an excess

at ∼1–2 keV above the NTHCOMP component in the residuals for

Ho IX X-1 in Fig. 11), the data quality is not yet sufficient for any

unambiguous claim of such broadening.

Of particular interest for our model is the source NGC 55 ULX-1

as, due to its extremely soft spectrum, this may sit on the positive

branch of the hardness-variability plot (Figs 4 and 8). The source

has been studied by Stobbart, Roberts & Warwick (2004) who sug-

gested that the ‘dips’ in the X-ray light curve could be analogous to

those seen in the class of dipping neutron star binaries (i.e. obscura-

tion by optically thick material in the outer disc), implying a large

(yet small enough that the source is X-ray bright) inclination to the

source. Notably, the dips get stronger with increasing energy and

so also fit into our model as a ULX seen at moderate-to-high incli-

nations. Although the short time-scale variability is unconstrained

in the first observation, on similarly long time-scales (0.03–3 and

0.02–2 mHz, respectively) both observations have sufficient vari-

ability for the covariance spectrum to be extracted and compared,

and are shown in Fig. 12. The second observation, which is signifi-

cantly softer than the first observation, is dimmer as we might expect

if the wind has become stronger or the system has precessed. The

covariance spectrum of the first observation is dominated by a hard

component (as can be seen from the spectral residuals), with a peak

temperature consistent with that of the time-averaged component,

and appearing similar to those of other ULXs we have identified

as moderately inclined (e.g. NGC 5408 X-1, NGC 6946 X-1). The

second observation shows that the variability spectrum is consid-

erably flatter and the peak has shifted to lower energies between

observations. By fitting a simple blackbody (BBODY in XSPEC) to

the covariance spectra, we find that the peak has indeed shifted

from kTobs = 0.71+0.06
−0.05 to 0.28+0.14

−0.07 keV and is no longer a reason-

able match to the temperature of the hard component within errors

(Table 3). Under the reasonable assumption that the variability com-

ponent is of the same physical origin, such a change is not expected

in any model where the variable emission arrives to the observer

Figure 9. Upper panels: covariance spectra relative to the 1.5–3 keV band, over two time-scales: long (red: 0.9–3 mHz) and short (black: 3–200 mHz) for NGC

5408 X-1 (Obs.ID: 0500750101) and NGC 6946 X-1 (Obs.ID: 0691570101) plotted with (and unfolded though) their best-fitting, de-absorbed, time-averaged

spectral model. Lower panels: ratio plots from fitting the covariance spectra with the time-averaged, de-absorbed model with the relative amount of DISKBB to

NTHCOMP fixed (black), free (green) and with the NTHCOMP component only, with free model parameters (blue; note that kTe is fixed to its best-fitting value

in the time-averaged spectral fitting). When the normalizations are free, the DISKBB component is not required; clearly, the variability is therefore associated

with the hard component. The ratio plots also show that, whilst the variability spectrum is a good match to the high-energy component above ≈1 keV, at softer

energies the model overpredicts the data as expected from our model assumptions (Section 3).
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3258 M. J. Middleton et al.

Figure 10. As for Fig. 9, covariance spectra for Ho II X-1 (Obs.ID: 0561580401), which can only be extracted on long time-scales, and NGC 1313 X-1

(Obs.ID: 0405090101).

Figure 11. As for Fig. 9, covariance spectrum of Ho IX X-1 (Obs.ID:

0657801801).

directly (e.g. a disc–corona model as seen in BHBs). The nature of

the evolution implies that the variable component of the emission

has reached us after being down-scattered by cooler/more optically

thick material than intercepts the hard emission. How this occurs

is presently unclear but further observations of NGC 55 ULX-1

(and similar sources) may help place constraints on the required

geometry.

6 D ISCUSSION

One of the leading models to explain ULX luminosities above

∼3 × 1039 erg s−1 is the formation of a powerful wind at the

spherization radius as a result of a high mass transfer rate from the

donor star (as seen in SS433, see Fabrika 2004, for a review). Radia-

tive hydrodynamic instabilities are expected to be present leading

to a clumpy structure (Takeuchi et al. 2013, 2014). When com-

bined with inflowing propagating mass accretion rate fluctuations –

now seen as the likely origin for the broad-band variability charac-

teristics of accreting sources (Lyubarskii 1997; Uttley et al. 2005;

Ingram & Done 2012; Scaringi et al. 2012) – this leads to the pre-

diction of variability emerging directly (should the inner disc not

be geometrically thin; Churazov et al. 2001) and/or via scattering

events.

In Section 2, we presented two methods of imprinting variability

which vary as a function of inclination angle and mass accretion

rate. Combining these with the spectral predictions from P07, leads

to a series of observational spectral/timing predictions, as outlined

in Section 3. These can be complicated by disc precession but the

overall trend we should expect across the population is one where the

harder sources, seen at small inclinations are generally less variable

than the soft sources seen at moderate inclinations. We also expect

the variability to drop as the wind becomes increasingly dominant

and the source becomes softer. The predicted, inflected path (shown

in Fig. 4), differs from that expected should the variability originate

in a high-energy Compton-scattering plasma, as seen in BHBs,

where, crucially, the variability is greatest for the hardest source

states (Belloni 2010; Muñoz-Darias et al. 2011).

We combine spectral hardness, obtained from the best-fitting

models to the spectra of a sample of ULXs, with rms values obtained

from the PDS and plot these in Fig. 8. There is considerable scatter

in the plot – expected in light of different evolutionary paths and

a distribution of masses. However, we find a significantly negative

slope (when ignoring the softest data point – which we have assumed

sits on the positive slope of the predicted trend) which is consistent

with expectation and would disagree with the expectation of IMBH

accretion based on scaling BHBs to IMBH masses (Belloni 2010;

Muñoz-Darias et al. 2011).

We also consider whether the variability could be caused by a

variable, hot inner disc and stable wind, i.e. no contribution via

Method 1. We note that, in the case of BHBs a thin disc can appear

variable but only if illuminated by a variable photon flux (Wilkinson

& Uttley 2009), otherwise (under the assumption that variability

becomes damped by the density of the disc) the disc would need

to not be geometrically thin (Churazov et al. 2001), pointing to a

situation unlike that expected for IMBHs. In Method 2, we consider

that the propagating flux can emerge via scattering and/or from

the inner disc directly. Assuming no contribution via Method 1

(i.e. obscuration by clumps), the implication would be that the soft

sources are at a lower mass accretion rate so that the dampening

due to mass-loss is less severe (in effect more of the PDS is in our

bandpass: see Fig. 3 and Section 2.2.3). Whilst we cannot rule this
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A spectral-timing model for ULXs 3259

Table 4. NTHCOMP best-fitting parameters for the covariance spectra.

Source Time-scale kTd (keV) Ŵ norm (×10−4)

NGC 5408 X-1 short 0.88+0.16
−0.38 >2.36 1.2 ± 0.2

NGC 5408 X-1 long <1.14 >1.74 0.4 ± 0.1

NGC 6946 X-1 short 1.25+0.52
−0.62 >1.69 0.5 ± 0.1

NGC 6946 X-1 long 0.94+0.74
−0.70 >1.61 0.1 ± 0.1

HoII X-1 long <1.02 >1.56 0.6 ± 0.3

NGC 1313 X-1 short 1.20+0.56
−0.64 >1.72 0.9 ± 0.1

NGC 1313 X-1 long >0.24 unconstrained <0.8

HoIX X-1 short <3.38 >1.39 1.8+0.9
−0.8

HoIX X-1 long 1.43 +0.68
−0.65 >1.71 3.1 ± 0.4

NGC 55 ULX-1 (Obs 1) long <1.34 1.46+0.80
−0.25 0.4 ± 0.1

NGC 55 ULX-1 (Obs 2) long <0.96 >1.29 0.3 ± 0.1

Notes: NTHCOMP model parameters (and their 90 per cent errors) for the best-fitting to

the covariance data shown in Figs 9–12.

Figure 12. Covariance spectra of NGC 55 ULX-1 on long time-scales

(Obs.1: 0028740201, black: 0.03–3 mHz; Obs.2: 0655050101, purple: 0.02–

2 mHz) which shows the decrease in peak temperature as the spectrum

softens and dims, implying that we do not see the variable component of the

emission directly. The lower panels show the residuals (as per the previous

figures) for each observation in turn.

out, we still invoke a wind in this situation and so it seems highly

likely that radiative hydrodynamic instabilities will occur leading

to clumps and increased variability via Method 1 for these sources.

New models incorporating inhomogeneous accretion disc emis-

sion (e.g. Dexter & Quataert 2012) based on the photon bubble

instability (Gammie 1998; Begelman 2001) may also describe the

X-ray emission (Miller et al. 2014) and may offer a viable alterna-

tive to distortion by radiatively driven winds. However, a key test of

any such model will be their ability to explain and incorporate the

changing variability properties which, as we have discussed, can

naturally be explained by powerful radiatively driven winds.

In terms of individual source behaviour, which may differ from

the overall trend due to individual characteristics e.g. precession,

we can consider whether the spectral evolution with variability is

consistent with our model and we do so on a source-by-source basis.

NGC 5408 X-1: the XMM–Newton observations of this source

cover a luminosity range of only 7–9 × 1039 erg s−1 and show

large and well-constrained fractional variability in each (Table 2).

The X-ray spectrum changes very little, with model parameters

remaining consistent throughout and similar fractional increases

in soft and hard flux (from faintest to brightest: Fig. 5, Table 2).

Although it would appear that the fractional variability drops with

increasing flux in the hard component, possibly in keeping with

our expectations of the wind tending towards homogeneity (see

also Caballero-Garcı́a, Belloni & Wolter 2013), this is not well

constrained. However, the spectral and variability characteristics

are fully consistent with a source that has been viewed at moderate

inclinations such that the wind is in our line of sight with large

amounts of variability (dominated by Method 1).

NGC 6946 X-1: there are clear spectral similarities between NGC

6946 X-1 and NGC 5408 X-1 (see Fig. 5) with the source showing

only small total variations in flux (Table 2). We also detect large

amounts of variability; indeed NGC 6946 X-1 appears to demon-

strate even larger amounts of fractional variability than NGC 5408

X-1. It is therefore a reasonable assertion that we have viewed the

ULX at similar inclinations. In addition to our analysis, NGC 6946

X-1 has been reported to have extreme (ultraluminous) UV emis-

sion (∼4 × 1039 erg s−1; Kaaret et al. 2010). Given the brightness

this could be associated with down-scattering in the wind and/or

emission from the outer photosphere, and would imply moderate

to high inclinations (depending on accretion rate – P07 – and any

precession at the time).

NGC 5204 X-1: the source appears to become considerably softer

with increasing luminosity (Fig. 5) and the best-fitting model to the

brightest observation would imply that the hard emission becomes

much cooler (Table 2), although this is not well constrained. The

evolution therefore appears consistent with a line of sight changing

such that the observer views increasingly into the wind. As a result,

the hard emission is progressively beamed out of the line of sight

with the remaining emission in the direction of the observer being

increasingly Compton down-scattered. In our model, we associate

this behaviour with an inclination to the wind changing due to either

precession or an increase in ṁ0.

NGC 1313 X-1: the evolution of this source (and X-2) has been

the subject of many papers (e.g. Pintore & Zampieri 2012) and ap-

pears remarkably similar to that of NGC 5204 X-1 (Fig. 5) with a

larger fractional increase in flux at soft energies than hard, although

it traverses a larger range in luminosity (6–12 × 1039 erg s−1).

Once again, we see a spectrum (Obs.ID 0205230401) that

appears to have a considerably cooler and weaker hard component

(Table 2). Although this is not the brightest observation, should

MNRAS 447, 3243–3263 (2015)
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we be viewing the source so that more of the wind enters the line

of sight, then a large portion of the intrinsic flux may be beamed

out of the line of sight and this may instead be at higher ṁ0 or

precessed.

Unlike NGC 5204 X-1, we can constrain the presence of vari-

ability in two observations (Table 2). Both observations are at the

lowest flux levels (excluding Obs.ID 0205230401), consistent with

our model where the variability drops at higher luminosities (i.e.

higher ṁ0) in either method.

Based on our model, we predict that our view of the ULX is

evolving from low inclinations, where the wind does not substan-

tially enter our line of sight so that the source appears hard with

variability via Method 2, to one where the wind now enters our line

of sight, the spectrum gets softer and variability becomes suppressed

by increasing ṁ0.

NGC 1313 X-2: at the lowest fluxes, the source appears very

similar to NGC 1313 X-1 and NGC 5204 X-1 (Figs 5 and 6, Table 3)

implying once again that we are viewing at moderate inclinations

to the wind. However, unlike the former sources, the spectrum

becomes increasingly hard with luminosity (Fig. 6), suggesting that

the inner regions are not significantly obscured by the wind and are

instead geometrically beamed with increasing mass accretion rate,

i.e. we are looking at small inclinations.

At lower fluxes, we detect variability (Table 3) which, given

the hard spectrum, we attribute to Method 2. We note that, once

again the variability does not appear in observations at higher lumi-

nosities even when the data quality is extremely high, e.g. Obs.ID

0405090101.

We also note the more recent observations presented by Bachetti

et al. (2013) with two XMM–Newton observations of the source

at low–moderate luminosities. Neither show constrained variability

above 3 mHz (our band of interest) but the brighter observation

may show variability on longer time-scales which could feasibly be

explained by the source transiting along the softer branch of Fig. 4

(or a combination of precession with decreasing ṁ0).

HoII X-1: the spectra generally appear very similar to those of

NGC 5408 X-1 and NGC 6946 X-1 (Figs 5 and 6) although span a

much greater range in luminosity (3–10 × 1039 erg s−1); we there-

fore also predict that we have observed the source at moderate

inclinations.

We note the substantial difference in levels of variability com-

pared to NGC 5408 X-1 and NGC 6946 X-1 and, whilst we detect

low fractional rms in a single observation of HoII X-1 (Obs.ID

0112520601), this is poorly constrained. Certainly, we do not de-

tect variability in the highest quality data set (Obs.ID 0200470101)

at the highest observed luminosity, which might imply that the wind

has already tended towards homogeneity, i.e. a higher ṁ0. It is im-

portant to note that, in the case of HoII X-1, the detection of radio

lobes (Cseh et al. 2014) suggest that the source is not likely to

have been viewed at the smallest inclinations (the limit of not being

strongly Doppler boosted gives a lower limit of 10◦).

HoIX X-1: the evolution of HoIX X-1 has been studied by

Vierdayanti et al. (2010) and appears similar to NGC 1313 X-2

(Fig. 6, Table 3). As the source is notable as one of the spectrally

hardest ULXs, and appears to get harder with increasing luminosity,

we predict that we are viewing at small inclinations to the wind so

that it remains out of the line of sight throughout the existing ob-

servations. We attribute the general lack of variability (even given

the high data quality) to dampening due to high ṁ0 (Method 2).

It is worth noting that Walton et al. (2014) observe spectral evolu-

tion of Ho IX X-1 across a broader energy bandpass using NuSTAR,

in concert with XMM–Newton and Suzaku. The evolution may be

consistent with a model of increasing hardness with luminosity (in

the XMM–Newton bandpass) with the brightest epoch showing a

cooler peak of the inner disc component, possibly due to increased

Compton down-scattering in the (now more narrow) wind cone.

However, given present model degeneracies, the exact nature of the

evolution (in terms of spectral components) is not yet unambiguous.

IC 342 X-1: the spectra of IC 342 X-1 and their evolution with

luminosity appear similar to those of Ho IX X-1 (Fig. 6), implying

inclinations that do not intercept the wind. In addition, we find that

only the dimmest observation with adequate data quality (Obs.ID:

0206890201) shows constrained variability (Table 3), which we

associate with Method 2, implying that, as with HoIX X-1, the

increase in brightness due to an increase in ṁ0 damps the variability.

NGC 55 ULX-1: the spectra of NGC 55 ULX-1 are the soft-

est of our sample implying moderate to high inclinations to the

wind. As variability is present, albeit at low levels, this im-

plies a ṁ0 low enough so that variability has not yet been fully

damped.

Whilst the first-order spectral-variability behaviour in individ-

ual sources as well as across the sample can be explained by our

model, we can gain further insights by studying the nature of the

energy dependence of the variability. Whilst past studies have used

the fractional rms-spectrum (e.g. Middleton et al. 2011a), here we

extracted the covariance spectra (Wilkinson & Uttley 2009) which

have considerably smaller errors and allow a view of the correlated

variability (relative to a reference band). In all cases, where statis-

tics allow, we should expect the hard component to be variable due

to obscurations (and potentially intrinsic disc emission should it not

be thin) at larger inclinations, and an intrinsically variable hot inner

disc (again, should it not be thin) and scatterings into the line of

sight of the observer at smaller inclinations. The major difference

we predict is that there could be some contribution to the shape

of the covariance spectrum from down-scattering and changing fcol

at small inclinations (although changes in fcol may also add vari-

ability to sources at larger inclinations, we expect the variability

to be dominated by obscurations). In all cases, we do indeed see

that the hard component rather than the soft is varying with the

disc normalization tending to zero. This is potentially important

as the covariance spectra of GX 339-4 and SWIFT J1753.5-0127

(Wilkinson & Uttley 2009) when in the hard state (analogous to

many ULXs should they contain more massive IMBHs), shows the

disc to be variable with a similar proportion of disc to power law

as in the time-averaged spectrum (with the proportion of disc in-

creasing to longer time-scales). This is clearly not the case in the

sources here (see the black residuals in Figs 9–11) as the disc con-

tributes negligible variability, and implies that we are not seeing the

expected behaviour for IMBHs (>100 s of M⊙). Unfortunately, the

data quality is not presently high enough to confirm possible hints of

down-scattering in the covariance spectra of those sources we have

identified as viewed at small inclinations to the wind. However,

based on the softening spectra, we predict that NGC 55 ULX-1 has

been observed with the wind increasingly entering our line of sight

by precession or increasing ṁ0. The covariance spectra also show

constrained evolution and imply that the variable component in the

second observation has intercepted cooler/optically thicker mate-

rial to that seen by the rest of the hard emission, inconsistent with

models where the hard component is seen directly (e.g. disc–corona

models of BHBs).

The covariance spectra have proven valuable not only in allowing

us to test consistency with predictions but also for highlighting the

issues associated with spectral fitting which can often prove degen-

erate. In the case of our ULX sample, we note that the time-averaged,
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best-fitting, high-energy spectral component (NTHCOMP) overes-

timates the true component at soft energies. This results from tying

the two spectral components together to ensure physical energy bal-

ance (Section 3) but does not account for the changing temperature

profile of the wind plasma. As a result, the soft component is not

modelled accurately (by DISKBB in our fitting) and could con-

ceivably allow for contribution from advection (P07). Whilst this

does not cause problems for the inferred spectral evolution with

variability (nor the apparent lack of a disc component in the covari-

ance spectrum), it highlights the need for caution when obtaining

characteristic temperatures and spectral parameters from fitting to

broad continua. However, the variability spectrum should provide

a means to model the soft component more accurately in future,

thereby allowing us to probe its nature more thoroughly. We note

that, whilst the covariance spectra point towards issues in charac-

terizing the soft component, the rollover at high energies should be

unaffected. Whilst the nature of this component is still unclear, if

we identify it with the hot inner disc (see e.g. Walton et al. 2014),

then the change in position of the rollover across the population

should result from the changing amount of wind down-scattering

the peak to lower energies. Whilst this seems broadly consistent

with those sources where we believe the wind to have entered our

line of sight (e.g. NGC 5204 X-1, NGC 1313 X-1, NGC 55 ULX-

1: see Figs 5 and 7), quantifying the change in temperature is a

relatively complex issue but one we will address in a future work.

7 C O N C L U S I O N S

In this paper, we have presented a model that results from consid-

ering the structure of the supercritical accretion flow (Shakura &

Sunyaev 1973; P07; King 2009), clumps formed through radiative-

hydrodynamic instabilities (Takeuchi et al. 2014) and propagating

mass accretion rate fluctuations (Lyubarskii 1997; Arevalo & Uttley

2006; Ingram & Done 2012). This invokes two methods of gener-

ating variability; via clumps themselves on short time-scales and

via longer time-scale trends imprinted via propagating fluctuations.

Combining the expected changes in the spectrum with the variabil-

ity leads to a set of spectral-timing predictions which depend on

inclination and accretion rate (Section 3 and Fig. 4). In order to test

our predictions, we have analysed a sample of nine ULXs which are

bright in flux (thereby providing the highest quality available statis-

tics) and avoid those ULXs which are likely to be BHBs with less

extreme mass transfer rates. Although there is considerable scatter,

we find that the trend of spectral hardness with variability power

– taking the sample as a whole – is consistent with the predicted

evolution (Figs 4 and 8) and a significantly negative slope which is

inconsistent with accretion on to IMBHs (if we assume these would

follow the ubiquitous path in hardness-variability of BHBs; Belloni

2010; Muñoz-Darias et al. 2011). Such a finding is therefore consis-

tent with the spectral properties being associated with supercritical

accretion (as suggested by the mass measurement of a bright ULX;

Motch et al. 2014).

We present the covariance spectra of those sources where data

allows for the first time. We note that these are broadly consistent

with the expectation of obscuration/scattering/intrinsic variability of

the inner disc (i.e. only the hard component varying), although the

quality is not sufficient for detecting the subtle deviations we predict

should be present. Whilst the shapes of the covariance spectra are

also consistent with a variable high-energy component/corona as

seen in BHBs (although we strongly rule out a power-law shape

for this component in the time-averaged spectra), we note that there

appears to be very little/no contribution in any source by the soft

component, inconsistent with what is seen in BHBs in the low-hard

state (Wilkinson & Uttley 2009), where disc reprocessing leads

to a variable component. Whilst this appears to indicate that the

emission is not analogous to that seen in the low-state of BHBs, we

also reiterate that, more importantly, the global trend in hardness-

variability does not appear to match predictions for such a model-

invoking analogous accretion on to IMBHs.

Whilst the covariance spectra in general do not show evidence

that unambiguously links the sources to the model we have pre-

sented, in the specific case of NGC 55 ULX-1 we observe evidence

for down-scattering of the radiation, which argues against the vari-

able hard component being seen directly. Finally, the covariance

spectra highlight the present degeneracies inherent in modelling

ULX spectra; notably, the contribution of the soft component was

generally underestimated, although future studies making use of

such a technique should be able to better determine the shape of

the soft component and more accurately constrain its evolution with

luminosity.

Although other models may be able to explain some of the be-

haviours of ULXs, the one we present here benefits from also being

able to explain the lack of narrow atomic features in the X-ray spec-

tra of the hardest ULXs (e.g. Walton et al. 2012, 2013b) – explained

by the inner, scattering surface of the wind cone being highly ionized

by the strongly beamed flux – and possible presence of strong broad

absorption features in the softest ULXs (Middleton et al. 2014a).

We briefly note that variability caused by scattering from clumps in

the manner described in our model will lead to variable illumina-

tion on to the optically thin expanded wind at larger radial distances

(directly and indirectly via reprocessing). Although we recognize

that there are multiple explanations, should the ionization state of

this material change as a result, then we should expect changes in

the (possibly broad) atomic features (Middleton et al. 2014a) which

could then explain the ‘soft lag’ discovered in the cross spectrum

of NGC 5408 X-1 (Heil & Vaughan 2010, De Marco et al. 2013).

Another possible explanation is a change in the soft continuum in

response to the variable hard emission (with the lag corresponding

to the extra light travel time); the covariance spectra of NGC 5408

X-1 would imply that the soft component as a whole does not con-

tribute significantly to the variability but we cannot rule out a ring

of material with a small area being illuminated at the inner edge of

the wind. Such behaviour may place independent constraints on the

geometry and we will investigate this in a future, dedicated paper.

There is clearly still a great deal of work left to be done in

exploring the more complex predictions of such a model and any

outliers that could be associated with unusual and exciting objects

(e.g. HLX-1: Farrell et al. 2009, M82 X-1: Pasham et al. 2014, M82

X-2: Bachetti et al. 2014). Key to making progress will be to utilize

the new powerful spectral-timing techniques, investigate the nature

of the broad-band spectra (as NuSTAR is demonstrating to great

effect) and obtain high-quality spectra from multiple epochs, which

next-generation missions such as ATHENA will regularly produce.
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Muñoz-Darias T., Motta S., Belloni T. M., 2011, MNRAS, 410, 679

Nowak M. A., Vaughan B. A., Wilms J., Dove J. B., Begelman M. C., 1999,

ApJ, 510, 874

Ohsuga K., 2007, ApJ, 659, 205

Ohsuga K., Mineshige S., 2011, ApJ, 736, 2

Pasham D. R., Strohmayer T. E., 2012, ApJ, 753, 139

Pasham D. R., Strohmayer T. E., Mushotzky R. F., 2014, Nature, 513, 74

Pintore F., Zampieri L., 2012, MNRAS, 420, 1107

Portegies-Zwart S. F., McMillan S. L. W., Gerhard O., 2003, ApJ, 593, 352

Portegies-Zwart S. F., Baumgardt H., Hut P., Makino J., McMillan S. L. W.,

2004, Nature, 428, 724

Poutanen J., Lipunova G., Fabrika S., Butkevich A. G., Abolmasov P., 2007,

MNRAS, 377, 1187 (P07)

Rana V. et al., 2014, preprint (arXiv:1401.4637)

Rao F., Feng H., Kaaret P., 2010, ApJ, 722, 620

Remillard R. A., McClintock J. E., 2006, ARA&A, 44, 49

Roberts W. J., 1974, ApJ, 187, 575

Roberts T. P., 2007, Ap&SS, 311, 203

Scaringi S., Körding E., Uttley P., Knigge C., Groot P. J., Still M., 2012,

MNRAS, 421, 2854

Servillat M., Farrell S. A., Lin D., Godet O., Barret D., Webb N. A., 2011,

ApJ, 743, 6

Shakura N. I., 1972, Astron. Zh., 49, 921

Shakura N. I., Sunyaev R. A., 1973, A&A, 24, 337

Shen R.-F., Barniol Duran R., Nakar E., Piran T., 2015, MNRAS, 447, L60

Soria R., Pakull M. W., Broderick J. W., Corbel S., Motch C., 2010, MNRAS,

409, 541

Soria R., Kuntz K. D., Winkler P. F., Blair W. P., Long K. S., Plucinsky

P. P., Whitmore B. C., 2012, ApJ, 750, 152

Soria R., Long K. S., Blair W. P., Godfrey L., Kuntz K. D., Lenc E., Stockdale

C., Winkler P. F., 2014, Science, 343, 1330

Stobbart A.-M., Roberts T. P., Warwick R. S., 2004, MNRAS, 351, 1063

Stobbart A.-M., Roberts T. P., Wilms J., 2006, MNRAS, 368, 397

Straub O., Done C., Middleton M., 2013, A&A, 553, A61

Strohmayer T. E., Mushotzky R. F., 2003, ApJ, 586, L61

Strohmayer T. E., Mushotzky R. F., 2009, ApJ, 703, 1386

Strohmayer T. E., Mushotzky R. F., Winter L., Soria R., Uttley P., Cropper

M., 2007, ApJ, 660, 580

Suleimanov V. F., Ghosh K. K., Austin R. A., Ramsey B. D., 2002, Astron.

Lett., 28, 745

Sunyaev R. A., Titarchuk L. G., 1980, A&A, 86, 121

Sutton A. D., Roberts T. P., Walton D. J., Gladstone J. C., Scott A. E., 2012,

MNRAS, 423, 1154

Sutton A. D., Roberts T. P., Middleton M. J., 2013, MNRAS, 435, 1758

Takeuchi S., Ohsuga K., Mineshige S., 2013, PASJ, 65, 88

MNRAS 447, 3243–3263 (2015)

 at C
alifo

rn
ia In

stitu
te o

f T
ech

n
o
lo

g
y
 o

n
 A

p
ril 2

, 2
0
1
5

h
ttp

://m
n
ras.o

x
fo

rd
jo

u
rn

als.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 

http://arxiv.org/abs/1405.2026
http://arxiv.org/abs/1405.2024
http://arxiv.org/abs/1401.4637
http://mnras.oxfordjournals.org/


A spectral-timing model for ULXs 3263

Takeuchi S., Ohsuga K., Mineshige S., 2014, PASJ, 66, 48

Tao T., Blaes O., 2013, ApJ, 770, 55

Titarchuk L., Shrader C., 2005, ApJ, 623, 362

Ueda Y., Yamaoka K., Remillard R., 2009, ApJ, 695, 888

Uttley P., McHardy I. M., Vaughan S., 2005, MNRAS, 359, 345

van den Heuvel E. P. J., Ostriker J. P., Petterson J. A., 1980, A&A, 81, L7

van der Klis M., 1989, in Ogelman H., van den Heuvel E. P. J., eds, NATO

ASI Series C, Vol. 262, Timing Neutron Stars. Kluwer, Dordrecht,

p. 27

Vaughan S., Edelson R., Warwick R. S., Uttley P., 2003, MNRAS, 345, 1271

Vierdayanti K., Done C., Roberts T. P., Mineshige S., 2010, MNRAS, 403,

1206

Walton D. J., Roberts T. P., Mateos S., Heard V., 2011, MNRAS, 416, 1844

Walton D. J., Miller J. M., Reis R. C., Fabian A. C., 2012, MNRAS, 426,

473

Walton D. J., Miller J. M., Harrison F. A., Fabian A. C., Roberts T. P.,

Middleton M. J., Reis R. C., 2013a, ApJ, 773, L9

Walton D. J. et al., 2013b, ApJ, 779, 148

Walton D. J. et al., 2014, ApJ, 793, 21

Webb N. et al., 2012, Science, 337, 554

Whitmire D. P., Matese J. J., 1980, MNRAS, 193, 707

Wilkinson T., Uttley P., 2009, MNRAS, 397, 666

Wilms J., Allen A., McCray R., 2000, ApJ, 542, 914

Zdziarski A. A., Poutanen J., Mikolajewska J., Gierlinski M., Ebisawa K.,

Johnson W. N., 1998, MNRAS, 301, 435
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