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ABSTRACT

The faintest ultraluminous X-ray sources (ULXs), those with 0.3-10 keV luminosities 1 < Lx /1039 <
3 erg s~ !, tend to have X-ray spectra that are disk-like but broader than expected for thin accretion
disks. These ‘broadened disk’ spectra are thought to indicate near- or mildly super-Eddington accre-
tion onto stellar remnant black holes. Here we report that a sample of bright thermal-dominant black
hole binaries, which have Eddington ratios constrained to moderate values, also show broadened disk
spectra in the 0.3-10 keV band at an order of magnitude lower luminosities. This broadening would
be missed in studies that only look above ~ 2 keV. While this may suggest that broadened disk ULXs
could be powered by accretion onto massive stellar remnant black holes with close to maximal spin, we
argue in favor of a scenario where they are at close to the Eddington luminosity, such that radiation
pressure would be expected to result in geometrically slim, advective accretion disks. However, this
implies that an additional physical mechanism is required to produce the observed broad spectra at

low Eddington ratios.

1. INTRODUCTION

Ultraluminous X-ray sources (ULXs) are non-nuclear
point sources in external galaxies that are primarily de-
fined by their extraordinarily high X-ray luminosities of
Lx > 10 erg s~!'. To produce such extreme lumi-
nosities, most ULXs are presumably powered by accre-
tion onto black holes (although as of writing three have
been reported to contain neutron stars, Bachetti et al.
2014; First et al. 2016; Israel et al. 2016a,b). This lower
limit in luminosity is close to the Eddington luminosity,
Lgaa ~ 1.3 x 10%? erg s71, of a typical ~ 10 My stellar
mass black hole. Thus ULXs must contain larger black
holes and/or have higher Eddington ratios, | = L/Lgq4,
than we commonly see in Galactic black hole binaries
(BHBSs).

There are several well-defined accretion states of
Galactic BHBs that tend to occur within certain ranges
of (sub-)Eddington ratios. For instance, quiescence and
the hard state have similar properties (a hard power-law
spectrum with a cut-off at a few tens of keV) and occur at
I < 1 (although the hard state has been reported to peak
at high fractions of the Eddington luminosity, | < 0.7,
during a few outbursts, Dunn et al. 2010). On the other
hand, the thermal dominant (TD) state typically occurs
at higher Eddington ratios, 0.1 < ! < 0.3. BHBs are
also observed in a less well understood steep power-law
state, which is characterized by a power-law spectrum
with I' > 2.4, and occurs at both higher and lower lu-
minosity than the TD state (for more in-depth reviews
of sub-Eddington accretion states see e.g., McClintock
& Remillard 2006; Remillard & McClintock 2006; Done
et al. 2007). Thus, it was initially hoped that rudimen-
tary constraints could be placed on Eddington ratios,
hence black hole masses, in ULXs based on their energy
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spectra alone, if they were in standard sub-Eddington
states.

However, most of the highest quality ULX spectra
show near ubiquitous high energy curvature at around
5 keV, which is often coupled to a soft excess (Stobbart
et al. 2006; Gladstone et al. 2009; Bachetti et al. 2013;
Walton et al. 2014). We note that a TD spectrum could
appear as an absorbed cut-off power-law, without a soft
excess, in the ~ 0.3-10 keV band. However, TD-like
spectra can be rejected for many ULXs, and the high
black hole masses implied by sub-Eddington states are
often inconsistent with the > 1 keV disk temperatures
obtained when ULX spectra are fitted with disk mod-
els (e.g., Gladstone et al. 2009). Exceptions to this may
include the least luminous ULXs (e.g., a 30 Mg black
hole in the TD state at 0.3Lgqq would have a bolometric
luminosity of ~ 1.2 x 103 erg s~! and a disk spectrum
peaking at ~ 1 keV; Shakura & Sunyaev 1973).

This combination of a soft excess and high energy cur-
vature, along with the high luminosities, is unlike any
known sub-Eddington state, leading to the suggestion
of a new accretion state, which is generally termed the
‘ultraluminous state’ (Gladstone et al. 2009). The ul-
traluminous state has been further subdivided into three
distinctive spectral types, which we now refer to as the
broadened disk (BD), hard ultraluminous and soft ultra-
luminous regimes (Sutton et al. 2013). The luminosity of
the majority of BD ULXs (< 3x103% erg s71) is such that
they bridge the gap between the sub-Eddington BHBs
and the hard and soft ultraluminous sources, which has
led to the suggestion that they may represent accretion
at [ ~ 1 while ULXs in the hard and soft ultraluminous
regimes, seen almost exclusively at luminosities above
~ 3x10% erg s~ 1, likely represent super-Eddington mass
accretion rates (Sutton et al. 2013). Hard and soft ultra-


http://arxiv.org/abs/1611.09416v1

2 A. D. Sutton et al.

luminous sources have two distinct spectral components
that may indicate the presence of radiatively-driven out-
flows in the supercritical accretion regime; the disk-like
spectra in BD sources could perhaps be intermediate in
shape between these two-component spectra and a disk-
only spectrum (Middleton et al. 2011, 2012).

Sub-Eddington TD spectra are dominated by emission
from a geometrically thin accretion disk, which can be
approximated by a multi-color disk (MCD) model (plus
a faint high energy power-law tail; e.g., McClintock &
Remillard 2006). As [ — 1, radiation pressure would
be expected to cause the disk scale height to increase,
thus advection should start to become important (e.g.,
Abramowicz et al. 1988; Watarai et al. 2001; Sadowski
2009) giving rise to the so-called slim disks with spectra
that are subtly broader than the TD state; perhaps con-
sistent with the BD ULX state (a steep power-law state
has been reported between the thin and slim disk regimes
in XTE 1550—564, but this is short-lived; Kubota &
Makishima 2004). Recently it has been noted that some
[ < 1 TD BHBs have spectra that are subtly broader
than even the best current thin disk models. For exam-
ple, BHSPEC (Davis et al. 2005) includes both the chang-
ing color temperature correction due to atomic features
and relativistic effects, and is intrinsically broader than
KERRBB (relativistic effects, but constant color tempera-
ture correction) or an MCD (no relativistic effects and a
constant color temperature correction, see Done & Davis
2008). Nonetheless, Suzaku spectra of LMC X-3 (Kub-
ota et al. 2010) and XMM-Newton spectra of GX 339—4
(Kolehmainen et al. 2011) are broader than can be re-
produced by the BHSPEC disk model. Kolehmainen et al.
(2011) show that the spectra of GX 339—4 are best fit-
ted by two-component phenomenological models that are
strikingly similar to those used to argue in favor of two-
component spectra in many ULXs; namely, a low tem-
perature MCD plus cool, optically thick Comptonization,
e.g., Gladstone et al. (2009). Similarly, unusual broad-
ening is seen in a transient ULX in M31 (Straub et al.
2013; M31 ULX1 in this study). This source has a spec-
trum that is well-fitted by slim disk models when it is at
ULX luminosities and in the BD regime. Interestingly,
as this source faded to lower luminosities, its spectrum
remained unusually broad, such that standard thin disk
models were unable to provide a good fit to the data.

Further similarities between the TD BHBs and BD
ULXs are evident from fitting irradiated disk models to
X-ray and optical data. In BHBs, X-rays from the in-
ner regions of the accretion disk irradiate the outer disk,
where they are reprocessed and re-emitted as optical/UV
emission at the local black body temperature (Gierliriski
et al. 2008, 2009). As thin disks transit to slim disks with
increasing Eddington ratio, the fraction of emission that
is reprocessed would be expected to decrease, due to self-
shielding in the accretion disk (Kaaret & Corbel 2009).
However, it has been reported that BD ULXs have sim-
ilar reprocessing fractions to the TD BHBs, suggesting
their geometries may not be vastly different (Sutton et al.
2014).

Clearly something is missing from our understanding
of accretion disks. Motivated by the possible similarities
between sub-Eddington TD BHBs and potentially ~ Ed-
dington BD ULXs, we here present a comparison of TD
and BD sources. Historically, Galactic BHBs and ULXs

have mainly been studied with different instruments (e.g
RXTE and XMM-Newton/ Chandra, respectively), which
crucially have different bandpasses. Although external
galaxies have been observed in the ~ 0.3-10 keV range
(e.g. Vulic et al. 2016), the net counts obtained from bi-
naries are generally not sufficient to allow spectral studies
comparable to those that are possible in Galactic BHBs,
or even nearby ULXs. There are also additional com-
plications coming from the difficulties in distinguishing
BHBs from neutron star binaries. This bandpass mis-
match presents serious, but often overlooked, limitations
in comparisons between the two source classes, as sub-
tle broadening may not be evident if disk spectra are
only observed above 2 keV. As such, we here assess high
count rate ~ 0.3-10 keV CCD spectra of nearby BHBs
(of known black hole mass) to establish whether they can
truly be described by TD models while at substantially
sub-Eddington luminosities or if an additional compo-
nent, especially broadening, is required. Comparison is
also made to more luminous (but poorer spectral qual-
ity) ULXs in nearby galaxies to better understand the
accretion physics and Eddington ratio giving rise to the
BD ULX state. We describe the selection of our TD and
BD samples in Section 2, outline the tests we carry out in
Section 3, present our findings in Section 4 and discuss
the implications of these in the context of the broader
literature in Section 5.

2. SAMPLE SELECTION

The intention of this work was to compare BD ULXs
with high mass accretion rate BHBs. As such, we consid-
ered CCD observations in the ~ 0.3-10 keV energy range
of BHBs with { 2 0.1. Although BHBs are occasionally
detected in a bright ‘steep power-law’ state (e.g., Remil-
lard & McClintock 2006), this state is characterized by
a power-law-like spectrum, while the TD state appears
most comparable to the BD ULXs. We therefore concen-
trated on the TD BHBs in this work.

We defined a sample of BHB observations taken from
the 21 BHBs with known masses out to the distance of
the LMC from Zhang (2013). This contains the same 20
confirmed BHBs as Remillard & McClintock (2006), with
the addition of H1743—322. We obtained mission-long
one day average Rossi X-ray Timing Ezplorer (RXTE)
All-Sky Monitor (ASM) light curves from the ASM web
page' for all of the sources. The maximum RXTE
ASM count rate for each source was used to extrapolate
an estimate of the peak Eddington ratio (lo.3-10 kev =
Loz 10 kev/(Mpn x 1.3 x 10% ergs™ MJ')) using
PIMMS,? assuming a 1 keV black body shaped spectrum.
We emphasize that this model is just a rough approxi-
mation of a thermal spectrum which we used to define
our sample, and we would not expect it to be appro-
priate for accurately extrapolating RXTFE fluxes to the
0.3-10 keV band, especially in spectra with strong power-
law components. We also note that we here define the
Eddington ratio in terms of the 0.3—10 keV luminosity.
While the bolometric correction for an absorbed 1 keV
black body observed in the 0.3-10 keV range is only
~ 1%, larger corrections would be expected for more
realistic spectra (e.g., Migliari & Fender 2006 reported

1 http://xte.mit.edu/ASM_lc.html

2 https://heasarc.gsfc.nasa.gov/cgi-bin /Tools/w3pimms /w3pimms.pl
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Ly 10 kev/LBol ~ 0.8 for outbursting BHBs, albeit in a
narrower energy band). We did not correct luminosities
for inclination in an accretion disk. This is motivated by
the lack of good inclination estimates in many sources,
especially the ULXs. However, we do note the approxi-
mate correction factors for the BHBs in the final sample
(Table 1), and for most estimates of their inclinations
this is only a factor of 0.5-1.5.

For BHBs that exceeded [ =~ 0.1 in the ASM light
curves, we searched the High Energy Astrophysics Sci-
ence Archive Research Center (HEASARC) archive® for
Swift and XMM-Newton detections. Five sources had
XMM-Newton and/or Swift detections during time pe-
riods where the ASM light curves indicated they met
our Eddington ratio selection criteria. These were GRO
1655—40, GX 339—4, GRS 1915+104, LMC X-3, and
LMC X-1.

We excluded GRS 19154104 from our sample, as its
strong absorption column (Ny ~ 4 x 10*2 cm~2, Ebi-
sawa 1998) makes detailed study of this source difficult
below 2 keV. Additionally, GRO 1655—40 had a sin-
gle Swift XRT observation in low rate photodiode mode
that met our Eddington ratio criteria, but it also had a
strong power-law component in its spectrum, even below
10 keV. This was also the case in XMM-Newton obser-
vations 0410581301 and 0023940401 of GX 339—4 and
LMC X-1 respectively. As these three observations de-
viated from disk dominated spectra, we do not consider
them further. Details of the remaining BHB sample are
given in Table 1,* and an observation log in Table 2. Al-
though they were not initially flagged as such, it later
became apparent that LMC X-1 Swift-1 and -2 may also
have deviated from a strictly TD state, so caution must
be used when interpreting these (see Section 4.5.1). Of
the remaining sources, GX 339—4 is a variable Galactic
low-mass X-ray binary (LMXB) and LMC X-3 and X-
1 are high mass X-ray binaries (HMXBs) in the Large
Magellanic Cloud. Despite LMC X-3 being an HMXB,
it likely accretes via Roche-lobe overflow (Soria et al.
2001). On the other hand, LMC X-1 is thought to ac-
crete via a stellar wind (Orosz et al. 2009), but is unusual
as it has a stable accretion disk. We note that Ruhlen
& Smith (2010) have suggested that it may be a hybrid
Roche-lobe overflow/wind accretion system.

The main purpose of this work was to compare the
most luminous TD sub-Eddington BHBs with a sample
of BD ULXs. As such, we defined a ULX sample as those
sources identified as having BD spectra and 0.3-10 keV
X-ray luminosities < 3 x 10%? erg s~! by Sutton et al.
(2013). To these we add another ULX in M31 (M31
ULX2), which is a transient that at its peak had an un-
absorbed X-ray luminosity of ~ 1.3 x 103? erg s=1 (Mid-
dleton et al. 2013). For each source we consider only the
observation with the highest quality data in either Sutton
et al. (2013) or Middleton et al. (2013), details of which
are given in Table 3. The observations chosen for M31
ULX1 and ULX2 were the most luminous reported by
these authors, and that chosen for NGC 253 XMM?2 was

3 https://heasarc.gsfc.nasa.gov/

4 A distance of ~ 50 kpc to the LMC is currently preferred
(Pietrzynski et al. 2013; de Grijs et al. 2014; Crandall & Ratra
2015), but we use 48 kpc here for consistency with the Orosz et al.
(2009) mass estimate of LMC X-1.

close to the peak luminosity. The NGC 253 ULX2 and
M33 X-8 observations were below peak luminosity, and
only single observations of both NGC 2403 X-1 and NGC
4736 ULX1 were reported in Sutton et al. (2013). Out of
the ULX sample three sources have been reported to be
transients: M31 ULX2 (Barnard et al. 2013; Middleton
et al. 2013), M31 ULX1 (Kaur et al. 2012; Middleton
et al. 2012), and NGC 4736 ULX1 (Akyuz et al. 2013).
The other 4 ULXs are consistently detected in previous
observations, so they are potentially persistent or long
period transient sources (e.g., Schlegel & Pannuti 2003;
Sutton et al. 2013, 2014; La Parola et al. 2015). Given
their X-ray luminosities, the ULXs are most likely pow-
ered by Roche lobe overflow. Faint ULXs may be either
HMXBs or LMXBs (Swartz et al. 2004), although it has
been argued that ULXs are predominantly HMXBs (e.g.,
King et al. 2001).

3. ANALYSIS

We extracted X-ray spectra for all of the XMM-Newton
and Swift observations in Tables 2 and 3. XMM-Newton
spectra were extracted using Science Analysis Software
(sAs) version 14.0.0.> We considered only the EPIC pn
data for the high flux TD BHBs, although EPIC pn,
MOSI1, and MOS2 data were all used for the lower flux
ULXs. The pn and MOS observation data files were
processed using EPPROC and EMPROC respectively. Full
field high energy (> 10 keV) light curves were extracted
and used to define Good Time Intervals (GTIs), using
TABGTIGEN, to filter out periods of high background flar-
ing.

The definition of source and background regions dif-
fered between the ULXs and BHBs. For the BHB ob-
servations, which were in timing and burst mode, rect-
angular source regions were defined in raw CCD coordi-
nates. These spanned 18 pixels in RAW-X centered on
the source ‘streak’ in the raw coordinate image. For ob-
servations in timing mode the full range of RAW-Y was
used. For the burst mode observations pixels with RAW-
Y greater than 140 were excluded (Kirsch et al. 2006).
Sources with count rates > 200 s~! dominate the events
over the entire XMM-Newton EPIC pn CCD in some
bands, even in timing modes.® As a result of this, there is
no uncontaminated region from which to extract a back-
ground spectrum. Simply approximating a background
spectrum defined at the edge of the CCD would modify
the source spectrum in at least some bands as the PSF
is energy dependent (Done & Diaz Trigo 2010). There-
fore, it is recommended not to subtract any background
at all (Ng et al. 2010). As such, the only XMM-Newton
BHB observation for which we extracted a background
spectrum is XMM-1 of LMC X-1 where the count rate
is lower than 200 s~1. In this case, the background was
defined in a region spanning RAW-X = 3-5. The TD
BHB source and background spectra were extracted us-
ing EVSELECT with standard pattern and flag selections
(PATTERN < 4 and FLAG = 0). The task BACKSCALE
was used to add the BACKSCAL keyword to the headers
of the source and background spectra from LMC X-1 to
account for different source and background region sizes.

For the ULX observations, which are in imaging mode,

5 http://xmm.esac.esa.int/sas/
6 http://xmm2.esac.esa.int/docs/documents/CAL-TN-0083.pdf
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Figure 1. Examples of different spectral models fitted to TD BHB and BD ULX data. The gray data points show the real (left)
and resampled (center) spectra from LMC X-3 XMM-1, and the data from (right) M31 ULX1. All of the spectra have been rebinned
to 100 significance for clarity. The lines show the various models used in this work, which are (from top to bottom): an MCD, an
MCD plus a power-law, an MCD plus Comptonization, a p-free disk, and the KERRBB approximation of a thin accretion disk spectrum.
Specifically, the lines show: the observed model (black); the unabsorbed model (red); the MCD in two-component models (blue); and the
power-law /Comptonization in two-component models (yellow). Clearly there is a large degree of degeneracy between the different spectral
models.
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Table 1
The BHB sample
Src ID* Mpy® Reference Distance® Reference Np? l¢ il Reference 1/(2cosi)?
(Mo) (kpc) (10%% em—?) (deg.)
GX 339—4 7.5+£0.8 1 ~8 4 . 0.2 20-30, > 45 5,6 0.5-0.6, > 0.7
LMC X-3 6.98 + 0.56 2 48 +2 3 4.68 0.9 ~ 70 7 ~ 1.5
LMC X-1 10.91+1.41 3 48 +2 3 6.73 0.7 ~ 36 3 ~ 0.6

Notes: *common source name; ?black hole mass; ¢distance to the BHB; ?Galactic neutral hydrogen column density in the direction of the
LMC sources from Dickey & Lockman 1990, no value is given for GX 339—4 as it is within our Galaxy; €approximate Eddington ratio

(Lo.3-10 kev/(MBa x 1.3 x 1038 erg s~ 1 Mg)l)) at the peak RXTE ASM count rate for an assumed absorbed 1 keV blackbody shaped

spectrum; finclination of the binary system; 9approximate correction factor between apparent luminosity and the luminosity of an accretion
disk. References: (1) Chen (2011) (note that this mass estimate is based on a scaling of the spectral and timing properties, but it is in
agreement with the mass function derived from the radial velocity curve, f(Mpn) = 5.8 £ 0.5 Mg, Hynes et al. 2003); (2) Orosz et al.
(2014); (3) Orosz et al. (2009); (4) Zdziarski et al. (2004); (5) Miller et al. (2004); (6) Kolehmainen & Done (2010); (7) Orosz et al. (2014).

Table 2
BHB observation log
Instrument/mode® Obs TD? Date® texp? Count rate® log10(fx)” 19
(k) (1) (logio(erg cm2 s~1))

GX 339—4
XMM-B 0093562701 (XMM-1) 2002 Aug 24 1.3 5.2 x 103 —7.548 £ 0.002 0.22
XMM-B 0410581201 (XMM-2) 2007 Feb 19 0.4 5.2 x 103 —7.554 £+ 0.003 0.22

LMC X-3
XMM-T 0109090101 (XMM-1) 2000 Nov 24 9.2 420 —8.784 £ 0.002 0.46
Swift-W'T 00037080006 (Swift-1) 2007 Dec 02 9.2 25 —9.037 £ 0.001 0.25
XMM-T 0671420301 (XMM-2) 2011 May 27 8.0 250 —9.028 £ 0.004 0.26

LMC X-1
XMM-T 0112900101 (XMM-1) 2000 Oct 21 4.9 120 —9.07 £ 0.01 0.16
Swift- W'T 00037079002 (Swift-1) 2007 Dec 06 9.8 14 —9.05 +£0.03 0.17
Swift- WT 00037079003 (Swift-2) 2007 Dec 10 4.4 15 —9.09 +£0.03 0.16

Notes: “instrument with which the observations were taken - XMM-Newton EPIC in timing (XMM-T) or burst (XMM-B) mode, or Swift
XRT in window timing mode (Swift-WT); ® XMM-Newton or Swift observation identification number; ©observation start date; %effective

good exposure time; €net source count rate (to two significant figures); flogarithm of the unabsorbed 0.3-10 keV flux averaged over the
observation calculated from the xsPEC model averaged over the observation calculated from the XSPEC model TBABS X ( DISKBB + COMPTT )

using the CFLUX convolution model; 9 approximate Eddington ratio (lg.3-10 kev)-

Table 3
The ULX sample
Src ID® XMM/CXO ID? Distance® Ny Obs ID® toxp? Count rated
(Mpc) (10%° cm—2) (ks) (1)
M31 ULX2 XMMU J004243.6+412519 0.79 6.85 0674210601 15.1/18.6/18.8  0.65/0.59/0.54
M31 ULX1 CXOM31 J004253.1+411422 0.79 6.68 0600660201 14.5/-/- 6.2/-/-
NGC 253 XMM2  2XMM J004722.6—252050 3.68 1.38 0152020101  55.9/76.1/76.8  0.25/0.083/0.084
NGC 253 ULX2  2XMM J004732.9—251749 3.68 1.38 0152020101  56.0/76.1/76.8  0.22/0.075/0.074
M33 X-8 2XMM J013350.84303937 0.92 5.69 0650510201 61.1/-/- 4.5/-/-
NGC 2403 X-1 2XMM J073625.5+653540 3.50 4.17 0164560901  50.8/69.3/72.4  0.29/0.099/0.10
NGC 4736 ULX1  2XMM J125048.6+410743 4.66 1.44 0404980101  32.7/42.9/43.3  0.26/0.076/0.078

Notes: “common source name, which in the case of M31 ULX2 this has not been used previously, but it is defined here for convenience;
bcatalog identifier of the source; distance to the source; ?Galactic neutral hydrogen column density in the direction of the ULX from
Dickey & Lockman (1990); ¢ XMM-Newton observation identifier of the data sets used in this work, all of which were taken in full frame

imaging mode; fgood exposure time in ks for the EPIC pn/MOS1/MOS2 detectors, dashes indicate that data from the corresponding
detector was not used in this study; 9count rate for the EPIC pn/MOS1/MOS2 detector.
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source spectra were extracted from circular regions cen-
tered on the sources, with typical radii of ~ 30 arcsec,
although smaller regions were used for NGC 253 ULX2
(10 arcsec), NGC 4736 ULX1 (20 arcsec) and the pn
detection of NGC 253 XMM2 (25 arcsec) due to neigh-
boring sources or proximity to chip gaps. Background
spectra were extracted from larger circular regions (typ-
ically 2 30 arcsec for pn and 2 50 arcsec for MOS1/2).
For the MOS exposures, these were defined in source free
regions on the same chip as the source. In ideal cases, pn
background spectra were extracted from source free re-
gions on the same chip as the source at similar distances
from the readout node. Where this was not possible,
backgrounds were extracted from neighboring CCDs in
the same quadrant as the source and at a similar dis-
tance from the readout node. In the pn detection of
M33 X-8, following the above prescription and defining a
background region in a source free area of a neighboring
CCD in the same quadrant resulted in under-subtraction
of the Cu/Ni detector line complex at ~ 8 keV. As such,
for this source we compromised by extracting the back-
ground spectrum from the same CCD as the source, but
at a slightly larger distance from the readout node. A
comparison of this and a standard background defined on
the neighboring chip demonstrated that the final spectra
did not differ significantly outside of the energy range of
the Cu/Ni detector lines. Spectra were extracted using
EVSELECT with the recommended FLAG and PATTERN
options (PATTERN < 4 and FLAG = 0 for pn, and
PATTERN < 12 and the #XMMEA_EM flag selection
for MOS), BACKSCALE was used to add the BACKSCAL
keyword to the headers of the source and background
spectra.

Redistribution Matrix Files (RMFs) and Ancillary Re-
sponse Files (ARFs) were generated using RMFGEN and
ARFGEN for all of the BHB and ULX XMM-Newton ob-
servations. Source and, in cases where they could be
extracted, background spectra were associated with the
appropriate RMFs and ARFS then binned to a minimum
of 20 counts using SPECGROUP. For the BHB observa-
tions we also set the oversample parameter to 3 to avoid
oversampling the energy resolution of EPIC pn due to the
high fluxes. During the processing of the ULX observa-
tions, a check of the event pattern distributions indicated
that M31 ULX1 and M33 X-8 were slightly piled-up. As
such, we generated RMFs with pile-up corrections’ for
the pn data from these sources, and excluded the MOS
exposures for which such corrections are not yet available
1 SAS.

Swift XRT spectra were extracted using XSELECT from
events files with default selection criteria (i.e., grade 0-2
events for windowed timing mode). Source and back-
ground spectra were extracted from circular regions and
the values of the BACKSCAL keyword were manually
changed such that they reflected the 1-dimensional size of
the regions. The appropriate RMF for windowed timing
mode and grade 02 events was used from the calibration
database, and ARFs were created for each observation
using XRTMKARF with exposure maps from the pipeline
data reduction. Finally, spectra and response files were
grouped and binned to a minimum of 20 counts per bin

7 http://xmm.esac.esa.int/sas/current/documentation/threads/
epatplot.shtml

using GRPPHA. We do not include an additional 3% frac-
tional error, as is recommended to account for systematic
uncertainties in Swift XRT spectra, since these are not
random errors and are likely correlated. As such, the
systematic uncertainties in the instrument response were
reflected in the value of x? when fitting these spectra.

To minimize the effects of very different signal-to-noise
ratios in the nearby BHBs and relatively distant ULXs,
we under-sampled each of the real BHB spectra to ob-
tain realizations with ~ 2.5 x 10* counts. We did this
using a PYTHON script, which first normalized each of
the unbinned source spectra such that they contained a
total of 2.5 x 10* counts (and, where appropriate, applied
the same normalization factor to the corresponding back-
ground spectrum), then used the number of counts in
each energy channel of the normalized spectra as expec-
tation values to generate random numbers of counts from
Poisson distributions. The random numbers of counts
were used to construct the resampled spectra. These
were then binned to a minimum of 20 counts and grouped
with the corresponding resampled background spectra
(where appropriate), RMFs, and ARFs using GRPPHA.
As the exposure times were not altered in the header files,
an additional multiplicative constant was included in the
subsequent spectral fitting to account for the renormal-
ization in flux. This was set equal to the ratio of the
number of source counts in the simulated and real data.

Once extracted, the BHB (both real and resampled)
and ULX spectra were read in to XSPEC v12.8.2 (Ar-
naud 1996) and fitted with various models in the 0.3-
10 (XMM-Newton imaging mode and Swift observa-
tions) or 0.7-10 keV (XMM-Newton timing and burst
mode observations) energy ranges, using abundances
from Wilms et al. (2000) and photoionization absorption
cross-sections from Balucinska-Church & McCammon
(1992), with a new He cross-section based on Yan et al.
(1998). Five spectral models were used, which we discuss
in detail in the following section. For the extra-Galactic
sources (i.e., all sources except for GX 339—4) an addi-
tional TBABS absorption component was included, which
was fixed to the Galactic column density in the direc-
tion of the source (Tables 1 and 3). For fits to NGC 253
ULX2 an additional 0.67 keV MEKAL component was in-
cluded, which was subject to Galactic absorption only, to
account for diffuse emission around the source (cf. Sut-
ton et al. 2013). Further details of the specific models
and results from the spectral fitting are given in Section
4.

In addition to the spectral analysis, we also carried
out a timing analysis. We extracted covariance spectra
to test whether they were consistent with being constant,
thus could originate from single-component energy spec-
tra. Covariance is advantageous here over the raw rms
variability, as by design the uncorrelated white noise can-
cels out, which reduces the statistical error. We calcu-
lated covariances in the time domain (Wilkinson & Utt-
ley 2009) over time-scales of 200 s — 7 ks. This choice of
time-scale was driven by the typical ULX count rates and
observation lengths. It was not possible to study variabil-
ity on these time-scales in the Swift observations of LMC
X-3 and LMC X-1 due to the orbit of the observatory, so
these were excluded from this analysis. We note that the
method of extracting covariance in the time domain (in-
stead of frequency) could be affected by time lags. How-
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ever, the time-scales that we probed were much greater
than lags expected in BHBs and reported in NGC 5408
X-1 (Heil & Vaughan 2010; De Marco et al. 2013 albeit
in a more luminous ULX with a distinct two-component
X-ray spectrum), although we caution that Herndndez-
Garcia et al. (2015) tentatively identified ~ 1 ks lags be-
low frequencies of 1 mHz at low significance in the same
source.

Before covariances could be calculated, we needed to
extract suitable light curves from each of the observa-
tions. For several of the ULXs the GTIs that we used
for the spectral extraction contained many short peri-
ods of isolated good time, so we created new GTIs for
these with binning and time limits chosen such that they
were suitable for extracting simultaneous light curves in
all of the EPIC detectors with multiple segments of 7 ks
length. Source and, for the ULXs and LMC X-1, back-
ground light curves were extracted using EVSELECT. As
we would be combining light curves from multiple de-
tectors for the ULXs, fixed start and stop times were
explicitly set for each observation. The light curves were
corrected for e.g., background, dead time, and quantum
efficiency using EPICLCCORR. Short gaps that occurred
in the corrected light curves, due to zero good exposure
time within a temporal bin, were filled by averaging over
neighboring bins. For the ULXs the light curves from
each detector in a given observation were summed to
produce combined EPIC light curves. Finally, the light
curves were re-binned to 200s. Initially, we produced
light curves in 5 energy bins equally sized in log space
between 0.3 and 10 keV for each observation. If any of
the light curves for a given observation contained fewer
than ~ 20 counts per 200 s bin on average, then the num-
ber of energy bins was reduced by one and the process
repeated.

For each of the combined EPIC light curves, fractional
rms variability was calculated in the time domain in
7 ks continuous segments following Vaughan et al. (2003),
then averaged over the multiple segments. Where vari-
ability was detected at > 3o significance in at least one
energy band, we went on to calculate covariance. The
energy band with the most significant detection of frac-
tional rms was used as the reference band. Covariances

were normalized by 1/, /02, , (Wilkinson & Uttley 2009),

XS,y
where o, | is the excess variance in the reference band,
then divided by the mean count rate in the band of in-
terest to obtain fractional covariances. These were again
averaged over the multiple 7 ks segments. Where there
were fewer than four light curve segments we calculated
the error on the covariance following Wilkinson & Ut-
tley (2009), otherwise we used standard errors. Once
extracted, the fractional covariance spectra were fitted
with constants.

4. RESULTS

Various spectral models were fitted to the TD BHB
and BD ULX data. These included models of pure thin
accretion disks as well as physically motivated and phe-
nomenological models of BDs. Examples of these are
shown in Figures 1, and details follow. Uncertainties are
quoted at the equivalent of 1o significance throughout,
and we reject models where the null hypothesis probabil-
ity is greater than 0.997 (equivalent to 30 significance).

41. MCD

The first model used to fit the TD BHB and BD ULX
X-ray spectra was of an absorbed MCD, which is an ap-
proximation of a thin accretion disk with only 2 free
parameters: disk temperature and normalization. Fit
statistics and model parameters are reported in Table
4. A thin disk alone was rejected in the majority of
BHB and ULX observations, with the exceptions of sub-
sampled XMM-1 and -2 of GX 339—4, NGC 253 ULX2,
and NGC 2403 X-1. Although the MCD model could not
be statistically rejected for the sub-sampled GX 339—4
observations, alternative two-component models and a
broad disk model (DISKPBB in XSPEC) resulted in im-
proved fit statistics (see below).

4.2. MCD plus power-law

The second model was of an absorbed MCD plus a
power-law. This model has two additional parameters
compared to the MCD alone: the power-law spectral in-
dex and its normalization. Sutton et al. (2013) used this
model to classify ULXs in to the three spectral types.
They defined BD ULXs as having inner disk tempera-
tures of greater than 0.5 keV and 0.3-1 keV power-law
— MCD flux ratios of less than 5. We emphasize that
this model is intended to be phenomenological in the
BD ULXs, with the power-law broadening the disk spec-
trum rather than fitting to a physically distinct compo-
nent. The model parameters, fit statistics, and 0.3-1
keV component flux ratios for the observed BHB, resam-
pled BHB, and ULX spectra are given in Table 5. The
fit statistics indicate that the model was insufficient to
reproduce the complex spectra from the complete BHB
data, except in LMC X-1 Swift-2, which had some of
the lowest quality data amongst the complete BHB ob-
servations. The model could not be rejected for 6/8 of
the resampled BHBs and 5/7 ULXs. Notably, the model
was rejected for the resampled LMC X-1 Swift-2 spec-
trum, but it was marginally acceptable for the real data
from this source. This is likely due to statistical effects
when resampling the data.

All of the sources had best fitting inner disk temper-
atures greater than 0.5 keV. Also, in all sources where
errors were estimated cooler accretion disks were rejected
at > 30 significance. All of the spectra also had 0.3-1
keV observed power-law — MCD flux ratios that were at
least consistent with being less than or equal to 5, with
greater values being strongly rejected (> 3o significance)
for 4 of the resampled BHB spectra and all of the ULXs.
As such, we were rather predictably able to confirm that
all of the ULXs selected for having BD spectra indeed
have spectra that are broader than an MCD. But, cru-
cially, this spectral model also indicated that some of
the brightest TD BHBs had BD-shaped spectra at X-ray
luminosities an order of magnitude lower than the ULXs.

Interestingly, although they are only approximate, the
inner disk radii calculated from the model normalizations
appear to be a factor ~ 2 greater in the ULXs than
the BHBs. If this corresponds to the inner-most stable
circular orbit, then it would indicate that the black holes
in the BD ULXs were larger than in these TD BHBs.

4.3. MCD plus Comptonization
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Table 4
MCD
Source Obs ID® Ng? Tin® Rin? x?2/dof®
(10?2 cm—2) (keV) (km
Observed BHBs
GX 339—4 XMM-1 0.62 0.91 43 (8222.6/163)
XMM-2 0.61 0.92 42 (3556.9/160)
LMC X-3 XMM-1 0 1.2 57 (28994.7/164)
Swift-1 0 1.1 54 (2787.3/616)
XMM-2 0 1.1 56 (18379.2/162)
LMC X-1 XMM-1 0.56 0.86 51 (1932.9/151)
Swift1l  0.491 +0.005 0.952+0.004 44 (818.2/564)
Swift-2  0.455 £0.007  0.988 +0.006 39 (684.3/519)
Resampled BHBs
GX 339—4 XMM-1  0.63£0.01  0.896 +£0.008 44 593.9/559
XMM-2  0.61£0.01 0.905+0.009 43 606.1/566
LMC X-3 XMM-1 [0] 1.18 £0.01 59 (689.2/502)
Swift-1 [0] 1.08 £0.01 54 (657.1/393)
XMM-2 [0] 1.05 £ 0.01 56 (711.1/481)
LMC X-1 XMM-1  0.57£0.01 0.849£0.008 51 (687.7/556)
Swift-1  0.366 £0.009 0.918 £0.009 48 (514.0/391)
Swift-2  0.33170009  0.98 £0.01 40 (576.9/396)
ULXs
M31 ULX2 0.296 £0.007 0.858 £0.008 > 110  (528.5/309)
M31 ULX1 0 0.99 >93  (678.7/138)
NGC 253 XMM2 0.044 £0.004 1.16£0.01  >72  (453.5/326)
NGC 253 ULX2 0.22£0.01  1.66+£0.02 >46  331.9/347
M33 X-8 0 1.1 > 84  (1849.0/163)
NGC 2403 X-1 0.16270095  1.04+£0.01 >100  371.3/330
NGC 4736 ULX1 0 0.80 > 160 (608.0/241)

Parameters and fit statistics for the absorbed MCD model (TBABS X DISKBB in XSPEC) fitted to the the observed and resampled BHB spectra
and the ULX spectra. Errors and limits are given to lo significance, and unconstrained parameters are highlighted in square brackets.
Parameters are arbitrarily quoted to two significant figures for observations where the fit statistic (x2/dof) exceeds a value of two. For each
of the extra-Galactic sources an additional absorption component (TBABS) was included to account for the Galactic column density, which
was fixed to the values in Tables 1 and 3. Notes: “observation identifier for the BHBs (see Table 2); Pabsorption column, (values below
1 x 103 are shown as 0); inner disk temperature of the MCD; %approximate inner disk radius calculated using the best-fitting model
parameters and arbitrarily reported to two significant figures, it is corrected from the apparent radius using R;p ~ 1.19 X 7, (Kubota et al.
1998), inclinations and distances from Table 1 were assumed for the BHBs (i ~ 25° was assumed for GX 339—4), and distances from Table
3 were used for the ULXs, where the lack of inclination estimates meant only a lower-limit can be given; “goodness of fit statistic in terms
of x?/degrees of freedom, where values in brackets indicate that the model can be rejected at the equivalent of > 3¢ significance.

The next model fitted to the TD and BD spectra
was of an MCD with additional Comptonized emission
(DISKBB + COMPTT in XSPEC). The free parameters
of this model are: the inner accretion disk tempera-
ture, disk normalization, seed photon temperature of the
Comptonization, plasma temperature, plasma optical
depth and normalization of the Comptonized component.
This, and similar models, have commonly been used to
model two-component XMM-Newton spectra from more
luminous ULXs (e.g., Feng & Kaaret 2009; Gladstone
et al. 2009). Generally this model results in a soft MCD
and hard, optically thick Comptonization. When used
for ULXs the Comptonization input photon temperature
is often set equal to the inner disk temperature of the
MCD. This is intended as an approximation of a Comp-
tonizing corona above an accretion disk, but fixing the
temperatures in this way may not be appropriate if the
corona is optically thick and obscures the inner disk from
view (Gladstone et al. 2009). As such, we did not fix the
Comptonization input photon temperature here. This
model has also been used to fit BD ULX X-ray spectra,
which has been physically interpreted as the onset of a
radiatively driven wind at accretion rates close to Ed-
dington (Middleton et al. 2011, 2012, 2013). The same
model was used to fit broad, sub-Eddington accretion

disk spectra from GX 339—4 when it was in the TD state
(Kolehmainen et al. 2011), in which case it is a purely
phenomenological model.

The parameters and fit statistics for the MCD plus
Comptonization model are given in Table 6. Fits with
input soft photon temperatures lower than the inner ac-
cretion disk temperature, or plasma temperatures lower
than the input photon temperature, were rejected as un-
physical. Similarly to the previous model, this was not
sufficient to reproduce all of the complexities in most of
the complete BHB spectra, although it was sufficient for
6/8 of the resampled BHBs and 6/7 of the ULXs. Sev-
eral of the the resampled TD BHB and BD ULX spec-
tra were best fitted by optically thick coronae, although
many admittedly have poorly constrained model param-
eters. This is reminiscent of many more-luminous ULXs
and is consistent with an optically thick Comptonizing
corona obscuring the inner disk.

In Figure 2 we show a comparison of the DISKBB +
COMPTT model parameters in the BHBs and ULXs. In
general, the BHBs and ULXs tended to occupy similar
regions of parameter space, with the exception of Lx.
After excluding the rejected fits and the unconstrained
inner disk temperature in GX 339—4 XMM-1, we tested
for rank correlations between the parameters and Lx us-
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Table 5
MCD plus power-law
Source Obs ID Nu Tin® g Foow/Faiskbb®  Rin x?2/dof
(1022 cm—2) (keV) (km)
Observed BHBs

GX 339-4 XMM-1 0.92 0.90 3.2 1.4 40 (520.9/161)
XMM-2  0.88075815  0.896 4 0.002 3.03 +0.03 1.2375-04 40 (289.2/158)
LMC X-3 XMM-1 0.48 1.3 4.6 5.0 46 (2325.3/162)
Swift-1  0.01179908 1178 +£0.008 2.27+£0.07  0.61£0.04 42 (899.2/614)

XMM-2 0.33 1.2 3.9 3.3 40 (492.1/160)

LMC X-1 XMM-1 1.2 0.90 4.1 4.5 41 (452.5/149)
Swift-1 05017359 0.93475-00¢ —1+1 <7x107% 47 (759.0/562)

Swift-2  0.487007 0.9210-0 11790 <0.1 44 602.9/517

Resampled BHBs

GX 339-4 XMM-1  1.0+0.1 0.90+0.02  3.6+0.4 1.8707 4 579.3/557

XMM-2  0.8070-98 0.85 =+ 0.02 2.675-3 0.8753 44 561.6/564

LMC X-3 XMM-1  0540.1 1371002 4.6102 642 42 480.1/500

Swiftl  <9x107%  1.164T0 007 2.270-% 0.509-08 43 435.5/391

XMM-2 [0] 1167003 2.570-2 3+1 41 527.5/479

LMC X-1 XMM-1  1.3+02 0.900-0 44107 542 41 623.9/554
Swift-1 0.8752 0.941062 47198 515 44 (503.4/389)

Swift2 0361005  0.91£0.02 15702 <03 45 (546.1/394)

ULXs

M31 ULX2 0.50£0.04  0.7370:03 2.4+0.1 1.6+0.4 >110  308.5/307

M31 ULX1 0.03£0.02 1.080 +£0.007  3.2+0.2 1.01£0.09  >74  179.6/136

NGC 253 XMM2 0.17 £ 0.02 1151057 2.1+£0.1 1.94+03 >56  321.9/324
NGC 253 ULX2 0.2670:0% 1647005 241 0.3795 > 74 (314.5/161)

NGC 2403 X-1 0.45%5:96 1.13 4+ 0.02 3.370% 23403 >79  310.2/328
NGC 4736 ULX1 010+£0.02  1.02£0.05  2.6+0.1 3.14+04 > 74  (315.3/239)

As Table 4, but for the absorbed MCD plus power-law model (TBABS X (DISKBB + POWERLAW) in XSPEC). Notes: “inner disk temperature

of the MCD; Ypower-law spectral index; ratio of the 0.3-1 keV power-law and MCD fluxes calculated using the CFLUX convolution model
in XSPEC, this is not a parameter of the model, but it is used to constrain the spectral type in the Sutton et al. (2013) ULX classification

scheme.

ing Kendall’s 7 coefficient. The resulting Kendall’'s 7
correlation coefficients were: 0.2, 0.1, 0.2, and 0.3, with
p-values (for the null hypothesis of Kendall’s 7 = 0, i.e.,
no correlation) were: 0.5, 0.6, 0.5, and 0.2 for parameters
Tin, To, kT, and 7, none of which are significant even at
the 20 level.

4.4. p-free disk

The fourth model was of a p-free disk, which is an ap-
proximation of an MCD spectrum that has been modified
by radial advection. This model has the parameters of
the MCD model (disk temperature and normalization)
plus ‘p’, which is the exponent of the radial dependence
of the disk temperature (i.e., T(r) o< r~?, where T'(r) is
the local effective temperature at radius r). A standard
MCD is recovered for p = 0.75 and lower values indi-
cate a degree of advection, with p = 0.5 being predicted
for advection-dominated disks. Rather unsurprisingly,
this model with only three free parameters (plus absorp-
tion) was unable to reproduce any of the real TD BHB
spectra, but it was sufficient for 6/8 of the resampled
BHBs and 5/7 of the ULXs. Notably, all of the best-
fitting values of p were less than 0.75 indicating that ad-
vection may have been occurring in the accretion disks.
Furtermore, critically, p > 0.75 can be ruled out at 3¢
significance for all of the BHBs and all of the ULXs ex-
cept for NGC 253 ULX2. As for the previous model we
show the parameters against observed 0.3—10 keV lumi-
nosity (Figure 3). Again, we calculated the Kendall’s

7 coefficient to test for rank correlations between each
parameter and Lx. The resulting Kendall’s 7 correla-
tion coeflicients were: 0.6 and 0.2, with p-values of: 0.02
and 0.5 for Ti, and p, respectively. These suggest that
there may be a strong rank correlation between inner
disk temperature and X-ray luminosity, although it is
not highly significant (at the 3o level), and the weighted
mean inner disk temperatures of both the BHBs and
ULXs agree within the uncertainties (7%, = 1.19 £ 0.06
and 1.26 + 0.05 keV for the BHBs and ULXs, respec-
tively). In order to produce such similar temperature
spectra over an order of magnitude in luminosity, the
normalization, hence the inner radius of the disk, varies
between BHBs and ULXs. Given the uncertainties in in-
clinations and distances only approximate values of, or
limits on, the inner disk radii can be calculated, how-
ever these generally suggest slightly larger black holes in
the ULXs. Alternatively, this could be consistent with a
scenario where the accretion disk becomes strongly ad-
vective, hence radiation trapping makes it unobservable,
within a radius corresponding to a fixed temperature.
Then, increases in Lx would correspond to increases in
the characteristic inner disk radius, while the observed
inner disk temperature remains roughly constant.
Spectral shape is not the only diagnostic of an ad-
vective, slim disk. While standard disks evolve along
a L o< T* trend, slim disks are expected to follow a shal-
lower slope (e.g., Watarai et al. 2001). There is the sug-
gestion that the ULXs may follow a shallower trend than
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Table 6
MCD plus Comptonization
Source Obs ID Nu Tin® To? kTc Td Rin x?/dof
(1022 cm—2) (keV) (keV) (keV) (km)
Observed BHBs

GX 339-4 XMM-1 0.76 0.39 0.59 4.5 1.1 180 (603.9/159)
XMM-2 0.74240.008 0.40+0.01  0.59079:3%%  2.3%35! 2.7797 170 (300.5/156)
LMC X-3 XMM-1 0 0.44 0.72 1.4 6.6 280 (1929.1/160)
Swift-1 [0] 0.350 £0.007  0.6275°52 1.9743 413 320 (726.7/612)

XMM-2 [0] 0.405+0.006  0.63+£0.02 1.30+0.04 7.1703 260 (315.1/158)

LMC X-1 XMM-1 0.96 0.27 0.51 1.2 5.4 580 (351.6/147)
Swiftl  0.65+£0.03  0.28+0.02  0.52+0.01 73 <3 410 (730.4/560)

Swift-2  0.61+0.04 0.2919-93 0.5170-0 <170 <9 340 594.8/515

Resampled BHBs

GX 339-4 XMM-1  0.575098 [4x1073]  0.36+£0.04 1.08+0.03 108+0.6 23x10*  577.3/555

XMM-2  0.8£0.2 0.2310 58 0.41%502 12703 675 580 557.2/562

LMC X-3 XMM-1 [0] 0.4710 52 0.80 % 0.07 475 <9 260 480.1/498

Swift-1 [0] 0.35+0.02  0.63+0.03 5172 <7 320 416.7/389

XMM-2 <04 0.1970-08 0.3370:97 1124987 10£1 1.8 x 10° 522.3/477

LMC X-1 XMM-1  1.03 +0.09 0.251053 0.5010 53 <40 <4 770 614.5/552
Swift-1  0.6715 57 0.220 52 0.46 £ 0.06 <9 672 1.1x 10> (483.0/387)

Swift2  0.70£0.06  0.21+0.02  0.47+0.02 50170 <5 1.5x 108 (509.9/392)

ULXs

M31 ULX2 0.37 £ 0.03 0.65%0 53 1.347 558 < 100 < 60 > 180 312.4/305

M31 ULX1 0.01519:598 0.3070 53 0.447552 < 1.03 10.775:2 > 610 176.0/134

NGC 253 XMM2 0.27£0.03  0.07+0.01 <0.2 1347008 9.0£05 >3.7x10%  313.6/322

NGC 253 ULX2 0.3753 0.1019 53 0.20%095 1414005 11.279%  >1.0x10*  318.6/343
M33 X-8 0.047£0.003  0.4875:03 0.65 + 0.03 < 100 <3 > 310 (302.0/159)

NGC 2403 X-1 0.26 £ 0.02 0.41%052 0.72+592 2133 39 > 500 303.4/326

NGC 4736 ULX1 [0] 0.04+£0.02  0.157£0.007 1.05£0.04 105+04 >1.2x10°  269.1/237

As Table 4, but for the absorbed MCD plus Comptonization model (TBABS X (DISKBB 4+ COMPTT) in XSPEC). Fits with hot accretion disk
and cool, soft Comptonization (T3, > Tp) components, or low temperature coronae (kT < Tp) were rejected as unphysical, and alternative

local minima in x2 were used instead. Notes: ®inner disk temperature of the MCD; Pinput soft photon (Wien) temperature, this was not
fixed to the inner disk temperature; °plasma temperature, this was constrained to be > 1 keV; ?plasma optical depth.

the BHBs in the left-hand panel of Figure 3. However,
this is not conclusive as there is no strong evidence that
all of these BD ULXs have the same black hole masses
or inclinations. A thorough study of this potential trend
in individual sources is beyond the scope of this work.

4.5. A thin disk around a Kerr black hole

The final spectral model was of a thin accretion disk
around a Kerr black hole (KERRBB in XSPEC). The free
parameters of this model were: black hole spin, inclina-
tion, black hole mass (fixed for the BHBs), and the ef-
fective mass accretion rate. Additional parameters that
were fixed were: distance from the observer; n, the torque
parameter, which was set to 0; spectral hardening factor,
which was set to 1.7; a flag for self-irradiation, which was
fixed at 1 (i.e., included in the model); a flag for limb
darkening, which was set to 0 (i.e., excluded from the
model). Theoretically, this model is appropriate for ac-
cretion rates up to ~ 0.3 Eddington, above which radia-
tion pressure begins to inflate the disk (e.g., McClintock
et al. 2006) such that so-called slim disk models with
radial advection are more appropriate. In the KERRBB
thin disk model, no single parameter affects normaliza-
tion alone: increasing the spin or accretion rate results
in a harder spectrum and higher bolometric luminosity
while increasing the black hole mass softens the spec-
trum. Alternative General Relativistic accretion disk
models exist (see e.g., Middleton 2016 for a summary)

including BHSPEC (Davis et al. 2005). Unlike KERRBB,
which assumes a constant spectral hardening factor, BH-
SPEC includes bound-free and free-free opacities of abun-
dant ion species, which can produce a slightly broader
spectrum (Kubota et al. 2010). However, Hui & Krolik
(2008) report that there is little difference between the
fits or resulting parameters when fitting KERRBB and BH-
SPEC to ULXs with disk-like spectra, so we only consider
the KERRBB model here.

The fit statistics and parameters from the KERRBB
model are given in Table 8. For the BHBs, where we
are analyzing multiple observations of each source, each
of the spectra were fitted simultaneously with spin and
inclination fixed between them. The model can be re-
jected for all of the real BHB data sets, and it is only
acceptable in 1/3 of the resampled BHBs and 3/7 of the
ULXs. When fitting the BHBs, we fixed the black hole
mass to the values given in Table 1. As an additional
test, we refitted both the real and resampled spectra from
GX 339—4 while allowing the black hole mass to vary
within the quoted uncertainty range. For the real data,
the improvement in the fit statistic was marginally signif-
icant based on an f-test (at the 20 level, but not the 3o
level), although the model could still be strongly rejected
(x?/dof = 3564.4/322). Despite the slight improvement
in fit, allowing the black hole mass to vary did not result
in large changes (< 10%) to the other model parameters.
No such improvement in fit was found for the resampled
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Figure 2. Parameters of the absorbed MCD plus Comptonization spectral model plotted against the observed 0.3-10 keV luminosity
estimated from the same model. The symbols correspond to: ULXs where the model is statistically acceptable (at 3o significance, black
crosses), ULXs where the model is rejected (red diamonds), BHBs where the model is acceptable (blue upwards pointing triangles), and
BHBs where the model is rejected (yellow downward pointing triangles). Reading across the rows from top left, the model parameters
shown are: the inner disk temperature of the MCD, the input soft photon temperature, the plasma temperature, and the plasma optical
depth. The gray lines in top-left plot show arbitrary L o T relations as would be appropriate for a thin accretion disk. No significant
correlations were found between the model parameters and luminosity.
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Figure 3. As Figure 2, but for the parameters of the p-free disk model. The left plot shows the inner disk temperature, where the gra;
lines show characteristic luminosity — temperature relations with arbitrary normalizations. The light gray lines correspond to L o T4,
which is the standard relation for thin accretion disks, and the dark gray lines show L o T2, which may be appropriate for the slim disk
regime (Kubota & Makishima 2004). The right plot shows the p-value. Although there is a potential correlation between luminosity and
disk temperature, this is not highly significant (at the 3o level).

data (Ax? = —0.9 for 1 fewer degree of freedom), and tion, mass, and distance to known values (e.g., McClin-
the model parameters were consistent within the 1o un- tock et al. 2014). We do not fix the inclination here, as
certainty regions with those from the fixed-mass model. it is not currently feasible in the ULXs, and measuring

Although some of the model parameters appear to be spin is not the purpose of this paper. Despite this, we
very precise, we would caution against assuming them to note that the model results in spin and inclination esti-
be accurate, especially given the degeneracies between mates for GX 339—4 and LMC X-1 (from the resampled
model parameters and the questionable physical basis of spectra) that agree with at least some reported results
using a thin disk model. Additionally, when using spec- (although these are not always in consensus with each
tral continuum fitting to determine meaningful estimates other, or particularly well constrained) while for LMC

of the black hole spin, it is necessary to fix the inclina- X-3, our values disagree with the literature: GX 339—4
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Table 7
p-free accretion disk
Source Obs ID Nu Tin® pP Rin x?2/dof
(1022 cm—2) (keV) (km
Observed BHBs

GX 339-4 XMM-1 0.80 1.0 0.58 67  (2158.9/162)
XMM-2 0.81 1.0 0.57 62 (1080.8/159)
LMC X-3 XMM-1 0 1.5 0.64 83 (3771.5/163)
Swift-1 [0] 1.321£0.008 0.642+0.002 78  (920.5/615)

XMM-2 0 1.3 0.62 75 (695.1/161)

LMC X-1 XMM-1 0.85 1.0 0.51 58 (581.0/150)
Swift1  0.53+0.01 0.98+0.01  0.69+£002 100  (808.1/563)

Swift-2  0.57 +0.02 1.08£0.02  0.62+0.02 69 (649.8/518)

Resampled BHBs

GX 339—4 XMM-1  0.79 4 0.04 0.97 + 0.02 0.6079-03 76 579.0/558

XMM-2  0.83+0.04 1.04£0.03  0.55+0.02 59 575.0/565

LMC X-3 XMM-1 (9+7)x1073  1.524+0.04  0.613+£0.009 70 566.7/579

Swift-1 [0] 1.314£0.02  0.642£0.005 79 441.4/392

XMM-2 [0] 1.3240.03  0.60973057 69 525.5/480

LMC X-1 XMM-1  0.8670:03 1.01 +0.03 < 0.53 57 631.8/555
Swift-1  0.47 £0.03 1.01 £ 0.03 0.5915:53 79 (499.3/390)

Swift2  0.45+0.02 1.1375:02 0.57 £ 0.02 57 (551.6/395)

ULXs

M31 ULX2 0.52710:506 1.18 +0.02 < 0.502 >81  351.6/308
M31 ULX1 <2x107%  1.139£0.009 0.66470005 >160 (194.9/137)

NGC 253 XMM2 0.15 £ 0.01 1577005 0.576+£0.009 >72  326.0/325

NGC 253 ULX2 0.25 £ 0.02 1.754£0.05  0.70£0.02 >100  327.5/346
M33 X-8 0.099 1.4 0.58 >90  (470.7/162)

NGC 2403 X-1 0.28 + 0.02 1251092 0.59+0.01 >140  312.5/329

NGC 4736 ULX1 0.054 4 0.009 1.3175:08 0.53770510 > 92 294.9/240

As Table 4, but for the absorbed p-free disk model (TBABS X DISKPBB in XSPEC). Notes: “%inner disk temperature of the p-free disk in
keV; Yexponent of the radial dependence of the disk temperature; °the inner disk radius is corrected from the apparent radius using

Rin ~ 3.19 X ri, (Vierdayanti et al. 2008).

- a ~ 0.93 (Miller et al. 2008), a > 0.97 (Ludlam et al.
2015), a < 0.9 (Kolehmainen & Done 2010), i = 20—
30° (Miller et al. 2004; Reis et al. 2008; Plant et al.
2014), i > 45° (Kolehmainen & Done 2010); LMC X-
3 - a ~ 0.21 (Steiner et al. 2014), i ~ 70° (Orosz et al.
2014); LMC X-1 - a = 0.92 (Gou et al. 2009), i ~ 36°
(Orosz et al. 2009). The disagreement in the case of LMC
X-3 is hardly surprising, given that the spectral model
was strongly rejected. While the range of parameters
for the previous models did not vary significantly be-
tween the TD BHBs and BD ULXs, except for luminos-
ity, this is not the case here. The fitted black hole masses
in the ULXs varied between ~ 40-80 M, while values
from Table 1 were used for the BHBs. Additionally, the
black hole spins were relatively poorly constrained in the
BHBs, but close to maximal in the ULXs, and mass ac-
cretion rates were significantly higher in the ULXs too.
Despite the differences in parameters, the approximate
Eddington ratios of the BHBs and ULXs largely over-
lapped with both classes typically falling between ~ 0.1—
0.4. The sole exception to this was NGC 253 ULX2,
which had a higher Eddington ratio of ~ 0.9, but we
note that the black hole mass parameter could not be
constrained by the data, so this estimate is subject to
extremely large uncertainties.

Overall, the KERRBB parameters suggested that the
ULXs contained slightly larger black hole primaries than
the BHBs, and they were at close to maximal spin. How-
ever, the KERRBB model is rejected in 4 out of the 7
ULXSs, so the variables of the model cannot necessarily be

simply interpreted as the physical parameters of the ULX
binary systems. Indeed, in the case of M31 ULX2, the
black hole mass is clearly in disagreement with the con-
straints from luminosity limits based on a sub-Eddington
spectral state when it is faint (< 17 Mg, Middleton et al.
2013). Fixing the black hole to 10 Mg for this source
resulted in a significantly worse fit statistic (x?/dof =
469.9/308 or Ax? = 49.3 for 1 additional degree of free-
dom) compared to the model with the black hole mass
free to vary (which had a black hole mass of 4675 Mg,
where the uncertainties are reported at the lo level),
with a corresponding f-test probability of 5.6 x 1077,
Additionally, fixing the black hole mass resulted in the
model having retrograde spin (a = —0.8+0.2; cf. Middle-
ton et al. 2014) and a significantly higher mass accretion
rate (Mgq = 2878 x 10'® gs™!, or I ~ 2). This may
not be surprising since black hole accretion disks are not
expected to remain geometrically thin as [ — 1.

4.5.1. Additional power-law emission

Although we attempted to exclude spectra with ob-
vious high energy power-law emission, it was evident
from the spectral residuals from the KERRBB model fit-
ted to the real BHB spectra that some may deviate from
pure disk spectra (Figure 4). However, in the BHB
with the largest deviation between the model and data,
GX 339—4, the KERRBB model was able to adequately fit
the ~ 25000 count resampled spectra. This indicates that
relatively weak power-law emission (as in the TD state)
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Figure 4. Residuals to the best-fitting absorbed KERRBB and SIMPL*KERRBB models for the real BHB data plotted as ratios. Colors
correspond to the different observations, with black being the first, red the second, and blue the third observation in order of observation
date as given in Table 2. The data have been rebinned to 20o significance for clarity. It was evident that the absorbed KERRBB model
alone under-predicted the 5-10 keV flux in most of the BHB spectra, which may indicate the presence of a power-law-like tail, even in
the XMM-Newton and Swift energy band. For GX 339—4 and LMC X-1 the addition of a SIMPL power-law component reduced the hard
residuals. The model parameters indicated that GX 339—4 and LMC X-1 XMM-1 were in the TD state, while LMC X-1 Swift-1 and -2
may have steep power-law spectra. However, for LMC X-3 the combination of a thin disk and SIMPL power-law spectrum resulted in large
negative residuals at high energies, bringing the validity of the model into question.
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Table 8
A thin accretion disk around a Kerr black hole
Source Obs ID Nu a? i Mpu© Mgﬁ IS x?/dof
(10*? em~?) (deg) (Mg) (10" gs™)
Observed BHBs
GX 339—4 XMM-1 0.69 0.35 57 7.5 3.1 0.21  (3656.0/323)
XMM-2 0.68 . . . 3.1 0.21 .
LMC X-3 XMM-1 0 0.80 48 7.0 3.4 0.41  (20997.7/943)
Swift-1 0 1.9 0.23
XMM-2 0 1.9 0.23
LMC X-1 XMM-1 0.61 0.64 56 10.9 2.2 0.14 (3088.1/1235)
Swift-1 0.60 . . . 2.7 0.16 .
Swift-2 0.61 " " » 2.5 0.15
Resampled BHBs
GX 339—4 XMM-1  0.6940.01 04101 53717 75 372 0.21  1158.4/1125
XMM-2  0.68£0.01 . . . 33 0.21 .
LMC X-3 XMM-1 [0] 0.807005  48+1 7.0 3.3+0.1 039 (1714.3/1377)
Swift-1 [0] . . . 1.924£0.08 0.23
XMM-2 [0] . . . 1.8370-08  0.22 .
LMC X-1 XMM-1 0574001 094732  38%3! 109 1173 0.13  (1781.8/1344)
Swift-1  0.58 £0.01 . . . 1.3757 0.15
Swift-2  0.6140.01 " " " 1.3755 0.14
ULXs
M31 ULX2 0.34570597  0.99070:999 47Tl 4675 5.019% 0.20  (420.6/307)
M31 ULX1 . 0 >0.9995 64+1 80+4 4677003 015  (240.6/136)
NGC 253 XMM2 ... 0.071£0.004 > 0.98 578 4212 6.6705 033  357.3/324
NGC 253 ULX2 0.22£0.02 0917355 >80  [50] 407359 0.89  325.4/345
M33 X-8 . 0.026 1.0 53 42 6.6 0.33  (720.2/161)
NGC 2403 X-1 . 0.204£0.006  >0.97  57+4 70730 7 0.26  320.8/328
NGC 4736 ULX1 ... [0] >0989 57t 88T%, 75708 0.18  (400.3/239)

As Table 4, but for the absorbed KERRBB model (TBABS X KERRBB in XSPEC). For the BHBs the model was fitted to all observations
simultaneously. The absorption column and accretion rate were allowed to vary between observations of a single source, but the black hole
mass, spin, and inclination were fixed between epochs, and are shown for only the first observation of each source. Notes: “black hole

spin; bdisk inclination; ¢black hole mass, for the BHBs this was fixed to the value, or the value in the middle of the range, given in Table
1; effective mass accretion rate; €approximate Eddington ratio calculated as nMgqc?/ (Mg x 1.3 x 1038 erg s—! Mal), where 7 is the

standard radiative efficiency of a black hole, which was calculated for each source using the best fitting value of the spin parameter shown
here (note that Eddington ratio is not a parameter of the model).



Table 9
A thin accretion disk around a Kerr black hole plus a power-law

Source Obs ID Ny re foc® a i Mgy Myq l x?2/dof Ax?/Adof®
(10%2 em~?) (deg.) (Mo) (10" gs™1)
Observed BHBs
GX 339—4 XMM-1 0.69 1.1 0.016 0.38 53 7.5 2.9 0.20  (1315.2/319)  —2340.8/4
XMM-2 0.69 2.3 0.025 . . . 2.8 0.19 . .
LMC X-3 XMM-1 0 4.5 0.42 0.65 45 7.0 3.6 0.34  (19085.0/937) —1912.8/6
Swift-1 0 4.5 0.57 . . . 2.0 0.19 . .
XMM-2 0 4.5 0.39 . .. . 2.0 0.19 . .
LMC X-1 XMM-1  0.64810°00%2  45+0.4 0.12179-02 0.4470:0% 58715 10.9 2.970-3 0.14  (2294.0/1229)  —794.1/6
Swift1  0.54870002 1] 0.45521 50028 . . . 6.0753 0.30
Swift-2  0.544£0.006  4.487021  0.60615 000 " . " 2.6705 0.13
Resampled BHBs
GX 339—4 XMM-1  0.692 £ 0.007 [1] 0.26710376 0357092 477404 75 3.67T34% 024 1142.1/1121 -16.3/4
XMM-2 0.701£0.007  3.7792 0.14 £ 0.01 . o . 2.58758 017 . o
LMC X-3 XMM-1 0 3.521008 0.617032 0.36770907  4454+03 7.0 3.87+£0.03 028 (1644.0/1371)  —70.3/6
Swift-1 0 4.16 £0.07 (1] . . . 2157505 0.16
XMM-2 0 423709 0.8703 . . . 2147032 0.15 . .
LMC X-1 XMM-1  0.63370:007 13105 0.01370-00%  0.926700%3  31.1F9F 109  1.183T0007 013 (1676.0/1338)  —105.8/6
Swift1  0.60570 0% 4.5102 0.2210-07 . . . 1317027 0.14
Swift-2  0.56070 0% 46707 0.56 + 0.02 . " " 107670008 0.12
ULXs
M31 ULX2 0.40 4 0.02 2.679°7 0.2757 > 0.5 [42] > 30 5166 0.13  308.5/305 —-112.1/2
M31 ULX1 [0] [45] [3 x 10719] > 0.9995 64+1 8173 4.667022 0.15  (240.6/134) 0.0/3
NGC 253 XMM2 ... 0.08970:503  3.2470-26 > 0.5 0.99497 09506 577795, 101%5° 5112 0.09  325.9/322 —31.4/2
NGC 253 ULX2 . 0.22 4 0.01 (1] < 0.09 0.91 + 0.06 > 80 50159 40730 0.90  325.3/343 -0.1/2
M33 X-8 . 0.04279-092 3.4752 >0.3 > 0.5 5773 80+£10 53709 0.13  (310.7/159)  —409.5/2
NGC 2403 X-1 . 0.207 +0.004  1.037585  0.04973:925 > 0.98 578704 7841 7eaTior 025 319.8/326 -1.0/2
NGC 4736 ULX1 ... 0 3.2370°0% (1] 0.996270-090% 532700 188T82 47185 0.052  (318.9/237) —81.4/2

As Table 8, but with an additional power-law component (TBABS X SIMPL * KERRBB in XSPEC). The parameters of the SIMPL power-law were allowed to vary between observations of

a single source. Notes: %power-law spectral index; ®fraction of the intrinsic disk flux that is scattered into the power-law; “improvement in the fit statistic relative to the absorbed
KERRBB model alone.
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may not be detected if present in similar quality obser-
vations of nearby ULXs. Regardless of this, we added
a power-law component to the KERRBB model using the
SIMPL convolution model in XSPEC and tested whether
this improved the fits to the real BHB spectra (Table
9). The siMPL model has parameters of spectral index;
the fraction of the input emission that is reprocessed into
the power-law; and a flag for up-scattering only, or both
up- and down-scattering, which was set to up-scattering
only. Indeed, adding this component resulted in large im-
provements in the fit statistic: Ax? = —2340.8, —1912.8,
and —794.1, for 4, 6, and 6 fewer degrees of freedom, in
GX 339—4, LMC X-3, and LMC X-1 respectively, al-
though all of these fits were still rejected at 3¢ signifi-
cance.

As with the previous model, we used the real and re-
sampled spectra from GX 339—4 to test whether allow-
ing the black hole mass to vary within the range given in
Table 1 significantly altered the fits. No significant im-
provements in the fit statistics were found (at the > 95%
level, based on an f-test), and the model parameters did
not vary significantly from the fixed-mass model (they
were within the 1o uncertainty regions where calculated,
or varied by < 10%).

For both observations of GX 339—4 only ~ 2% of the
model intrinsic disk flux was emitted as a power-law,
which had a spectral index of ~ 1-2 (although a higher
scattering fraction and softer spectral index were found
for the sub-sampled data). These values are consistent
with fits to sources in the TD state (cf. Steiner et al.
2009). We generally found extremely soft power-law
spectral indices in LMC X-3 and X-1, with large fractions
of the input intrinsic disk flux being scattered (I' ~ 4.5
and scattered fraction fic ~ 0.3-0.6; LMC X-1 Swift-1
had a very hard power-law resulting in a large fraction
of the intrinsic model disk flux being scattered out of the
0.3—-10 keV band, but this was not well constrained), and
as such we caution against interpreting these physically.
Never-the-less, if we do attempt to interpret them phys-
ically, they may suggest that LMC X-3, and LMC X-1
during the Swift observations, were in a steep power-law
(cf. Steiner et al. 2009) or possibly hyper-soft (Uttley
& Klein-Wolt 2015) state. However, an inspection of
the hard residuals to LMC X-3 indicated that the SIMPL
power-law was not a good fit to the data (Figure 4), so it
may not be possible to trivially interpret this as a phys-
ical component. Additionally, LMC X-3 has previously
nearly always been observed with a TD spectrum (e.g.,
Steiner et al. 2010). As such, we do not rule out a TD
spectrum in this source. On the other hand, LMC X-1
has previously been seen with both TD and steep power-
law spectra (e.g., Alam et al. 2014) and, for the Swift ob-
servations, the SIMPL power-law eliminated the residuals
above ~ 5 keV. It is possible that LMC X-1 was in the
steep power-law state during the Swift observations, thus
not dominated by emission from the accretion disk in the
0.3-10 keV energy range. When we eliminated these ob-
servations and only fitted LMC X-1 XMM-1, the KERRBB
model was marginally acceptable at the 3o level for the
resampled data (y?/dof = 651.6/555, corresponding to a
null hypothesis likelihood of 0.997), although broad disk
and two-component models had fit statistics that were
lower still.

We also tested whether modifying the ULX KERRBB
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Figure 5. Fractional normalized covariance spectra of (top)
GX 339—4 XMM-1, (center) XMM-2, and (bottom) LMC X-3
XMM-1. Red data points correspond to reference bands, where
fractional rms variability is plotted instead. Constant fraci-
tonal normalized covariance can be rejected at 3o significance in
GX 339—4 XMM-1, indicating the presence of a second spectral
component.

fits with the SIMPL convolution model could improve the
fits (Table 9). This additional component resulted in
improvements in the fit statistic of Ay? = —112.1, 0,
—409.5, and —81.4 for 2 fewer degrees of freedom, for
M31 ULX2, M31 ULX1, M33 X-8, and NGC 4736 ULX1
respectively, where the KERRBB alone was rejected. No-
tably, this model resulted in a statistically acceptable fit
for M31 ULX2 (x?/dof = 308.5/305), where the parame-
ters indicated a ~ 70 Mg black hole in the TD state with
only ~ 0.7% of the intrinsic disk flux being reprocessed
in to a hard (T ~ 1.4) power-law. Also, the SIMPL model
parameters indicated that M33 X-8 and NGC 4736 ULX1
may have spectra similar to steep power-law state BHBs
(T' = 2.9, fc 2 0.3 and T’ & 3.1, fsc =~ 0.6 respectively),
however these fits were still rejected at > 3o significance
(x%/dof = 312.7/159 and 326.1/237) indicating that the
BD spectra in these ULXs is unlikely to be due to an
unresolved hard power-law component.

4.6. Additional emission components in M33 X-8

While most of the ULXs could be well fitted by at least
some of the spectral models, no statistically acceptable
model was found for M33 X-8. This could potentially
indicate additional spectral emission components were
present in this source. Indeed, La Parola et al. (2003)
reported a broad Gaussian emission line at ~ 0.9 keV
and ~ 0.2 keV thermal emission from a hot plasma in
the Chandra ACIS spectrum of M33 X-8, and Owen &
Warwick (2010) reported that extended emission in the
galaxy could be fitted by a dual thermal plasma spec-
trum, with kT ~ 0.2 and 0.6 keV. The addition of a
broad Gaussian emission line resulted in the fit statistic
being improved by Ax? = —115.2, —58.4, —80.7, and
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Figure 6. Fractional normalized covariance spectra of (top) NGC
253 XMM2 and (bottom) NGC 4736 ULX1. Red data points corre-
spond to reference bands, where fractional rms variability is plotted
instead. Both of the sources were consistent (at 3o significance)
with having constant fractional normalized covariance, thus there
is no strong requirement for two-component models.

—308.1 for 3 fewer degrees of freedom, for the MCD plus
power-law, MCD plus Comptonized emission, p-free disk,
and KERRBB models respectively. However, the param-
eters of the emission line were dependent on the contin-
uum model. For the first 3 models the line energy and
width were E ~ 1.1 keV and o ~ 0.2 keV, while for the
KERRBB model they were E ~ 0.8 keV and o ~ 0.5 keV.
An additional ~ 0.2 keV mekal plasma component did
not further improve any of the fits.

4.7. X-ray timing

We have been fitting the BHB and ULX spectra with
physical and phenomenological models of emission from
accretion disks. As a further test of whether single com-
ponent spectral models were appropriate for the ULXs,
we examined their timing properties by extracting frac-
tional normalized covariance spectra. We were able to
constrain the fractional variability in one energy bin, thus
could extract covariance, for two of the ULXs (NGC 253
XMM2 and NGC 4736 ULX1) and three of the BHB ob-
servations (GX 339—4 XMM-1, -2, and LMC X-3 XMM-
1). The resulting fractional normalized covariance spec-
tra are shown in Figure 5 and 6. Constant fractional
normalized covariance could not be strongly ruled out for
any of the ULXs ( x?/dof = 1.6/2 and 3.4/1 for NGC
253 XMM2 and NGC 4736 ULXI1, respectively, when
fitted with a constant), albeit with the caveat that co-
variance could only be extracted from two of the ULXs,
and even for these several values were admittedly poorly
constrained. We note that Middleton et al. (2012) re-
ported fractional covariance in M31 ULX1 that varied
with energy, but for different energy and temporal bin-
ning schemes than we used here. For the BHBs, a con-
stant value of fractional normalized covariance could be
rejected at 3o significance in a single observation: XMM-
1 of GX 339—4 (x?/dof = 31.8/4). Constant values were
not rejected at 3o significance in GX 339—4 XMM-2 or
LMC X-3 XMM-1 (x?/dof = 9.5/4 and 13.5/4 respec-
tively).

The covariance spectra from observation XMM-1 of
GX 339—4 peaked in the hard band as would be ex-

pected if a hard, variable power-law was contributing
to the energy spectrum. We tested whether the covari-
ance spectrum from this observation was consistent with
the shape of the hard power-law in the SIMPL*KERRBB
model. We converted the (non-fractional) normalized co-
variance spectra to XSPEC spectra using FLX2XSP and
fitted it with the SIMPL power-law.® An additional con-
stant was added to the model to allow the normalization
to vary, while all other model parameters were fixed to
the best fitting values from the spectral fitting. The re-
sulting fit statistic was x?/dof = 7.9/4, which cannot be
rejected even at 20 significance.

5. DISCUSSION

We have fitted the energy spectra of sub-Eddington
(I 2 0.1) BHBs in the 0.3—10 keV energy range with
accretion disk emission models. The models were for the
most part insufficient to reproduce the spectra from the
BHBs unless they were sub-sampled to be comparable to
the ULX sample. However, it was clear that many of the
BHB spectra, even at these low Eddington ratios, were
broader than expected from standard geometrically-thin
optically-thick disks, i.e., from a purely thermal MCD
disk model. This is evident in the example of LMC X-
3 XMM-1 (Figure 7) and in the spectral residuals when
LMC X-3 and X-1 are fitted with the KERRBB model
(Figure 4). In GX 339—4 some of this broadening is
probably due to a hard power-law component, however
there is no strong evidence of this in any other object.
In fact, the fit statistic improved significantly in other
sources when a power law or Comptonization component
was added to the spectral model, but we interpret this
strictly phenomenologically as a means of broadening the
model spectrum rather than as a true second spectral
component. A similar conclusion was reached recently
by Kolehmainen et al. (2011) for GX 339—4.

More importantly, the spectral shape of our sample of
BD ULXSs could not be significantly distinguished from
the BHBs in this study. This is rather interesting as
it potentially weakens arguments for the BD and TD
sources being in physically distinct states. Theoreti-
cally, the standard thin disk is expected to transition
to a slim accretion disk state at high luminosities where
radiation pressure causes the scale height of the disk to
increase and advection of radiation to alter the emis-
sivity structure of the disk. Such advection-dominated
disks have spectra that are broader and less peaked than
standard geometrically thin disks (for more detailed dis-
cussions of slim disks see e.g., Abramowicz et al. 1988;
Sadowski 2009). Indeed, the p-free disk approximation of
an advection-dominated disk was sufficient to reproduce
most of the BD ULX and the resampled BHB spectra.
However, accretion disks are only thought to become suf-
ficiently radiation pressure dominated to enter the slim
disk regime above I ~ 0.3 (McClintock et al. 2006; Steiner
et al. 2010; Straub et al. 2011) whereas the BHB spec-
tra appear to be broadened at values as low as [ ~ 0.1.
We note that spectral shape is not the only difference
between thin and slim disks, and a further test of the

8 To isolate the power-law from the convolution model we added
an additional KERRBB component, i.e., TBABS X TBABS X (SIMPL %
KERRBB+KERRBB), with all parameters except normalization equal
in both of the accretion disk components. The normalization of the
second KERRBB component was set equal to fsc — 1.
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Figure 7. The spectrum from LMC X-3 XMM-1, which is shown as an example of a TD BHB spectum that is broader than expected
for a thin disk. The spectrum is over-plotted with the three disk models used in this paper. These are (in order of increasing breadth):
an MCD (black dotted line), KERRBB (red dashed line), and a p-free disk (blue dot-dashed line). Clearly the MCD and KERRBB spectral
models are insufficiently broad, and a broader spectrum, such as the p-free disk, improves the fit.

nature of these accretion disks could come from the lu-
minosity — temperature relation. Standard thin accretion
disks follow L oc T*, while the luminosity of a slim disk
would increase less steeply with temperature (L oc T?;
Kubota & Makishima 2004). However, to avoid degen-
eracies with black hole masses and inclinations, this is
best studied in individual objects, so is beyond the scope
of this work.

As BD-like spectra are seen at low Eddington ratios,
such spectra cannot be considered as a unique signature
of ~ Eddington rate accretion as we had anticipated.
Therefore, it is not clear how to estimate the innermost
stable circular orbit (and hence constrain the compact
object mass) from the normalization of the disk mod-
els, as different coefficients are often used for standard
(Shimura & Takahara 1995; Kubota et al. 1998; Davis
et al. 2005) and slim regimes (Vierdayanti et al. 2008),
perhaps with some continuous range in between. Despite
this, given the similar spectra of the BHB and BD ULX
sources, it is tempting to speculate whether they may
all be at similar Eddington ratios, [ ~ 0.1-0.4. Theoret-
ically, the most physically representative model of this
state applied in this work is the KERRBB model. Al-
though this model is statistically ruled out for four of
the seven ULX observations, this is also the case in two
of the three sub-sampled BHBs, which have known Ed-
dington ratios of | &~ 0.1-0.4. The KERRBB model pa-
rameters suggest that the BD ULXs contain unusually
massive black hole primaries (~ 40-90 M) with close
to maximal spin (cf. Hui & Krolik 2008). To put this in
to context, the recent first gravitational wave detection
was from the merger of two black holes in a binary with
similarly large masses of ~ 29 and 36 M), but with lower
initial spin (a < 0.7) at least for the higher mass primary

(Abbott et al. 2016). It is possible that the intrinsic disk
spectra that we study here are inherently broader than
the models that we use, such that the KERRBB fits over-
estimate spin, as this gives larger relativistic broadening.

There are several problems with strict acceptance of
the parameter values (besides the poor fit statistics) that
we obtain for the ULXs from the KERRBB model. First,
the black hole masses implied for many of these ULXs
fall in to the ‘second mass gap’ predicted for compact
object evolution. This mass gap covers the range of ~
60-130 Mg over which it is thought that stellar black
holes do not form due to disruption by pair instability
supernovae (Marchant et al. 2016). Furthermore, black
holes below the mass gap may be limited to < 50 Mg
by severe mass loss in pulsation pair instability super-
novae (Belczynski et al. in prep.). Also, the collapse
of massive stars is only thought to produce black hole
spins of @ < 0.75-0.9 (Gammie et al. 2004). Stellar rem-
nant black holes undergoing Roche lobe overflow could
be spun up (Podsiadlowski et al. 2003; Fragos & Mc-
Clintock 2015), but to achieve maximal spin an initially
non-spinning black hole must have accreted = 75% of its
current mass (Bardeen 1970; King & Kolb 1999). For a
present day 50 Mg black hole to accrete >37 Mg would
take ~ 5 x 10® years at a constant rate of 5 x 10'% g s71.
This is much greater than the < 107 year lifespan of the
required donor star. Finally, if the BD ULXs contain sys-
tematically larger black holes than those seen in Galac-
tic binaries, yet all are accreting at sub-Eddington rates,
then it would be unlikely that BD ULXs could almost
exclusively bridge the gap in X-ray luminosity between
the BHBs at Lx < 103 erg s~! and the two-component
ULXs typically seen at Lx > 3 x 103% erg s~! (Sutton
et al. 2013). If the BD ULXs are sub-Eddington and
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the two-component ULXs are at [ > 1, then there is a
missing population of sources at [ ~ 1.

We note that the combination of high accretor mass
and high spin in the KERRBB model is necessary to main-
tain a high luminosity at the required temperature, but
not to produce the spectral curvature. Using M31 ULX1
as an example, holding the black hole mass fixed at the
fitted value and allowing the spin to assume values of
a = 0.9, 0.5, and 0 results in the 0.3—10 keV unabsorbed
luminosity being reduced to ~ 6, 2, and 1 x 10%® erg s~!
respectively. On the other hand, the lack of lower spin
BHs in the ULX sample could feasibly be a selection
effect, since lower spin objects would also be softer and
less efficient, hence require higher (and presumably rarer)
mass accretion rates to be classified as ULXs.

Since it is arguably unlikely that all of the BD ULXs
contain unusually large stellar remnant black holes with
extremely high spins, we instead consider the possibil-
ity that BD ULXs are a high Eddington ratio extension
of the standard stellar-mass X-ray binaries exemplified
by the sample of BHBs. Then, why are the spectra of
these two populations so similar? Recently, Straub et al.
(2013) showed that the spectral shape of M31 ULX1
remained nearly unchanged over a range of luminosi-
ties from [ ~ 0.3 to ~ 0.9 and, moreover, differed only
slightly from the standard thin-disk model. We also find
no clear evidence that the BD ULXs are significantly
broader than the BHB spectra, so the BD ULXs could
be close to [ ~ 1 while the BHBs are nearer [ ~ 0.1 —0.4.
This suggests that there may be some important physics
missing from the disk models at low [ that accounts for
the broadening. That is, the progression between the
TD BHBs and BD ULXs cannot simply be explained by
an initially thin accretion disk becoming geometrically
slim and advection-dominated. Instead, at face-value,
these results suggest that the reported BHBs somehow
conspire to remain slim down to low .

Recent radiation magnetohydrodynamical simulations
show that a disk at [ ~ 0.8 can be thermally stabi-
lized by magnetic pressure for an initial (net vertical
flux) quadrupole field (Sadowski 2016). The magnetic
pressure is larger than the thermal (dominated by radi-
ation) pressure, so the disk has a somewhat larger scale
height than predicted from the Shakura-Sunyaev model.
This will lower the density of the disk, which reduces
the opacity, and gives a larger color temperature cor-
rection to the emitted spectrum. There are some strin-
gent observational constraints on the average color tem-
perature correction and its constancy with luminosity
(Done & Davis 2008), but it may be possible to pro-
duce the observed subtle disk broadening. Alternatively,
magnetically driven winds may quench energy from the
disk (Miller et al. 2006). Still, in either scenario radi-
ation pressure would have to smoothly take over from
magnetic pressure/winds to produce the similar observed
broadened accretion disk spectra in both low-l BHBs and
[ ~1BD ULXs.

6. CONCLUSIONS

We have presented an X-ray spectral and timing study
comparing samples of BD ULXs, which are thought to be
accreting at around the Eddington rate, with relatively
luminous but sub-Eddington TD BHBs. At least some of
these TD BHBs exhibit BD-like spectra in the 0.3—10 keV

band but at order of magnitude lower luminosities than
the ULXs. While it is tempting to speculate that these
BHBs and ULXs are accreting at similar Eddington ra-
tios, this would imply near-maximally-spinning massive
stellar black holes in the BD ULXs, which cannot be triv-
ially produced. Instead, if the BD ULXs are at | ~ 1,
then the spectral broadening can feasibly be explained by
advection in radiation pressure dominated, geometrically
slim disks. However, this cannot be the case in the TD
BHBs as the Eddington ratios are constrained to moder-
ate values. Instead, this implies that some other physical
mechanism, such as magnetic pressure, takes over from
radiation pressure to produce broad spectra at lower Ed-
dington ratios.
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