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Ultra-luminous X-ray sources (ULXs)
• ULXs are extra-galactic X-ray binary 

(XRB) systems with LX > 1039 erg/s at 
off-nucleus position


• A large variety of X-ray spectral shapes 
(Gladstone+09)

• Different from Galactic X-ray binaries

• Cut-off at 10 keV?


• The origin of ULXs

• Stellar mass BHs with MBH~10 Msun? 

(e.g. Gladstone+09)

• Intermediate mass BHs with 

MBH>>10 Msun? (e.g, Makishima+00)

• Neutron stars? (e.g., Bachetti+13)

• or combination of these scenarios?

The Astrophysical Journal, 778:163 (11pp), 2013 December 1 Bachetti et al.
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Figure 4. (Left) Unfolded spectrum of the second observation of X-1. Black circles represent EPIC–pn data, and blue squares represent FPMA data normalized with
the cross-normalization constant. We superimpose the best-fit diskbb+cutoffpl model (red, solid), its single components (dashed), and the best-fit reflection model
(green, dash-dotted). (Right) Residuals from a selection of models listed in Tables 2 and 3. Black is EPIC–pn, blue FPMA, and light blue FPMB. The models are
calculated with all available detectors, but for clarity only pn data are plotted for XMM-Newton. Also for clarity, data have been rebinned to 30 counts bin−1. The red
model overplotted to the data in the spectrum shows the best fit with a reflection-dominated spectrum. Note that this model works very well in the XMM-Newton band,
and the downturn produced by the iron line around 10 keV is able to fit the cutoff below 10 keV, but the addition of NuSTAR data clearly rules it out.
(A color version of this figure is available in the online journal.)

of scenarios that this model can describe is beyond the scope of
this work and will be discussed in a future paper.

Our NuSTAR data show an excess with respect to a single-
temperature Comptonization model, but do not show the plateau
at high energies that has been observed, for example, in the
bright AGNs (Done et al. 2012). We therefore fix the power-law
index of the hot electrons, Γ, to 2, a typical value observed in BH
power-law spectra, and we free only its normalization factor, fPL.
We also fix the outer disk to 105 Rg, the spin parameter a to 0
and, as is prescribed in the documentation, the normalization
factor to 1. Because this model does not take into account
the inclination and assumes an observing angle of 60o, and
the norm is proportional to cos i/ cos 60o, we also fitted the
data with the norm fixed to 2 (source seen face-on) to evaluate
whether a change in this parameter could dramatically affect the
results.

We summarize the best fit in this reduced parameter space
in Table 3. In both observations this model yields an intriguing
result: under the above assumptions (a = 0, Γ = 2), and with
both normalizations, the spectrum seems to be well described by
a quite massive (∼70–90 M⊙) BH, accreting close to (or slightly
above) Eddington, with a large corona reaching ∼60 Rg. The
fraction of energy that is reprocessed from the hot part of the
corona is about 60%, while the rest is reprocessed by the cold
and optically thick part. As expected, fixing the norm to 2 has the
effect of lowering both the mass of the BH and the luminosity,
but the rest of parameters do not change significantly.

All of the above models leave some residuals around 1 keV
and below. They appear very similar in all fits, indicating that
they are independent from the particular continuum model used.
Similar residuals are often observed in ULXs (see, e.g., Soria
et al. 2004; Gonçalves & Soria 2006; Gladstone et al. 2009;
Caballero-Garcia & Fabian 2010). We tested the improvement
of the fit with the addition of a MEKAL component (Mewe &
Gronenschild 1981) to the cutoffpl and diskbb+cutoffpl
models. We failed to obtain a good fit in the first case, while in the
second we found a general improvement of the fit (∆χ2 ∼ 50),
with a MEKAL temperature of about 1 keV and the abundances
fixed to the standard values. As the diffuse emission from the
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Figure 5. Confidence contours for the kTe and τ parameters in the
diskbb+comptt model fit for X-1, using only XMM-Newton data (dashed) and
XMM-Newton and NuSTAR data (solid) of the second observation. The added
value of NuSTAR data, when it comes to constraining the electron temperature,
is evident.
(A color version of this figure is available in the online journal.)

NGC 1313 galaxy is negligible, this might indicate the presence
of emission from a hot medium close to the source.

4.3. NGC 1313 X-2

As described in Section 3.1, we did not use NuSTAR data
for the analysis of X-2. Figure 6 shows the shape of the XMM-
Newton spectrum of X-2 in the two epochs. The flux and overall
shape of the spectrum changed considerably between the two
observations, as did the timing behavior (see Section 5.4). We
measure a 0.3–10 keV absorbed luminosity of (4.6 ± 0.6) ×
1039 erg s−1 in the first epoch and (2.2 ± 0.6) × 1039 erg s−1 in
the second epoch.

Spectral fits with several models are presented in Table 4. The
spectrum is reasonably well described by an absorbed cutoff
power law in both epochs, but the values of the spectral index
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Stellar mass black hole scenario
The Astrophysical Journal, 752:18 (12pp), 2012 June 10 Kawashima et al.

When the mass accretion rate is higher, our calculations in
this paper show that SEDs become softer, although our previous
paper (Kawashima et al. 2009) expected that SEDs become
harder because of Compton upscattering by thermal electrons
in the jet. Kawashima et al. (2009) evaluated the photon indices
by calculating the Compton y-parameters in the region τeff ! 1.
The effective optical depth is calculated by integrating the
free–free absorption and the scattering coefficients from the
outer boundary at r = 500rs to the inner boundary at r = 3rs
along the rays with polar angle θ = constant, for various θ .
(Here, we note that the computational domain for radiation
hydrodynamic simulation in Kawashima et al. 2009 was smaller
than that in this work.) Since Kawashima et al. (2009) did
not take into account the downscattering by cool outflows,
they overestimated the spectral hardening when the accretion
rate is high. When the mass accretion rate is higher, a greater
number of escaping photons tends to enter into the cool outflow
surrounding the jet and they are subsequently downscattered,
because the funnel becomes narrower and jet becomes thicker
for Thomson scatterings. This is the reason why the SEDs
become softer when the mass accretion rate is higher, in
this work. Nevertheless, the conclusion in Kawashima et al.
(2009) that the spectral state changes from the slim disk one
to the Comptonizing outflows is valid in highly supercritical
accretion flows because the SED of the photons escaping from
such highly supercritical flows is determined by the Compton
downscatterings in the outflow.

4.3. Comparison with Observations of ULXs

Recent X-ray observatories (Suzaku, XMM-Newton, and
Chandra) provide us with precise spectra of ULXs below
10 keV. In Figure 7, we compare the SEDs obtained in this work
and the XMM-Newton pn data of three ULXs: NGC 1313 X-2,
IC 342 X-1, and NGC 5204 X-1, which are kindly provided by
J. C. Gladstone. The SEDs of our results are normalized by the
X-ray luminosity shown in Figure 3, while the SEDs of ULXs
are normalized by the X-ray luminosity shown in Gladstone
et al. (2009). The SEDs obtained by our numerical simulations
are similar to those of ULXs. The observed X-ray spectra of
ULXs with photon index Γ " 2 can be fitted well by the models
with i " 30◦. On the other hand, for ULXs with photon index Γ
# 2, spectra with 20◦ " i " 50◦ are fitted well.

For IC 342 X-1 and NGC 5204 X-1, the soft X-ray component
below 1 keV of our results is weaker than that of the ULXs.
This is because the contribution from the cool outflow in the
region R # 100rs is underestimated because the temperature
of the outflow might be too cool to significantly contribute
to the SED at "1 keV or our computation box might be too
small. We might be able to resolve this discrepancy by carrying
out MHD simulations taking into account the dissipation of
magnetic energy in the disk corona and in the outflow, which
can heat the outflow. In addition, the magnetic fields affect the
geometrical structure of jets. Takeuchi et al. (2010) performed
axisymmetric two-dimensional radiation MHD simulations and
found that the jet is collimated by magnetic stress, while it
is accelerated by radiative force. Therefore, the structure of
the jet and the outflow is affected by magnetohydrodynamical
processes. It will be our future work to calculate photon spectra
by using the results of radiation MHD simulations.

Let us compare the luminosity obtained from our simulations
and ULXs. It should be noted that our simulation assumed
a black hole with M = 10 M⊙. The luminosity increases
or decreases according to the black hole mass. The X-ray
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Figure 7. Comparison of SEDs obtained from our radiation hydrodynamic
simulations with those of ULXs. Top panel: the SED for the simulation model
with Ṁ ≈ 1000LE/c2 and viewing angle i = 10◦–20◦ and the SED of NGC 1313
X-2. Middle panel: Ṁ ≈ 200LE/c2 (i = 0◦–10◦) and IC 342 X-1. Bottom panel:
Ṁ ≈ 200LE/c2 (i = 40◦–50◦) and NGC 5204 X-1. Red or blue solid curves
display the SEDs calculated in this work. Black points with error bars show
the XMM-Newton EPIC pn data corrected for absorption, which are shown
in Gladstone et al. (2009) and are provided by J. C. Gladstone. Each SED is
normalized by its isotropic X-ray luminosity.
(A color version of this figure is available in the online journal.)

luminosity for the models with Ṁ ≈ 1000LE/c2 and i =
10◦–20◦ is ∼1040 erg s−1 (Figure 7), while that of NGC 1313
X-2 evaluated in Gladstone et al. (2009) is ∼5 × 1039 erg s−1.
Since the X-ray spectrum of NGC 1313 X-2 is well fitted by our
simulation results with these parameters for the accretion rate
and the viewing angle, the luminosity difference suggests that
NGC 1313 X-2 may harbor a black hole whose mass is 5 M⊙,
since the luminosity of accretion flows is proportional to the
mass of black holes when Ṁ/(LE/c2) is constant. On the other
hand, the X-ray luminosity for the models with Ṁ ≈ 200LE/c2

and i = 40◦–50◦ is ∼3 × 1039 erg s−1, while that of NGC 5204
X-1, whose spectrum in the 1–10 keV band is well fitted by
this accretion rate and viewing angle in our simulations, is
∼5×1039 erg s−1. This indicates that NGC 5204 X-1 possesses a
slightly massive black hole with mass M ∼ 20 M⊙. We leave it as
a future work to carry out radiation hydrodynamical (or radiation
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Kawashima+12
• Supercritical Accretion (e.g., Ohsuga+09)

• dM/dt >> dMEdd/dt

• v~0.3 c outflow is predicted


• Observed X-ray spectra of ULXs can be 
explained by this scenario (e.g., Kawashima+12)


• A possible evidence of the associated outflow 
has been reported (Pinto+16)
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The emission lines show comparable fluxes of 2.5 × 10−6  
photons s−1 cm−2 and equivalent widths of 15–30 mÅ, while the 
absorption lines have equivalent widths from 15 mÅ up to 250 mÅ. 
Lines associated with warm absorbers around active galactic 
nuclei typically have similar equivalent widths13, but different 

dominant species: the O vii and Ne ix triplets and the common 
Fe xvii unresolved transition array (15–17 Å)13. Galactic X-ray 
binaries and microquasars also show comparable equivalent 
widths14,15,16 and similar ionic species, for example, Ne x and O viii, 
but intercombination transitions may play an important role17.  
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Figure 1 | Simultaneous spectral fits to the stacked XMM-Newton RGS 
and EPIC/PN spectra of NGC 1313 X-1. Main panel, the RGS stacked 
spectrum; inset, the PN stacked spectrum (same variables on axes). 
The rest-frame wavelengths of the most relevant transitions and some 
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An isothermal emission model of gas in collisional ionization equilibrium 

describes most emission lines at rest. The absorption lines are reproduced 
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blue shifted absorption
v ~ 0.2 c
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Intermediate mass black hole scenario4 Webb et al.

Figure 1. The Swift X-ray lightcurve of ESO 243-49 HLX-1 from 2008 until the end of 2013

tral fitting, the unabsorbed luminosities range from
1.9 × 1040 to 1.3 × 1042 erg s−1. At high luminosi-
ties, the X-ray spectrum shows a thermal state dom-
inated by a disc component with temperatures ≤0.26
keV. At low luminosities the spectrum is dominated
by a hard power law with 1.4 ≤ Γ ≤ 2.1, consistent
with a hard state. The source has also been observed
with a power law spectrum with Γ=3.3±0.2, consis-
tent with the steep power law state (Farrell et al. 2009).
When HLX-1 is in the high/soft state, the luminosity
of the disc component appears to scale with the in-
ner disc temperature to the power of four, which sup-
ports the presence of an optically thick, geometrically
thin accretion disc. The observed spectral changes and
long-term variability are not consistent with variations
in the beaming of the emission, nor are they consis-
tent with the source being in a super-Eddington accre-
tion state (Servillat et al. 2011). Indeed, through mod-
elling the X-ray spectra with the Kawaguchi (2003)
disc model and assuming a non-spinning black hole
and an inclination of 0◦, the accretion flow was deter-
mined to be in the sub-Eddington regime for all obser-
vations (Godet et al. 2012), radiating close to the Ed-
dington limit at the peak of the outburst. The disc
radiation efficiency was shown to be η = 0.11 ± 0.03
(Godet et al. 2012).
In addition, radio flares have been detected from

HLX-1 during the low/hard to high/soft state transi-
tions in 2010 and 2011 (Webb et al. 2012), in a similar
way to GBHBs, which are known to regularly emit radio

flares around this transition, e.g. (Fender et al. 2009;
Corbel et al. 2004). These jets are associated with ejec-
tion events, where, for example, the jet is expelled which
can lead to radio flaring when the higher velocity ejecta
may collide with the lower-velocity material produced
by the steady jet or the local environment. This rein-
forces the similarity between HLX-1 and the GBHBs.
Also, Webb et al. (2014) showed that the V-band op-
tical emission increases from before the X-ray outburst
and through the X-ray outburst by 2 magnitudes. This
concurrent increase is similar to that observed in GB-
HBs and opens up the possibility that optical surveys
will detect spectral state changes in ULXs.
Other objects have been identified with X-ray lu-

minosities >1040 erg s−1 that show hard power law
spectra, e.g. Zolotukhin et al. (2013), and some with
significant RMS variability (Sutton et al. 2012), typi-
cal of the low/hard state. These objects are not for-
mally HLXs. However, if they are in the low/hard state,
which is thought to occur at ∼1-2% Eddington lumi-
nosity (Maccarone 2003), and then they switch to the
high state (i.e. close to the Eddington luminosity) they
will have luminosities of the order of ∼1042 erg s−1 and
so become HLXs. Such high luminosities indicate that
they may contain IMBHs, see Sec. 1. However, so far,
no such state change has been observed in these objects
and further observations will be required to confirm the
IMBH nature. If confirmed, this would provide an ob-
servational constraint for identifying ULXs containing
IMBH.

PASA (2014)
doi:10.1017/pas.2014.xxx

LETTER
doi:10.1038/nature13710

A 400-solar-mass black hole in the galaxy M82
Dheeraj R. Pasham1,2, Tod E. Strohmayer2 & Richard F. Mushotzky1

M82 X-1, the brightest X-ray source in the galaxy M82, has been
thought to be an intermediate-mass black hole (100 to 10,000 solar
masses) because of its extremely high luminosity and variability
characteristics1–6, although some models suggest that its mass may
be only about 20 solar masses3,7. The previous mass estimates were
based on scaling relations that use low-frequency characteristic time-
scales which have large intrinsic uncertainties8,9. For stellar-mass black
holes, we know that the high-frequency quasi-periodic oscillations
(100–450 hertz) in the X-ray emission that occur in a 3:2 frequency
ratio are stable and scale in frequency inversely with black hole mass
with a reasonably small dispersion10–15. The discovery of such stable
oscillations thus potentially offers an alternative and less ambiguous
means of mass determination for intermediate-mass black holes, but

has hitherto not been realized. Here we report stable, twin-peak (3:2
frequency ratio) X-ray quasi-periodic oscillations from M82 X-1 at
frequencies of 3.32 6 0.06 hertz and 5.07 6 0.06 hertz. Assuming that
we can extrapolate the inverse-mass scaling that holds for stellar-mass
black holes, we estimate the black hole mass of M82 X-1 to be 428 6
105 solar masses. In addition, we can estimate the mass using the rel-
ativistic precession model, from which we get a value of 415 6 63 solar
masses.

Oscillations arising from general relativistic effects should scale in-
versely with black hole mass if they arise from orbital motion near the
innermost stable circular orbit in the accretion disk16,17, and there is ob-
servational support that they do for stellar-mass black holes10 (3–50 solar
masses (M[)). Previous estimates of the mass of M82 X-1, of a few

1Astronomy Department, University of Maryland, College Park, Maryland 20742, USA. 2Astrophysics Science Division and Joint Space-Science Institute, NASA Goddard Space Flight Center, Greenbelt,
Maryland 20771, USA.
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Figure 1 | Power density spectra of M82. a, Six-year average X-ray
(3–13 keV) power density spectrum of M82 using 7,362 individual 128 s light
curves. The frequency resolution is 0.125 Hz. The two strongest features in the
power spectrum occur at 3.32 6 0.06 and 5.07 6 0.06 Hz, consistent with a 3:2
frequency ratio. b, Averaged power density spectrum of all (363) 1,024 s
segments. The frequency resolution is 0.0625 Hz. The strongest feature is at

5 Hz. c, For a direct comparison with stellar-mass black holes, we show the
broadband power density spectrum of M82 (using ,100 ks of XMM-Newton/
EPIC data; ID: 0206080101) showing the low-frequency quasi-periodic
oscillation at 120 mHz in addition to the high-frequency quasi-periodic
oscillation pair in a and b. Power spectra are Leahy-normalized to a value of 2.
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• HLX-1

• LX ~ 1042 erg/s

• State transition (Farrell+09)

• Radio flares observed (Webb+12)

• MBH ~ 104 Msun?


• M82 X-1

• LX ~ 1041 erg/s

• Quasi-periodic oscillations (QPOs)  

with 3:2 frequency are detected 
(Pasham+14)


• MBH ~ 500 Msun?


• Some evidences for NGC 2276 X-1 
and others ...

Webb+14

Pasham+14

HLX-1 X-ray variability

M82 X-1 QPO
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Neutron star scenario

d 5 169u409 47.90) to be consistent with the location of M82 X-2 (Fig. 3).
Monitoring by the Swift satellite establishes that the decrease in the
nuclear region flux seen during observation (ObsID) 011 (see Extended
Data Table 1) is due to fading of M82 X-1. The persistence of pulsations
during this time further secures the association of the pulsating source,
NuSTAR J09555116940.8, with M82 X-2. We derive a flux Fx(0.5–
10 keV) 5 4.07 3 10212 erg cm22 s21, and an unabsorbed luminosity
of LX(0.5–10 keV) 5 (6.6 6 0.1) 3 1039 erg s21 for M82 X-2 during the
Chandra observation.

The detection of coherent pulsations, a binary orbit, and spin-up behav-
iour indicative of an accretion torque unambiguously identify NuSTAR
J09555116940.8 as a magnetized neutron star accreting from a stellar
companion. The highly circular orbit suggests the action of strong tidal
torques, which, combined with the high luminosity, point to accretion
via Roche lobe overflow. The orbital parameters give a Newtonian mass
function f 5 2.1M[ (here M[ indicates the solar mass), and the lack of
eclipses and assumption of a Roche-lobe-filling companion constrain the
inclination to be i , 60u. The corresponding minimum companion mass
assuming a 1.4M[ neutron star is Mc . 5.2M[, with radius Rc . 7R[.

It is challenging to explain the high luminosity using standard models
for accreting magnetic neutron stars. Adding the Chandra-measured
E , 10 keV luminosity to the E . 10 keV pulsed flux (NuSTAR cannot
directly spatially resolve the ULX), NuSTAR J09555116940.8 has a lumi-
nosity LX(0.5–30 keV) < 1040 erg s21. Theoretically, the X-ray luminosity
depends strongly on the magnetic field and the geometry of the accre-
tion channel, being largest for a thin, hollow funnel that can result from
the coupling of a disk onto the magnetic field10. A limiting luminosity

LX<
lo

2pdo
LEdd, where lo is the arc length of the funnel, do its thickness,

and LEdd the Eddington luminosity, can be reached if the magnetic field
is high enough (B $ 1013 G) to contain the accreting gas column8. Ratios
of lo/do < 40 are plausible, so that the limiting luminosity can reach
LX < 1039 erg s21, implying mass transfer rates exceeding the Eddington
value by many times. Beyond this, additional factors increasing LX could
result from increased LEdd due to very high (B . 1014 G) fields, which
can reduce the electron scattering opacity17, and/or a heavy neutron star.
Some geometric beaming is also likely to be present.

This scenario is, however, difficult to reconcile with the measured rate
of spin-up. The spin-up results from the torque applied by accreting
material threading onto the magnetic field18,19. NuSTAR J09555116940.8
is likely to be in spin equilibrium, given the short spin-up timescale,
P= _P<300yr. Near equilibrium, the magnetosphere radius, rm, is com-
parable to the co-rotation radius (the radius where a Keplerian orbit
co-rotates with the neutron star):

rco~
GMNSP2

4p2

! "1=3

~2:1|108 MNS

1:4M8

! "

Here G is the gravitational constant, MNS is the neutron star mass, and
rco is in cm. With this assumption we can convert the measured torque,
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Figure 1 | The X-ray light curve and pulsations from the region containing
NuSTAR J09555116940.8. a, The background-subtracted 3–30 keV light
curve extracted from a 700-radius region around the position of NuSTAR
J09555116940.8. Black and red indicate the count rate from each of the two
NuSTAR focal plane modules (FPMA and FPMB; 1s errors). The vertical grey
labels indicate different observations. b, Detection of the pulse period. Data
(black points) are fitted using the best sinusoidal ephemeris (blue dashed line).
The mean period is 1.37252266(12) seconds, with an orbital modulation period
of 2.51784(6) days. The dashed vertical lines through all panels delineate the
contemporaneous Chandra observation. c, Pulsed flux as a fraction of the
emission from the 700 region. Insets, pulse profile at indicated points,
normalized so that s 5 1.
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Figure 2 | The spin-up behaviour of NuSTAR J09555116940.8. a, The
residual period after correcting for the sinusoidal orbital modulation given in
Extended Data Table 2. The period, displayed through the best-fit in Extended
Data Table 3, decreases consistently, but the spin-up rate is changing. b, Time
of arrival (TOA) residuals after removing the best-fit sinusoidal orbital
modulation and a constant period derivative (the parameters are shown in
commonly used units26). PEPOCH, F0 and F1 are the reference time and the
pulse frequency and its derivative, respectively. There is a clear trend
independent of the choice of time binning (30, 40 or 50 ks) that results from the
variable spin-up. c, Residuals after a smooth curve is fitted to the TOA residuals.
Residual noise remains in the TOAs at the 100 ms level (1s uncertainties).
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Bachetti+14

Bachetti+15

• M82 X-2 (LX ~ 1040 erg/s)

• QPO of 3-4 mHz (Feng+10)

• Intermediate mass BH?


• A pulse feature is discovered 
with NuSTAR (Bachetti+14)

• Pulsars can host ULXs 

• Only 3 known ULX pulsars
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Luminosity function (LF) of ULXs

HMXBs in star-forming galaxies 2103

Figure 3. The SFR–M⋆ plane. Different types of galaxies are plotted with
different symbols. The dashed lines correspond to constant stellar-mass-to-
SFR ratio.

values for individual galaxies are difficult to determine and there-
fore average values are usually used. We use the results of Hirashita
et al. (2003):

η ≈
{

0.4 for normal disk galaxies,
0 for starbursts.

(12)

To be consistent with Hirashita et al. (2003), we use the atlas of
Kinney et al. (1993) to classify the objects of our sample as starbursts
or normal star-forming galaxies and use the appropriate value of η

in computing the SFR. This definition is similar, but not identical
to that used by Bell (2003) (η ∼ 0.32 for galaxies having LIR >

1011 L⊙ and η ∼ 0.09 for galaxies having LIR ≤ 1011 L⊙).
For each of the three galaxies with no UV data available (see

Section 5.3), we determined the average value of the LNUV,obs/LIR

ratio for galaxies of similar Hubble type and inclination. We ob-
tained values in the range 0.08–0.4. This ratio was used to estimate
LNUV,obs from LIR and then equation (9) was applied.

The SFRs for CDF-N galaxies were computed based on their
1.4-GHz luminosities and the calibration of Bell (2003):

SFR(M⊙ yr−1) = 5.55 × 10−29L1.4 GHz(erg s−1). (13)

In Fig. 3 we present two samples of star-forming galaxies in the
SFR–M⋆ plane.

7 TH E L U M I N O S I T Y F U N C T I O N O F H M X B S

Fig. 4 shows cumulative luminosity distributions for all galaxies
from the primary sample, normalized to their respective SFRs. It
is apparent that although the shapes of the distributions are simi-
lar, there is a considerable dispersion in their normalization. Their
amplitude and significance will be discussed later in this section.

7.1 Average XLF of HMXBs

We construct the average luminosity function combining the data
for all resolved galaxies. It includes over 700 compact sources. An
intuitive and straightforward method would be to bin the sources

Figure 4. Cumulative X-ray luminosity functions of galaxies from the pri-
mary sample, normalized by their respective SFRs. The solid line is the
cumulative XLF per unit SFR, given by integration of equation (18).

into e.g. logarithmically spaced bins and normalize the result by the
sum of the SFR of all galaxies contributing to the given luminosity
bins. The latter step is required to account for the fact that different
galaxies have different point-source detection sensitivity. However,
because of the considerable dispersion in the normalization (Fig. 4),
the luminosity function thus computed may have a number of ar-
tificial steps and features at the luminosities corresponding to the
luminosity limits of particular galaxies. In order to deal with this
problem, we used the following method.

Considering that there is much larger dispersion in normalization
than in the shape of the XLF in individual galaxies, we write for the
luminosity distribution in the kth galaxy
(

dN

dL

)

k

= ξk SFRk f (L), (14)

where SFRk is the star-formation rate in the kth galaxy, ξ k the XLF
normalization and the function f (L) describes the XLF shape, as-
sumed to be same in all galaxies, which we would like to determine.
The number of sources in the jth luminosity bin, $N(Lj), is

$N (Lj ) =
∑

k

$Nk(Lj ) = f (Lj ) $Lj

∑

k

SFRkξk, (15)

where $Nk(Lj) is the CXB-subtracted number of compact sources in
the kth galaxy in the jth luminosity bin and summation is performed
over all galaxies of the sample. The f (L) can be determined as

f (Lj ) = 1
$Lj

∑
k $Nk∑

k SFRk ξk

. (16)

For a power-law luminosity function f (L) = L−γ , the ξ k are
calculated as

ξk = 1 − γ

SFRk

Nk(> Lth,k) − NCXB(> Fth,k)

(L−γ+1
th,k − L

−γ+1
cut )

, (17)

where Lth,k is the sensitivity limit for the kth galaxy, Nk( > Lth,k) is
the number of sources detected above this sensitivity limit, NCXB(
> Fth,k) is the predicted number of resolved CXB sources above the
corresponding flux limit Fth,k = Lth,k/4πD2

k and Lcut is the high-
luminosity cut-off of the XLF. As is obvious from equations (16)
and (17), the f (L) computed is independent of SFRk.

C⃝ 2011 The Authors, MNRAS 419, 2095–2115
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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• XRB luminosity function is known to be correlated with star formation 
rate (e.g., Mineo+12)


• A simple power-law (γ~1.6) + cutoff over 1040 erg/s (e.g., Grimm+03, 
Swartz+11, Walton+11, Mineo+12)


• Single or multiple population?

Mineo+12

XRB LF in each galaxy SFR normalized XRB LF
2104 S. Mineo, M. Gilfanov and R. Sunyaev

Figure 5. The luminosity functions obtained by combining data of all galaxies of the primary sample, normalized by SFR. Left: the top histogram with error
bars (open circles, red in the electronic version of the paper) shows the luminosity distribution of all compact sources. The two histograms peaked near log (LX)
∼ 37 are predicted contributions of resolved CXB (blue in the electronic version of the paper) and LMXB (magenta in the electronic version of the paper,
dashed) sources. The latter was computed using the average scaling relations for nearby early-type galaxies from Gilfanov (2004), irrespective of their age.
Apparently it grossly overestimates the LMXB numbers, therefore no attempt to subtract their contribution was made. The histogram marked with solid circles
(black) shows the luminosity distribution of compact sources with the CXB contribution subtracted. It is our best approximation to the average HMXB XLF
in nearby galaxies. The histogram marked ‘SFR’ (green in the electronic version of the paper) shows the total SFR (in units of 100 M⊙ yr−1) of all galaxies
contributing to a given luminosity bin in the XLF. Right: the CXB subtracted luminosity distribution from the left panel. The shaded area indicates the range of
uncertainties corresponding to 40 per cent uncertainty in the CXB normalization. The solid line in both panels shows a power law with parameters according
to equation (18).

To compute ξ k we used a two-step iterative procedure. At the first
step we assumed γ = 1.6, Lcut = 2.1 × 1040 erg s−1 (Grimm et al.
2003) and computed the XLF using equations (16) and (17). The
Lth,k was set to 1.5 times the completeness limit for each galaxy.
The obtained luminosity function was fitted with a broken power
law:

dN

dL38
= ξ SFR ×

⎧
⎨

⎩

L
−γ1
38 , L38 < Lb,

L
γ2−γ1
b L

−γ2
38 , Lb ≤ L38 ≤ Lcut,

(18)

where L38 = LX/1038 erg s−1, Lb is the break luminosity, SFR is in
units of M⊙ yr−1 and ξ is the average normalization. The fit was
carried out on unbinned data using the maximum-likelihood (ML)
method and the predicted contribution of resolved CXB sources was
included in the model as described below. Using this model and its
best-fitting parameters, we calculated more accurate values of ξ k

and repeated the procedure. We obtained the following best-fitting
values for the XLF parameters: γ 1 = 1.58 ± 0.02, γ2 = 2.73+1.58

−0.54,
Lb = 110+57

−34, ξ = 1.49 ± 0.07. The value of the high-luminosity cut-
off was fixed at Lcut = 5 × 103, the result being virtually independent
of this choice. The final luminosity distribution is shown in Fig. 5.
The obtained XLF and its parameters are remarkably similar to
the one determined by Grimm et al. (2003). Correspondingly, the
second step of this procedure does not have any noticeable effect.

The statistical uncertainty of the slope γ 1 of the average XLF
quoted above is rather small, thanks to the large number of
sources involved in its determination. The rms of individual slopes
around their average value is much bigger, and is investigated in
Section 7.4.

7.2 High-luminosity break

The best-fitting XLF model has a break at LX ≈ 1.1 × 1040 erg s−1.
To assess its significance, we compare the observed number of
bright sources with the predictions of the single-slope power-law
model. The best-fitting parameters of the latter are γ = 1.60 ±
0.02, ξ = 1.49 ± 0.07. This model predicts ≈21.1 sources above
LX = 1040 erg s−1, whereas we detected 11 sources. The discrepancy
between the data and the model is ≈2.5σ , without taking account of
the arbitrariness in the choice of the threshold luminosity, which is
marginally significant. Interestingly, Swartz et al. (2011), based on
an independent study, found a XLF slope for ultra-luminous X-ray
sources in agreement with our results.

The error contours for the break luminosity and the XLF slope
after the break are shown in Fig. 6, demonstrating that the break
parameters are not very well constrained, which is not surprising
given their low statistical significance.

7.3 Contribution of LMXBs and CXB sources

Expected contributions of resolved CXB and LMXB sources to the
XLF are shown in Fig. 5. They were computed by summing up indi-
vidual predictions for all galaxies contributing sources to the given
luminosity bin and then renormalizing the total in the same way as
the XLF itself. For LMXBs we used the average scaling relation for
nearby early-type galaxies from Gilfanov (2004), whereas for CXB
sources we used the log N–log S determined by Georgakakis et al.
(2008).

Both predictions bear uncertainties that may affect the resulting
HMXB XLF. In the case of the CXB contribution, the uncertainties

C⃝ 2011 The Authors, MNRAS 419, 2095–2115
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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associated with this approach are large, i.e. of the order of a factor
of 3. However, within this uncertainty there is a correlation between
the K-band luminosity and the dynamical mass estimate. However,
owing to the more abundant data for and higher accuracy of dynam-
ical masses we do not use stellar-mass estimates based on K-band
luminosities in the following. The values of the total dynamical
mass, corresponding references and the ratios of SFR-to-total-mass
are given in Tables 1 and 2.

The SFR-to-total-mass ratios for late-type galaxies should be
compared with that for the Milky Way, for which the population of
sufficiently luminous X-ray binaries is rather well studied (Grimm
et al. 2002). We know that the Milky Way, having a ratio SFR/Mdyn ∼
5 × 10−13 yr−1, or SFR/M stellar ∼ 5 × 10−12 yr−1, is dominated by
LMXB sources, HMXB sources contributing ∼10 per cent to the
total X-ray luminosity and ∼15 per cent to the total number (above
∼1037 erg s−1) of X-ray binaries. As can be seen from Table 1, con-
cerning the galaxies for which luminosity functions are available,
the minimal value of SFR/Mdyn ∼1.5 × 10−11 yr−1 is achieved for
M74 and NGC 4736, which exceeds that of the Milky Way by a
factor of ∼30. Therefore, even in the least favourable case of these
two galaxies, we expect the HMXB sources to exceed LMXBs by
a factor of at least ∼3, both in number and in luminosity. A more
detailed comparison is shown in Fig. 2, where we plot the expected
contributions of LMXBs and HMXBs to the observed luminosity
function for NGC 4736. The luminosity function of HMXBs was
obtained by scaling the Milky Way HMXB luminosity function by
the ratio of SFRs of NGC 4736 to the Milky Way. The LMXB con-
tribution was similarly estimated by scaling the Milky Way LMXB
luminosity function by the ratio of the corresponding total masses.
As can be seen from Fig. 2, the contribution of LMXB sources does
not exceed ∼30 per cent at the lower luminosity end of the luminos-

Figure 2. Contributions of LMXBs and HMXBs to the observed luminos-
ity function for NGC 4736 (thin solid histogram), having smallest SFR-to-
total-mass ratio in the primary sample. The upper thick grey histogram cor-
responds to the contribution of HMXBs scaled from the Milky Way HMXB
luminosity function by the ratio of the SFRs. The lower dotted histogram
is the Galactic LMXB luminosity function scaled by the ratio of the total
masses. Total masses and SFRs are given in Table 1.

ity function. If the fractions of NSs and BHs in low-mass systems in
late-type/starburst galaxies are similar to that in the Milky Way, the
contribution of LMXBs should be negligible at luminosities above
∼1038 erg s−1, corresponding to the Eddington limit of a neutron
star, to which range most of the following analysis will be restricted.

For all galaxies from Tables 1 and 2 the lowest values for SFR/M
are 4 × 10−12 and 9 × 10−12 for IC 342 and NGC 891, respectively.
This means that the contribution of LMXBs could make up a sizeable
portion of their X-ray luminosity, ∼50 per cent for IC 342 and
∼25 per cent for NGC 891. Therefore, their data points should be
considered as upper limits on the integrated luminosity of HMXBs
(shown in Fig. 7 as arrows, below).

3 H I G H - M A S S X - R AY B I NA R I E S
A S A S TA R F O R M AT I O N I N D I C ATO R

As already mentioned, the simplest assumption concerning the con-
nection of HMXBs and SFR would be that the number of X-ray
sources with a high-mass companion is directly proportional to the
star formation rate in a galaxy. In Fig. 1 (right-hand panel) we show
the luminosity functions of the galaxies from our primary sample
scaled to the star formation rate of the Antennae galaxies. Each lu-
minosity function is plotted above its corresponding completeness
limit. It is obvious that after rescaling the luminosity functions oc-
cupy a rather narrow band in the log (N )–log (L) plane and seem
to be consistent with each other to within a factor of ∼2, whereas
the star formation rates differ by a factor of ∼40–50. This similarity
indicates that the number/luminosity function of HMXB sources
might indeed be proportional to the star formation rate. This con-
clusion is further supported by Fig. 3 which shows the number of

Figure 3. Number of sources with a 2–10 keV luminosity exceeding 2 ×
1038 erg s−1 versus SFR for galaxies from Table 1. The figure shows a clear
correlation between the number of sources and the SFR. The straight line is
the best fit from a maximum-likelihood fit, equation (5). The vertical error
bars were calculated assuming a Poissonian distribution, the SFR uncertainty
was assumed to be 30 per cent. For M74 and M100, the completeness limit
of which exceeds 2 × 1038 erg s−1, the contribution of sources above 2 ×
1038 erg s−1 and below the completeness limit was estimated from the ‘uni-
versal’ luminosity function, equation (7).

C⃝ 2003 RAS, MNRAS 339, 793–809
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• These populations are a good tracer 
of the star-formation rate of the host 
galaxies (e.g., Grimm+03)

• The number of HMXBs increases 

with increasing host SFR

• LX ∝ SFR~1.7

HMXB as a star formation rate indicator 803

the accreting material (Basko & Sunyaev 1976), emission from a
supercritical accretion disc (Shakura & Sunyaev 1973; Paczynsky
& Wiita 1980), beamed emission (King et al. 2001), or the emission
of a jet as suggested by Körding, Falcke & Markoff (2002). More-
over, in BHs in a high state radiation is coming from the quasi-flat
accretion disc where electron scattering gives the main contribution
to the opacity. It is easy to show that the radiation flux perpendic-
ular to the plane of the disc exceeds the average value by up to 3
times (Shakura & Sunyaev 1973). Also, the Eddington luminosity
is dependent on chemical abundance, which allows a twice as high
luminosity for accretion of helium. These last two effects alone can
provide a factor of 6 above the canonical Eddington luminosity.

It should be mentioned that, based on the combined luminosity
function only, we cannot exclude the possibility that the cut-off
is primarily caused by the Antennae galaxies, which contributes
approximately half of the sources above 1039 erg s−1 and show
a prominent cut-off in the luminosity function. On the other hand,
further indication for a cut-off is provided by the luminosity function
of NGC 3256. Conventional star formation indicators give a value of
SFR of ∼ 45 M⊙ yr−1, however, its luminosity function also shows a
cut-off at ∼1040 erg s−1. Unfortunately, because of the large distance
(35 Mpc) and the comparatively short exposure time of the Chandra
observation, ∼28 ks, the luminosity function of NGC 3256 becomes
incomplete at luminosities shortly below the brightest source and
therefore does not allow for a detailed investigation.

3.3 Total X-ray luminosity as SFR indicator

Chandra and future X-ray missions with angular resolution of the
order of ∼1 arcsec would be able to spatially resolve X-ray binaries
only in nearby galaxies (d ! 50–100 Mpc). For more distant galaxies
only the total luminosity of a galaxy arising from HMXBs can be
used for X-ray diagnostics of star formation.

Fig. 7 shows the total luminosity of X-ray binaries (above
1036 erg s−1) plotted versus SFR. The galaxies from the primary
sample (listed in Table 1) are shown by filled circles. The galaxies
for which only the total luminosity is available (Table 2) are shown
as filled triangles. The luminosities of the galaxies from the primary
sample were calculated by summing the luminosities of individual
sources down to the completeness limit of the corresponding lu-
minosity function. The contribution of the sources below the com-
pleteness limit was approximately accounted for by integrating a
power-law distribution with slope 1.6 and normalization obtained
from the fit to the observed luminosity function. Note that because
of the shallow slope of the luminosity function the total luminosity
depends only weakly on the lower integration limit.

As an additional data point we take the luminosity and the SFR
for the Large Magellanic Cloud. The SFR is similar to the SFR of
the Milky Way (Holtzman et al. 1999). Since no luminosity function
is presently available for the LMC we estimated its integrated X-
ray luminosity as a sum of the time-averaged luminosities of the
three brightest HMXB sources (LMC X-1, X-3, X-4) as measured
by ASM (Grimm et al. 2002), L2−10 keV ≈ 3.4 × 1038 erg s−1. The
contribution of the weaker sources should not change this estimate
significantly, since the luminosity of the next brightest source is
smaller by a factor of ∼30–50 (Sunyaev et al. 1990).

3.4 Theoretical LX–SFR relation

At first glance, the relation between the collective luminosity of
HMXBs and SFR can be easily derived by integrating equation (6)

Figure 7. The LX–SFR relation. The filled circles and triangles are nearby
galaxies from Table 1 (primary sample) and Table 2 (secondary sample), the
filled squares are distant star-forming galaxies from the HDF North and Lynx
field. The arrows are the upper limits for the X-ray luminosity arising from
HMXBs for IC 342 and NGC 891. The thick solid line shows the expected
relation between SFR and the most probable value of the total luminosity
computed for the best-fitting parameters of the HMXB luminosity function
(exact calculation from Gilfanov et al., in preparation). Note that in the
low-SFR regime the probability to find a galaxy below the solid curve is
∼10–15 per cent. The shaded area shows the 68 per cent confidence region
including both intrinsic variance of the LX–SFR relation and uncertainty of
the best-fitting parameters of the HMXB luminosity function (equation 6).
The dashed line shows the linear LX–SFR relation given by equation (8).

for the SFR-dependent luminosity function. Therefore, as the popu-
lation of HMXB sources in a galaxy is directly proportional to SFR,
one might expect that the X-ray luminosity of galaxies arising from
HMXB, LX, should be linearly proportional to SFR. However, this
problem contains some subtleties related to the statistical properties
of the power-law luminosity distribution of discrete sources that
appear not to have been recognized previously (at least in an astro-
physical context). The difference between the most probable value
of the total luminosity of HMXB sources in a galaxy (the mode
of the distribution) and the ensemble average value (expectation
mean, obtained by integrating equation 6) results in the non-linear
LX–SFR dependence in the low-SFR regime. As this effect might
be of broader general interest and might work in many different
situations related to computing/measuring integrated luminosity of
a limited number of discrete objects, we give it a more detailed and
rigorous discussion in a separate paper (Gilfanov et al., in prepara-
tion), and restrict the discussion here to just a brief explanation and
an approximate analytical treatment. A somewhat similar problem
was considered by Kalogera et al. (2001) in the context of pulsar
counts and the faint end of the pulsar luminosity function.

For illustration only, let us consider a population of discrete
sources with a Gaussian luminosity function. As is well known,
in this case the sum of their luminosities – the integrated lumi-
nosity of the parent galaxy, also obeys a Gaussian distribution for
which the mean luminosity and dispersion can be computed straight-
forwardly. An essential property of this simple case is that for an

C⃝ 2003 RAS, MNRAS 339, 793–809
Downloaded from https://academic.oup.com/mnras/article-abstract/339/3/793/971722
by University of Tokyo Library user
on 31 January 2018

• Good correlations with other 
SFR indicators such as far-
infrared (FIR) and radio (1.4GHz) 
luminosity (e.g., Ranalli+03)Grimm+03

Grimm+03
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XRB contribution to spectra of metal poor galaxies?
Yabe+18 (to be submitted)

Yabe+18 (to be submitted)

• HeII λ4686 detected

•  WR (or O-stars)?  (e.g.,Crowther+06) 
→ but no clear WR feature?


• Shock? (e.g., Dopita+96)

• HMXB? (e.g., Garnett+91)

• ...

• Strong emission line galaxies at 
z=0.4-0.9 discovered by Subaru/HSC

• Very low-mass (107-9 Msun)

• High specific SFR (10-1000 x MS)

• Metal poor (Z < 0.2 Zsun)

• Extreme [OIII]5007/[OII]3727 ratio


• Similar to those in the early Universe

very high

[OIII]/[OII] ratio
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Figure 4. NULX versus Z. Filled black circles: entire sample; solid line:
power-law fit. The error bars on both the x- and the y-axis are 1σ errors (see
Section 2.3 for details).

below the global fit, whereas the galaxies with Z ≤ 0.2 Z⊙ (filled
circles) lie preferentially above the global fit. This means that a
metal-poor (Z ≤ 0.2 Z⊙) galaxy tends to have more ULXs with
respect to a relatively metal-rich (Z > 0.2 Z⊙) galaxy with the
same SFR. In quantitative terms, Table 3 shows that, if we split our
sample according to metallicity and fit the SFR – NULX relation, we
obtain similar slopes, but quite different values of the normalization
for the high-Z sample (ζ = 0.05+0.13

−0.20) and for the low-Z sample
(ζ = 0.39+0.09

−0.13). The difference (0.34+0.22
−0.18; or 0.32 ± 0.14 if the

slope is fixed to δ = 1.00) is not consistent with 0 at a significance
level slightly below 2σ , while it is roughly consistent with the
ratio of the expected numbers of massive BHs below and above
Z ∼ 0.2 Z⊙ (see Fig. 1). This might be a further indication that
the SFR is not the only ingredient of the correlation between NBH

and NULX and that the second ingredient might actually be the
metallicity, as proposed in our model.

However, we cannot conclude from Fig. 4 and from Table 3 that
such anticorrelation exists. There is a very weak trend that can be
expressed as

NULX = 10θ (Z/Z⊙)η, (7)

where η = −0.21 ± 0.27 and θ = 0.09 ± 0.20. Such trend is not
statistically significant, as χ 2 = 86 with 62 d.o.f. and the correlation
coefficient is rP ! −0.2, with pr = 0.2 (Table 3).

Similarly to equation (7), there is no significant anticorrelation,
in our model, between NBH and Z (lines 15–16 of Table 3). In
particular, the values of the χ 2 for the best fits are 154 and 183
for P98 and B10, respectively, with 62 d.o.f. (see lines 15 and 16
of Table 3). The correlation coefficients are low: rP = −0.2 and
= −0.1 for P98 and B10, respectively. This happens because, in our
model, the dependence of NBH on the SFR dominates with respect
to the dependence of NBH on the metallicity.

To better highlight the possible effects of metallicity, we plot the
number of ULXs per galaxy NULX normalized to the SFR versus
the metallicity (left-hand panel of Fig. 5). The fit of the left-hand
panel in Fig. 5 gives the following results:
(

NULX
M⊙ yr−1

SFR

)
= 10κ1 (Z/Z⊙)ι1 , (8)

where ι1 = −0.55 ± 0.23 and κ1 = −0.37 ± 0.18, with χ 2 ∼ 10
for 62 d.o.f. (and rP = −0.3). Thus, there is marginal evidence
of an anticorrelation between Z and NULX/SFR. According to the
F-test, the above fit with two parameters (see line 11 of Table 3)
is significantly better (at a 96 per cent significance level) than a fit
with fixed index ι1 = 0 (i.e. the case of no correlation) and with
only one free parameter (κ1 = −0.03 ± 0.07, line 12 of Table 3).
This result supports the hypothesis of an anti-correlation between
NULX/SFR and Z.

As in the case of the comparison with NULX, the role of metallicity
in our model can be better appreciated if we remove the contribution
from the SFR. In fact, the plot of NBH/SFR versus Z (central and
right-hand panels of Fig. 5) shows quite clearly the effect of metal-
licity in equation (1). We know from equation (1) that the relation
between NBH/SFR and Z is not a power law. However, in order to
compare it with equation (8), we can approximate it as
(

NBH
M⊙ yr−1

SFR

)
= 10κ2 (Z/Z⊙)ι2 , (9)

Figure 5. From left to right: NULX/SFR versus Z, NBH/SFR versus Z for P98, NBH/SFR versus Z for B10. Filled black circles: entire sample. Solid lines:
power-law fit. The error bars on both the x- and the y-axis are 1σ errors. Central and right-hand panels: the error bars on NBH/SFR account for the uncertainty
on the metallicity (see Section 2.3 for details).

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 408, 234–253
Downloaded from https://academic.oup.com/mnras/article-abstract/408/1/234/1055884
by University of Tokyo Library user
on 04 December 2017
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Motivation of this work
• What kind of environment ULXs/XRBs are in?

• Are ULXs and XRBs in different environment?

• Massive BHs are hard to form in metal rich environment (e.g. Spera+15)

• If ULXs are very massive BHs in origin, they are presumably in low-

metal environment

• ULX host galaxies have Z < 0.5 Zsun (Mapelli+10)


• The local environment of ULXs/XRBs remains unclear, and detailed 
examination (especially spectroscopically) is indispensable

qualitative framework. Quantitatively, Belczynski et al. (2010a)
and later Mapelli et al. (2013) and Spera et al. (2015) showed that
adopting the latest wind prescriptions(Vink 2008) significantly
increases the stellar mass at core collapse and thus the maximum
BH mass that can form from single stars, although the exact
relation between initial mass and final BH mass depends on the
details of the wind prescription (see Figure 1).

Stellar rotation can lead to angular momentum transport and
extra mixing in the stellar interiors. In extreme cases, the
evolution of the star can be significantly altered, avoiding
expansion of the star into a giant (Maeder 1987). It has been
proposed that rapid rotation, especially at low metallicities,
where winds and associated angular momentum losses are
weaker, or in close binaries, where tides may replenish the
angular momentum, may play a significant role in the
formation of more massive BHs(de Mink et al. 2009; Mandel
& de Mink 2016; Marchant et al. 2016). Nevertheless, there are
no calculations that find BHs more massive than 30 :M unless
the metallicity is lower than :Z .

Stellar properties at core collapse and the ensuing compact-
remnant masses have also been shown to depend, albeit much more
weakly, on the treatment of microphysics in stellar structure and
evolution codes, especially on assumptions regarding convective
overshooting and resultant mixing(Jones et al. 2015). Finally, Fryer
et al. (2012) and Spera et al. (2015) investigate how basic properties
of the SN explosion might affect remnant masses at different
metallicities. They show that remnant masses in excess of ;12 :M
at :Z (;30 :M at 1/100 :Z ) are formed through complete
collapse of their progenitors. Therefore, the masses of BHs in
“heavy” BBH mergers only carry information about the evolution
leading up to the collapse and not about the SN mechanism.

The measured masses of the merging BHs in GW150914
show that stellar-mass BHs as massive as 32 :M (the lower
limit on the more massive BH at 90% credible level) can form
in nature. Given our current understanding of BH formation
from massive stars, using the latest stellar wind, rotation, and
metallicity models, we conclude that the GW150914 BBH most
likely formed in a low-metallicity environment: below ;1/2 :Z
and possibly below ;1/4 :Z (Belczynski et al. 2010a; Mapelli
et al. 2013; Spera et al. 2015).

It is, in principle, possible that “heavy” BHs are formed
through indirect paths that do not require a low metallicity, but
we consider this very unlikely. For example, the formation of
“heavy” BHs through the dynamical mergers of lower-mass
BHs with massive stars in young clusters has been considered.
However, these models adopt the optimistic assumption that in
such mergers, even for grazing collisions, all of the mass is
retained, leading to significant BH mass growth(Mapelli &
Zampieri 2014; Ziosi et al. 2014). Stellar collisions in dense
stellar environments (see Portegies Zwart et al. 1999) could
potentially produce stars massive enough to form “heavy” BHs,
but these objects are also subject to strong winds and intense
mass loss unless they are stars of low metallicity (e.g.,
Glebbeek et al. 2009). Finally, formation of “heavy” BHs from
the mergers of lower-mass BHs in clusters is unlikely because
most dynamically formed merging BBHs are ejected from the
host cluster before merger (Rodriguez et al. 2015, see their
Figure 2).

3.3. BBH Masses from Isolated Binary Systems

The fact that the majority of massive stars are members of
binary systems with a roughly flat mass-ratio distribution
(Kobulnicky & Fryer 2007; Sana et al. 2012; Kobulnicky et al.
2014) provides the opportunity for BBH formation in isolated
binary systems. In that case, the masses of BHs depend not
only on the initial mass of the star and metallicity, but also on
any binary interactions. The development of binary population
models focused on the formation of double compact objects
goes back to Kornilov & Lipunov (1983) and Dewey & Cordes
(1987), but the first population models to account for BBH
formation appeared a decade later starting with Tutukov &
Yungelson (1993). Several groups have explored different
aspects of BBH formation from isolated binaries at varying
levels of detail(many reviewed by Kalogera et al. 2007;
Vanbeveren 2009; Postnov & Yungelson 2014). Models find
that BBH formation typically progresses through the following
steps: (i) stable mass transfer between two massive stars,
although potentially non-conservative (i.e., with mass and
angular momentum losses from the binary), (ii) the first core
collapse and BH formation event, (iii) a second mass transfer

Figure 1. Left: dependence of maximum BH mass on metallicity Z, with =:Z 0.02 for the old (strong) and new (weak) massive-star winds (Figure 3 from Belczynski
et al. 2010a). Right: compact-remnant mass as a function of zero-age main-sequence (ZAMS; i.e., initial) progenitor mass for a set of different (absolute) metallicity
values (Figure 6 from Spera et al. 2015). The masses for GW150914 are indicated by the horizontal bands.

7
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Mapelli+10Spera+15
host metallicity→
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Antennae (NGC 4038/4039)
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very effectively ejected from the clusters by few-body encounters
at the initial stages of the cluster formation (Poveda, Ruiz & Allen
1967; Heggie 1975; Mikkola 1983; Moeckel & Bate 2010; Pflamm-
Altenburg & Kroupa 2010; Mapelli et al. 2011). Also the supernova
(SN) explosions can eject massive binaries (Zwicky 1957; Blaauw
1961; Shklovskii 1976; Woosley 1987; Cordes & Chernoff 1998;
van den Heuvel et al. 2000), but probably with lower velocities and
at a later stage of cluster evolution, when the massive stars had time
to evolve.

Thus, the distribution of the X-ray sources around stellar clusters
as well as the cluster age can give us a clue on the nature of ULXs
and on the ejection mechanism. Kaaret et al. (2004) have found that
bright X-ray sources (1036 < LX < 1039 erg s−1) in three starburst
galaxies are preferentially located near the star clusters, but not
within them. In a search for optical counterparts of 44 ULXs in
26 nearby galaxies, Ptak et al. (2006) have found that 28 of them
have potential optical counterparts within 2σ error circles and 10 of
those have multiple counterparts. Their astrometric accuracy varied
in the range 0.3–1.7 arcsec depending on the object and the method
(the best accuracy was achieved for half of the galaxies which have
an active nuclei in the centre).

The colliding star-forming Antennae galaxies constitute an obvi-
ous target for a detailed study of the separation between the X-ray
sources and clusters, because they contain a couple of dozens bright
X-ray sources (Zezas et al. 2006) and a thousand catalogued clusters
(Whitmore & Schweizer 1995). Zezas et al. (2002b) have noticed
that most of the brightest X-ray sources are displaced from the
neighbouring star clusters. However, their absolute astrometry has
an ∼1.5 arcsec error (∼160 pc); therefore, they could not possibly
measure displacements smaller than that and prove unambiguously

an association between the X-ray sources and clusters. Thus, the
question about the association of the X-ray sources and clusters
remains open.

The aim of this paper is to determine the distances between
the brightest X-ray sources and the stellar clusters in the Anten-
nae galaxies using an accurate astrometric solution (with error <

0.3 arcsec). We find significant displacement between the ULXs
and the clusters as well as a highly significant association between
them. We also estimate the ages of the stellar clusters. This allows
us to determine the minimum masses of the ULX progenitors.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

2.1 X-ray source sample

The X-ray sources in the Antennae galaxies, NGC 4038/NGC 4039
(see Fig. 1), were surveyed by Zezas et al. (2002a, 2006) and Swartz
et al. (2004). From the catalogue of Zezas et al. (2002a), we have
selected sources situated in the main bodies of the galaxies to re-
duce the chance that they are background or foreground sources. We
restrict the sample to those having more than 45 counts, which guar-
anties high accuracy of the coordinates. We then further down select
the sources, which have average absorption corrected 0.1–10 keV
luminosities in excess of 2.75 × 1038 erg s−1 as estimated by Zezas
et al. (2006) assuming a power-law spectrum with photon index
" = 1.7 and the Galactic line-of-sight hydrogen column density
NH = 3.4 × 1020 cm−2 (Stark et al. 1992). These luminosities were
recomputed for the distance to the Antennae galaxies of 22 Mpc as
recommended by Schweizer et al. (2008). This distance gives the
scale of 107 pc arcsec−1 and the distance modulus −31.71.

Figure 1. The rgb image of Antennae produced from HST/ACS images taken in FR656N (Hα, red), F435W (blue) and F550M (green) bands. NE bar length
corresponds to 5 arcsec (107 pc/1 arcsec). The VIMOS frames of the studied ULX regions together with Chandra positions (1.0 arcsec radius) are indicated in
green. The source numbers correspond to the catalogue of Zezas et al. (2002a). The VIMOS continuum images have been extracted in the ACS band F550M
and the source positions are shown by black circles of 0.3 arcsec in radius.

Downloaded from https://academic.oup.com/mnras/article-abstract/432/1/506/1129954
by University of Tokyo Library user
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Figure 7. Colour–colour diagram for the studied clusters together with the
STARBURST99 (Leitherer et al. 1999) evolutionary tracks from the Geneva
group. The tracks are for instantaneous starburst model with the Kroupa
(2001) IMF extending to 150 M⊙ for solar metallicity Z = 0.02 (solid line)
and for double-solar metallicity (dashed line). The black crosses and blue
circles on the tracks and the numbers next to them indicate the age in million
years (from 1 to 6 Myr). The arrow shows a direction of the shift due to the
interstellar extinction. The extinction corrected positions of the studied clus-
ters are shown by ellipses. They correspond to 68 per cent confidence limit
computed using Monte Carlo simulations from the combined uncertainties
in the colours and AV.

4 C LUSTER AG ES AND THE MASSES
O F U L X P RO G E N I TO R S

The VIMOS images (Fig. 1) cover practically all the ULX sources
in the Antennae galaxies. We first study the spectra of the nebulae
emission in the VIMOS fields around the clusters (see Table 1 and
Figs A2–A6). We determine the Hα/Hβ flux ratios and compare
them to the theoretical value of 2.87 corresponding to the case B
of gaseous nebulae (which is the same to within 10 per cent in a
wide range of temperatures and densities, see Osterbrock & Fer-
land 2006). This allows us to find the extinction values all over
the fields (see Table 1 and the extinction panels in Figs A2–A6).
The AV measured close the X-ray sources are in perfect agreement
with the independent estimates from the hydrogen column density
AV = 5.5 NH/1022 cm2 (Predehl & Schmitt 1995) obtained from the
Chandra spectra (see table 5 in Zezas et al. 2002a). For cluster N518
next to X-44 we do not have VIMOS images and we use the Galactic
extinction AV = 0.155, which is the minimum possible value and is
close to the maximum value consistent with the evolutionary tracks
(see below).

The dereddened U, B, V and I magnitudes for the clusters were
obtained from the WFPC2 images as described in Section 2.2. In
Fig. 7, we show the colour–colour V − I and U − B diagram with
the error contours for each cluster, which are elongated along the
vector AV. These colours are then compared to the cluster evolution
tracks from the Geneva group computed using STARBURST99 code3

3 STARBURST99 is available at http://www.stsci.edu/science/starburst99/

(Leitherer et al. 1999; Vázquez & Leitherer 2005). We consider the
instantaneous starburst model with the Kroupa (2001) initial mass
function (IMF) extending to 150 M⊙ for solar and double-solar
metallicities (see Fig. 7). The cluster next to X-11 is consistent
with the solar metallicity and those next to X-32, 35 and X-44 with
only double-solar metallicity. On the other hand, the colours of the
clusters next to X-16, 31 and 42 can be described by any metallicity
from solar to double solar, which is consistent with the range of
metallicities from 0.9 to 1.3 Z⊙ found by Bastian et al. (2009) in
their study of 16 young clusters in the Antennae. For the cluster next
to X-44, we took the Galactic extinction and increasing the value
of AV would shift the cluster even further away from the theoretical
tracks to the lower-left corner of the colour–colour diagram.

The overlap at the colour–colour diagram between the cluster
error contours and the evolutionary tracks gives us an estimate of
the cluster ages. We find that all clusters associated with the ULXs
are extremely young with the age of less than 6 Myr (see Table 3).4

For the assumed metallicity, an improved estimate for AV can be
obtained from the same overlap. Comparing thus obtained MV to
the theoretical absolute magnitude from the STARBURST99 models
(for a cluster of mass 106 M⊙), we find the cluster masses using
equation #MV = −2.5 log (Mclus/106 M⊙) (see Table 3), which
vary between 5 × 103 and 6 × 105 M⊙. For the clusters which are
consistent with both metallicities, the difference in the ages gives
us an estimate of the systematic error.

In the X-31/X-32 VIMOS image (see Fig. A4), there are also
two bright stellar complexes N455 and N418 previously studied by
Bastian et al. (2006) (named 5 and 6 there) and showing spectra
with strong Wolf–Rayet emission features. This confirms the young
age (! 4 Myr) of the clusters in that region. In Fig. A1, we present
VIMOS spectra of the clusters studied (together with spectra of the
complexes N5 and N6) demonstrating very strong hydrogen, [O III],
[Ar III] and other nebular lines, which demand strong photoionizing
continua of the clusters and confirm their young age. However, the
cluster age estimates from the photometric data are notably more
accurate than those obtained from the spectroscopy. We note that
the independent evaluation of AV from the spectra break the known
AV–age degeneracy (see e.g. Bastian et al. 2009).

The clear association of the X-ray sources both in the ULX and
sub-ULX samples with the young star clusters in the Antennae
galaxies indicates that these sources originate from the massive
binaries ejected from the star clusters. The extremely young ages
of the clusters associated with the ULXs put the lower limit on the
mass of their progenitor stars, which varies between 30 and 110 M⊙
according to the Geneva stellar evolution models used in Leitherer
et al. (1999) (see Table 3), indicating that all studied ULXs in the
Antennae galaxies are associated with the most massive stars.

The distribution of displacements and the cluster age allows us to
give an estimate for the minimum ejection velocity of the sources
from the clusters. Among the ULX sample (Table 3), only one
source X-11 resides in a cluster. Other six sources have an average
ejection velocity (accounting for deprojection, which gives a factor
of 4/π) of 77 km s−1. As X-44 is situated rather far away from the
suspected parent cluster and it requires a very large ejection veloc-
ity (for a given small cluster mass), their association is probably
spurious.

4 For the cluster next to X-35 there is another solution with the age
of ∼20 Myr, which we reject, because of the presence of the strong Hα

emission.
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Figure A6. Same as Fig. A2, but for the source X-42.

see Figs 2 and A5, Table 1) is situated 0.83 arcsec to the SSW
from X-35 at the edge of a strong dust line. The cluster is notably
reddened (AV ∼ 3.5) and its spectrum is noisy. We find about the
same nebular spectrum as that in X-16 with the [O III] λ5007 line
being brighter that Hβ. However, in the red spectral region He I

nebular lines and [Ar III] are strong and broadened. Interestingly,
there are [Fe III] emission lines in the spectrum like those we observe
in N5 and N6 clusters close to X-32. The [Fe II] emission lines are
marginally detected.

A5 X-42

This X-ray source is located close (at 0.8 arcsec) to a bright cluster
complex with total (dereddened) V = 17.2 (see Figs 2 and A6,

Tables 1 and 3). The set of nebular lines is the same as in other
clusters. However, this complex includes stars of different ages;
there is a notable amount of A-type stars, because the Hβ line has
broad absorption wings. There are many stellar absorption lines in
the spectrum indicating the B/A populations, numerous He I, Fe II,
C II lines as well as the Mg II and Si II lines. He I lines appear in
emission in the red part of the spectrum.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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• Correlation between X-ray source positions 
and stellar clusters  (Kaaret+14)


• Mostly showing strong emission lines 

• ULXs are associated with young (<10 Myr) 

star clusters (Poutanen+13)

Poutanen+13
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Proposed observation with 3.8m/KOOLS-IFU
• A systematic spectroscopic observation of ULXs/XRBs with stellar 

cluster associations in nearby galaxies (<100 Mpc?)

• The main goals:

• Local metallicity measurement for ULXs/XRBs/others

• Age estimation of the associated stellar cluster (ULX lifetime)


• Comparison between ULXs/XRBs/others

• IFU would be very useful if there are multiple stellar clusters in 

possible associations with ULXs/XRBs (see next page)

• 3.8m telescope capability is enough as long as we target relatively 

bright stellar clusters (see after next page)
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SDSS (g+r+i)

• 3 ULXs associate with star clusters (SCs)

• Offsets from the SC positions (kicked?)

← 5 arcsec ~ 200 pcExample: M51 (NGC 5194/5195)
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SDSS (g+r+i)

Example: M51 (NGC 5194/5195)
• 5 XRBs associate with star clusters (SCs)

• Offsets from the SC positions (kicked?)
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3.8m搭載時の (予想) パラメータ
グリズム No. 5 No. 2 VPH495 VPH683

ファイバー本数 127本
1ファイバーの

視野
0.91’’ (直径)

全ファイバー
での視野

14.8’’ (直径)(filling factor~0.58)

観測可能波長 (4000—
7000 Å)

(6000—
10000 Å)

4160—
6000 Å

6150—
7930 Å

波長分解能
(l/Dl)

(~600) (~1000) N/A 1900—
2300

最大
スループット

5.3% 8.1% N/A 8.2%

(※ 1ファイバーに全ての天体光が入った場合)
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Observation feasibility
• Typical magnitude of the bright SCs is V=18-19 AB mag

• There are some faint SCs (<19 AB mag.) around X-ray sources

• Mostly point sources under the seeing in Okayama (~1.5 arcsec.)

• The target wavelength range is 3500 - 7000 Å, which covers the major 

stellar feature and nebular emission lines

• Sensitivity of KOOLS-IFU

• No.5 grism (4000 - 7000 Å)

• texp=3600 sec., S/N=10 → mlimit~19.5 mag

• Enough capability to target most of 
our targets


• VPH-blue is better choice?

予想限界等級@3.8 m望遠鏡

計算条件
• 1800秒積分、S/N = 10、Dl = 8 Å (~ 4 pixel)
• seeing: 1.5” Æ 3ファイバーに40%の天体fluxが入る
• 背景光強度: 19.0 mag / arcsec2

• スペクトル切り出しpixel数 (ファイバー方向): 5 pixel

グリズム No.5 (青) No.2 (赤)
19.1 mag 19.0 mag
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Observation feasibility
• We also aim to detect emission lines

• Emission lines would be sufficiently bright compared to the continuum 

level according to the past observations for ULXs (Poutanen+13)
518 J. Poutanen et al.

Figure A4. Same as Fig. A2, but for the sources X-31 and X-32. Two stellar complexes N455 and N418 (objects 5 and 6 from the study of Bastian et al.
2006) are located ∼3.5 arcsec to the NE and ∼5 arcsec to the SE from the X-ray positions of X-32, respectively. The nearest clusters to X-31 and X-32 are
situated ∼3 arcsec SW and ∼1 arcsec NE from the corresponding source.

Figure A5. Same as Fig. A2, but for the source X-35.

lines in addition to the bright [Ar III] λ7135 line. Broad He II λ4686
is marginally detected. The cluster next to X-32 shows similar fea-
tures; however, its [Fe III] emission lines are notably broadened,
and no [Ar IV] lines were detected in the spectrum. Emission lines
of Fe II, N II and Si III together with a faint He II λ4686 hump are
detected.

A4 X-35

This X-ray source is located close (0.6–0.8 arcsec) to two clusters.
The closest cluster N115 from WS95 catalogue (0.57 arcsec to the
north) is too weak for a detailed study. Another apparently rather
faint cluster (not mentioned in WS95, with dereddened V = 18.8;

Downloaded from https://academic.oup.com/mnras/article-abstract/432/1/506/1129954
by University of Tokyo Library user
on 28 December 2017

Poutanen+13

516 J. Poutanen et al.

Figure A1. The VIMOS spectra of the clusters associated with X-11, 16, 31, 32, 35 and 42 (see Table 3) as well as the cluster complexes N455 and N418
(objects 5 and 6 in Bastian et al. 2006, see Fig. A4) taken with the blue (panel a) and orange (panel b) grisms. The main spectral lines are indicated.

lines in the cluster spectrum are about the same as those in cluster
next to X-11, but the [O III] λ5007 line is brighter that Hβ, which
indicates a stronger UV ionization source. The narrow Hα shows
broad wings. The Fe II absorption lines and weak Si II λλ6347, 6371
lines are present.

A3 X-31 and X32

The spectra of the clusters located close to the X-ray sources
X-31 (N498, dereddened V = 18.5, separation 2.5 arcsec) and X-
32 (N443, V = 18.6, separation 1.5 arcsec) are shown in Fig. A1

together with the spectra of two other clusters N455 and N418
(named 5 and 6 in Bastian et al. 2006). Cluster N455 is lo-
cated ∼ 3.5 arcsec to the NE and the bright cluster N418 is located
∼5 arcsec to SE from X-ray positions of X-32 (see Figs 1, 2 and
A4). We show spectra of these four clusters together because they
are similar and all clusters are located close to each other. N455
and N418 show bright Wolf–Rayet spectral features, He II λ4686,
Bowen blend (C III/N III emission lines, where N III lines dominate
strongly) together with the numerous [Fe III] and [Fe II] emission
lines. Emission lines of Fe II and Si III are also detected. There are
N II–N IV emission lines as well; however, the Wolf–Rayet hump

Downloaded from https://academic.oup.com/mnras/article-abstract/432/1/506/1129954
by University of Tokyo Library user
on 28 December 2017

ULX

SC

Hβ

[OIII]

Hα+[NII]

[SII]
HeI

V~18.5

• Spectral resolution (R~600) is enough 
to separate major emission lines (such 
as Hα and [NII]6584)
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The immediate objectives
• Gas metallicity measure from obtained emission lines

• Various metallicity indicators (e.g., Te, R23, N2, O3N2)


• Age measurements of the star clusters

• Color-color diagram?

• Age-metallicity-extinction degeneracy

• Upper limits for ULX/XRB lifetime 512 J. Poutanen et al.

Figure 7. Colour–colour diagram for the studied clusters together with the
STARBURST99 (Leitherer et al. 1999) evolutionary tracks from the Geneva
group. The tracks are for instantaneous starburst model with the Kroupa
(2001) IMF extending to 150 M⊙ for solar metallicity Z = 0.02 (solid line)
and for double-solar metallicity (dashed line). The black crosses and blue
circles on the tracks and the numbers next to them indicate the age in million
years (from 1 to 6 Myr). The arrow shows a direction of the shift due to the
interstellar extinction. The extinction corrected positions of the studied clus-
ters are shown by ellipses. They correspond to 68 per cent confidence limit
computed using Monte Carlo simulations from the combined uncertainties
in the colours and AV.

4 C LUSTER AG ES AND THE MASSES
O F U L X P RO G E N I TO R S

The VIMOS images (Fig. 1) cover practically all the ULX sources
in the Antennae galaxies. We first study the spectra of the nebulae
emission in the VIMOS fields around the clusters (see Table 1 and
Figs A2–A6). We determine the Hα/Hβ flux ratios and compare
them to the theoretical value of 2.87 corresponding to the case B
of gaseous nebulae (which is the same to within 10 per cent in a
wide range of temperatures and densities, see Osterbrock & Fer-
land 2006). This allows us to find the extinction values all over
the fields (see Table 1 and the extinction panels in Figs A2–A6).
The AV measured close the X-ray sources are in perfect agreement
with the independent estimates from the hydrogen column density
AV = 5.5 NH/1022 cm2 (Predehl & Schmitt 1995) obtained from the
Chandra spectra (see table 5 in Zezas et al. 2002a). For cluster N518
next to X-44 we do not have VIMOS images and we use the Galactic
extinction AV = 0.155, which is the minimum possible value and is
close to the maximum value consistent with the evolutionary tracks
(see below).

The dereddened U, B, V and I magnitudes for the clusters were
obtained from the WFPC2 images as described in Section 2.2. In
Fig. 7, we show the colour–colour V − I and U − B diagram with
the error contours for each cluster, which are elongated along the
vector AV. These colours are then compared to the cluster evolution
tracks from the Geneva group computed using STARBURST99 code3

3 STARBURST99 is available at http://www.stsci.edu/science/starburst99/

(Leitherer et al. 1999; Vázquez & Leitherer 2005). We consider the
instantaneous starburst model with the Kroupa (2001) initial mass
function (IMF) extending to 150 M⊙ for solar and double-solar
metallicities (see Fig. 7). The cluster next to X-11 is consistent
with the solar metallicity and those next to X-32, 35 and X-44 with
only double-solar metallicity. On the other hand, the colours of the
clusters next to X-16, 31 and 42 can be described by any metallicity
from solar to double solar, which is consistent with the range of
metallicities from 0.9 to 1.3 Z⊙ found by Bastian et al. (2009) in
their study of 16 young clusters in the Antennae. For the cluster next
to X-44, we took the Galactic extinction and increasing the value
of AV would shift the cluster even further away from the theoretical
tracks to the lower-left corner of the colour–colour diagram.

The overlap at the colour–colour diagram between the cluster
error contours and the evolutionary tracks gives us an estimate of
the cluster ages. We find that all clusters associated with the ULXs
are extremely young with the age of less than 6 Myr (see Table 3).4

For the assumed metallicity, an improved estimate for AV can be
obtained from the same overlap. Comparing thus obtained MV to
the theoretical absolute magnitude from the STARBURST99 models
(for a cluster of mass 106 M⊙), we find the cluster masses using
equation #MV = −2.5 log (Mclus/106 M⊙) (see Table 3), which
vary between 5 × 103 and 6 × 105 M⊙. For the clusters which are
consistent with both metallicities, the difference in the ages gives
us an estimate of the systematic error.

In the X-31/X-32 VIMOS image (see Fig. A4), there are also
two bright stellar complexes N455 and N418 previously studied by
Bastian et al. (2006) (named 5 and 6 there) and showing spectra
with strong Wolf–Rayet emission features. This confirms the young
age (! 4 Myr) of the clusters in that region. In Fig. A1, we present
VIMOS spectra of the clusters studied (together with spectra of the
complexes N5 and N6) demonstrating very strong hydrogen, [O III],
[Ar III] and other nebular lines, which demand strong photoionizing
continua of the clusters and confirm their young age. However, the
cluster age estimates from the photometric data are notably more
accurate than those obtained from the spectroscopy. We note that
the independent evaluation of AV from the spectra break the known
AV–age degeneracy (see e.g. Bastian et al. 2009).

The clear association of the X-ray sources both in the ULX and
sub-ULX samples with the young star clusters in the Antennae
galaxies indicates that these sources originate from the massive
binaries ejected from the star clusters. The extremely young ages
of the clusters associated with the ULXs put the lower limit on the
mass of their progenitor stars, which varies between 30 and 110 M⊙
according to the Geneva stellar evolution models used in Leitherer
et al. (1999) (see Table 3), indicating that all studied ULXs in the
Antennae galaxies are associated with the most massive stars.

The distribution of displacements and the cluster age allows us to
give an estimate for the minimum ejection velocity of the sources
from the clusters. Among the ULX sample (Table 3), only one
source X-11 resides in a cluster. Other six sources have an average
ejection velocity (accounting for deprojection, which gives a factor
of 4/π) of 77 km s−1. As X-44 is situated rather far away from the
suspected parent cluster and it requires a very large ejection veloc-
ity (for a given small cluster mass), their association is probably
spurious.

4 For the cluster next to X-35 there is another solution with the age
of ∼20 Myr, which we reject, because of the presence of the strong Hα

emission.

Downloaded from https://academic.oup.com/mnras/article-abstract/432/1/506/1129954
by University of Tokyo Library user
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Poutanen+13

• Comparison between ULXs and XRBs

• Comparison to SCs without ULX/XRB 

associations

• If ULXs associate with preferentially low 

metal SCs, they may be very massive 
black hole in origin?
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Summary
• ULXs are extra-galactic X-ray binary (XRB) systems with LX > 1039 

erg/s at off-nucleus position

• Different X-ray spectra from Galactic X-ray sources

• Their origin is still unclear

• Stellar mass black holes?

• Intermediate mass black holes?

• Neutron stars?


• The LF of XRBs indicates that they are a single population

• The environment of ULXs/XRBs is still unclear

• KOOLS-IFU spectroscopy for SCs with ULX/XRB association

• The local metallicity measurements from emission lines

• The age of SCs would be a constraint to the ULX/XRB lifetime


