
a Unified Interpretation of the ULX Spectra in Terms of Te/Tin Ratio

Shogo Kobayashi1, Kazuo Makishima1,2, Kazuhiro Nakazawa1

1 the University of Tokyo, 7-3-1 Bunkyo-ku, Tokyo, Japan
2 RIKEN, 2-1 Hirosawa, Wako city, Saitama, Japan
E-mail(SK): kobayashi@juno.phys.s.u-tokyo.ac.jp

Abstract

Ultra Luminous X-ray sources (ULXs) are X-ray point sources whose luminosities signigicantly exceed
the Eddington luminosity (Ledd) of stellar mass (∼ 10 M⊙) Black Hole Binaries. Though still controversial,
they are candidates for the intermediate mass (∼ 100 − 1000 M⊙) Black Holes (Makishima et al. 2000).
Like BHBs, ULXs are known to exhibit two spectral states, Power-Law (PL) state and Disk-like state and
make transition as their luminosities vary. Attempts were made to describe the two states in a unified
way, by applying a model which consists of a multicolor disk emission and its Comptonization by a corona.
Data sets of four typical ULXs (Holmberg IX X-1, NGC1313 X-1/X-2, M33 X-8) obtained with Suzaku
and ASCA were used. The model was successful on all data sets, regardless of the spectral states. In the
PL state, the ULXs showed a lower inner disk temperature, Tin ∼ 0.2, and a higher electron temperature,
Te ∼ 3.0 than that in the Disk-like state (Tin ∼ 0.7, Te ∼ 1.7). Thus, the two states can be distinguished
uniquely by taking a ratio of these temperatures, Q = Te/Tin (Makishima et al. 2014); Q > 10 in the PL
state, while Q ∼ 3 in the Disk-like state. These results provide a consistent and unified interpretation of
ULXs across the two states.
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1. Introduction

Ultra Luminous X-ray sources (ULXs) are unusually lu-
minous X-ray point sources, located at off center regions
of spiral galaxies. Their luminosities (LX = 1039−41

erg/s) exceed the Eddington Luminosity (Ledd) of or-
dinal Black Hole Binaries (BHBs) by 1 − 2 orders of
magnitude. Although they have been considered as
mass accreting Black Holes (BHs), it is still controver-
sial whether their high luminosities are due to super-
Eddington accretion onto stellar mass (∼ 10 M⊙) BHs
(Mineshige et al. 2007), or sub-Eddington accretion onto
relatively massive (100− 1000 M⊙) BHs (Makishima et
al. 2000). Since ULXs all belong to external galaxies,
measuring the orbital Doppler shifts of their companion
stars is rather difficult. In order to solve this interpreta-
tion degeneracy, we should therefore rely on wide band
X-ray spectroscopy of ULXs.

ULXs are known to have two spectral states, and make
transition between these (Kubota et al. 2002). One state
is called “Power-Law (PL) state” with PL shaped spec-
tra extending up to 10 keV, with a mild cutoff around
8 keV. The other is called “Disk-like state” character-
ized by curved spectra and higher luminosities. The PL-
like spectra of the former state are often interpreted as
a result of Thermal Compton Scattering (TCS) of the
photons from an accretion disk by thermal (with a tem-

perature of few keV) electrons in srounding coronae (e.g.,
Vierdayanti et al. 2009).
Spectra in the Disk-like state are often interpreted

as emission from Advection Dominant Accretion Flows
(ADAF) or Slim disks, and fitted with a modified multi-
color disk model. Although this modeling is statisti-
cally successful on many ULXs in the Disk-like state,
the obtained parameters are unphysical in some ULXs
(e.g. M82 X-1 in Miyawaki et al. 2009). In addition,
these spectra can be reproduced alternatively with the
same Comptonized disk model as used in the PL state,
with physically reasonable parameters (Miyawaki et al.
2009). Hence, we have came up with an idea to apply
the Comptonized disk model to several ULXs and de-
velop the TCS view, regardless of their spectral states,
to arrive at a unified description of the ULX spectra.

2. Data Selection

Since the present study focuses on detailed spectral stud-
ies of ULXs, four relatively bright ones as listed below
have been selected. We analyze their archive data ac-
quired with Suzaku and ASCA.

2.1. Holmberg (Hol) IX X-1

This is a bright ULX in the dwarf galaxy Holmberg IX
associated with M81. It is one of the best studied nearby
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ULXs, and many deep observation has been done by sev-
eral X-ray satellites. Although the Disk-like state is con-
firmed in observations with ASCA in 1999 (La Parola et
al. 2001, Tsunoda et al.), it mostly resides in the PL
state after that (Vierdayanti et al. 2009). Its distance
is 3.6 Mpc and the average 0.5 − 10 keV luminosity is
around 1.5× 1040 erg/s.

2.2. NGC1313 X-1/X-2

These are ULXs located at arms of the spiral galaxy
NGC1313. X-1 is usually brighter than X-2, but some-
times the other way around is observed as they vary.
Their distance is 4.06 Mpc, and average luminosities are
2× 1040 erg/s for X-1, and 7× 1039 erg/s for X-2.

2.3. M33 X-8

Located at a slightly off-center of the M33 spiral galaxy,
this is the nearest ULX ever known. It is so close to the
galactic center, that it was first considered as an Active
Galactic Nucleus. However, from the X-ray spectroscopy
with ASCA (Takano et al. 1994), it turned out to be a
ULX since its X-ray spectrum has a very round Disk-
like shape. Its average luminosity is 1×1039 erg/s which
is the lowest among the known typical ULXs. Possibly
M33 X-8 has a mass in between those of stellar-mass BHs
and intermediate-mass ones.

2.4. Data Information and Data Reduction

From the Suzaku and ASCA data archive, we retrieved
data sets of the four ULXs with long exposure. Table1
summarizes the relevant information.

Table 1. Information of the data sets utilized.

Data Hol IX X-1 NGC1313 X-1 & X-2
Satellite Suzaku Suzaku
Obs. date 2012.4.13 2005.10.15
Exposure (ks) 180 33
Instrument XIS0+3 XIS0+3
Obs. date 2012.10.23 2008.12.5
Exposure (ks) 320 91
Instrument XIS0+3 XIS0+3

Data M33 X-8 Hol IX X-1
Satellite Suzaku ASCA
Obs. date 2010.1.11 1999.4.6
Exposure (ks) 106 33
Instrument XIS0+3 SIS0+1

Here we used the entire exposure for each data set in
order to maximize the statistics. For the same reason, we
combined two cameras of the XIS (X-ray Imaging Spec-
trometer), XIS0 and XIS3, in the Suzaku spectra, and
the SIS (Solid-state Imaging Spectrometers), SIS0 and
SIS1, in the ASCA spectra. Background was subtracted

using spectra taken from source-free regions around the
targets. In the Suzaku XIS analysis, we excluded the
data points at 1.7− 2.0 keV because of the instrumental
Si edge structure.

3. Results

Figure1 shows spectra from the individual data sets.
Among the four objects, Hol IX X-1, NGC1313 X-1 and
X-2 were observed in both the Disk-like (red) states and
the PL states (black), while M33 X-8 was caught in the
Disk-like state only. The three sources are all more lumi-
nous when they are in the Disk-like state characterized
by convex spectral shapes. At least in Hol IX X-1 and
NGC 1313 X-1, spectra in the PL state are accompa-
nied by a mild cutoff at > 8 keV. In addition, these two
PL-state spectra exhibit a low-energy (< 1.5 keV) excess
above the single PL. This indicates the presence of some
additional component (e.g. raw disk emission) above the
PL.
These spectra were fitted with a model which con-

sists of diskbb and nthcomp models in XSPEC, which
represent optically-thick disk emission and TCS signals,
respectively. The seed photons for the Comptonization
are assumed to come from the same disk. Hereafter the
nthcomp component is called “Comptonized disk model”.
Fitting results are shown in table2. Errors refer to single-
parameter 90% confidence limits.
The model successfully reconstructed all 7 spectra of

the 4 ULXs, regardless of their spectral states. The 0.5−
10 keV luminosity in the Disk-like state is higher than
that in the PL-state by a factor of 1.1, 3.8, and 2.2 in Hol
IX X-1, NGC1313 X-1, NGC1313 X-2, respectively. All
the model parameters were well constrained, except the
electron temperature Te of Hol IX X-1 (Disk-like state)
and NGC 1313 X-2 in which the high-energy cutoff is not
clear. All ULXs (except M33 X-8) showed lower inner-
disk temperature, Tin = 0.1 − 0.3 keV in the PL state,
and higher values, Tin = 0.5 − 1.0 keV in the Disk-like
state. On the other hand, Te is similar between the two
states, or slightly higher in the PL state. Since the Disk-
like state have softer spectra, the photon index of TCS,
Γ ≥ 2 is larger than those of PL state, Γ ∼ 1.7. From
these values of Γ, the optical depth τ of TCS can be
obtained as (Sunyaev & Titarchuk 1980)

τ =

√
2.25 +

3

(Te/511 keV)[(Γ + 0.5)2 − 2.25]
− 1.5 .

Thus, in the Disk-like state, the four ULXs all have cool
(a few keV) coronae in common, together with τ ∼ 8.
In the PL-state, the corona for TCS is inferred to be
even thicker, because the spectrum hardens with simi-
larly cool Te.
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Holmberg IX X-1

NGC1313 X-2

NGC1313 X-1

M33 X-8

Fig. 1. The νFν spectra of the four ULXs which studied; (a) Hol IX X-1, (b) NGC1313 X-1, (c) NGC 1313 X-2, and (d) M33 X-8. They are
fitted with the diskbb+nthcomp model (solid line). The Disk-like states and the PL states are expressed in red and black respectively. All
spectra are taken with Suzaku XIS0 and XIS3, except the Disk-like state of Hol IX X-1 in (a) which was taken with ASCA SIS0 and SIS1.

Table 2. The TCS parameters obtained by applying the diskbb+nthcomp model to individual data sets.

Data ID Hol IX X-1 NGC1313 X-1 NGC 1313 X-2 M33 X-8
Spectral state Disk-like Disk-like PL Disk-like
Tin (keV) 0.97± 0.16 0.60+0.20

−0.14 0.20+0.03
−0.12 0.46± 0.03

Te (keV) > 1.43 2.1+1.3
−0.3 > 4.0 1.74± 0.12

Γ 2.97+2.28
−0.75 1.94± 0.24 2.01± 0.07 1.99± 0.06

τ 6.7 12.6 8.3 13.5
LX (×1039 erg/sec) 15.1 30.1 3.5 1.2
reduced χ2 (χ2/D.O.F) 1.03 (252.1/245) 1.20 (397.7/332) 1.04 (134.1/129) 1.08(356.9/330)
Spectral state PL PL Disk-like
Tin (keV) 0.20± 0.03 0.20+0.05

−0.03 0.77+0.32
−0.25

Te (keV) 3.1± 0.3 2.16+0.40
−0.27 > 1.66

Γ 1.79± 0.03 1.70± 0.07 > 1.79
τ 11 15.1 16.1
LX × 1039 (erg/sec) 14.0 7.9 7.66
reduced χ2 (χ2/ D.O.F) 1.07(1875.0/1760) 0.99(246/249) 0.98 (98.8/101)

* Tin, Te, Γ,and τ represent the inner disk radius temperature, coronae electron temperature, photon index, and optical thickness of
the corona, respectively.
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Fig. 2. Relation between LX and Q of the four ULXs studied. Open
squares and filled squares are Disk-like states and PL states, re-
spectively. For comparison, the Very High State of BHB XTE
J1550-564 is also plotted in purple.

4. Discussion

4.1. Comptonized disk model on ULXs

The Comptonized disk model has thus been successful on
ULXs spectra, regardless of their spectral states. There-
fore, ULXs are considered to commonly have TCS coro-
nae with temperatures of a few keV and high optical
depths (τ ∼ 10). Similar “cool and thick” TCS signals
are also seen in other objects, such as low-mass X-ray
binaries in the soft state (Sakurai et al. 2012), and the
soft-excess component of some Active Galactic Nuclei
(Noda et al. 2012). This suggests interesting similarity
between ULXs and these objects.

4.2. Difference between the two states

The spectra of the two states, though reproduced by the
common TCS model, differ clearly in their shape. This
differences can be explain if we focus on behavior of Tin

and Te in the Comptonized disk model. Since the PL
state have higher Te with lower Tin, seed photons can
be Comptonized more efficiently up to higher energies,
which ends up with broad continua. In the Disk-like
state, these temperatures get closer to each other. There-
fore, the TCS component and the seed source component
(the multi-color disk) will also get closer, and form the
round spectral shape.

4.3. Unified View of ULX Spectra via Te/Tin

From the consideration in section 4.2, we introduce a new
parameter Q ≡ Te/Tin. From table2, the PL and Disk-
like states are characterized by Q > 10 and Q < 10 (if Te

is constrained), respectively. Therefore, Q may be used
as a good state indicator. More generally, this ratio Q
represents logarismic “distance” between the seed pho-
ton and TCS-photon distributions, as detailed in Mak-
ishima et al. (2014). It is considered to serve as a new

parameter that characterize the Comptonization in var-
ious accreting objects.
Since the spectral state also depends on their lumi-

nosities, we plotted this Q of the ULXs against their
luminosities as shown in Figure2. It visualize the clear
distinction of the two states. As plotted also in Figure2,
the BHB XTE J1550-564 in the Very High state (Kubota
et al. 2004) shares similar values of Q as the PL state
of the three ULXs. This suggests that the PL state of
ULXs has something in common with BHBs in the Very
High state.

4.4. Mass Estimation

In Figure1, the three ULXs (except M33 X-8) are all ob-
served to make the spectral transitions across a critical
luminosity Lc, which is relatively del defined for each ob-
ject. This Lc should be somewhere between the PL state
and the Disk-like state. For example, Lc ∼ 1.6 × 1040

erg/s for Hol IX X-1, and Lc < 1039 erg/s for M33 X-8.
Thus Lc scatter by more than 1.5 orders of magnitudes
among the four ULXs. Assuming that Lc is determined
uniquely by the LX/Ledd ratio same like in BHBs, the
mass should also scatter by the same range. Therefore,
even if the mass of M33 X-8, which should be the min-
imum in these ULXs, is assumed to be ∼ 10 M⊙, the
maximum mass will reach ∼ 300 M⊙ which is in the in-
termediate mass regime. After Mizuno et al. 2007, this
gives a model-independent support to the intermediate-
mass-BH interpretation of ULXs.
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