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Less Metal,  
Heavier Remnant Black Holes 

• Less mass loss at lower metallicity (e.g., Spera+’15). 

➡Luminous X-ray binaries (XRBs) such as ultra-luminous X-ray sources (ULXs) may 
favor lower metallicity environment (Belczynski+’10) 

• A ULX NGC 1313 X-1 has 50% of oxygen abundance than solar value (Mizuno+’07)

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.
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Environment of X-ray Binaries

• ULXs are hosted by galaxies with Z< 0.5 Zsun (Mapelli+’10) 

• BUT, galaxies are not chemically homogeneous (Rolleston+’00) 

➡Let’s see local environment

ULXs and remnants of massive metal-poor stars 243

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).
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Fig. 1. The variation of element abundances
in the present-dayGalactic disk as a function
of Galactocentric distance. The LTE abun-
dances have been determined for our homo-
geneous sample of B-type stars (filled cir-
cles), which are tabulated in Table 3. The
open circle represents the nitrogen abun-
dance estimate for S 283-2whichwas not in-
cluded in the final analysis (see Sect. 4.7.2).
The solid lines represent a linear least-
squares fit through the data-points, the re-
sults of which are listed in Table 4.

this object maybe peculiar in that it exhibits enhanced C&N
abundances relative to its mean photospheric metallicity (see
Smartt et al. 1996c, Hibbens et al. 1998). Furthermore, S 283-2
is associated with a region of strong H ii emission and the neb-
ular subtraction around the C ii red lines was problematic. The
inclusion of this object leads to a shallower gradient for carbon
(and nitrogen); however,we caution against placing significance
on this data-point given the problems above and would encour-
age higher resolution observations to check the validity of it’s
carbon abundance in particular. Exclusion of the data-point for
S 283 provides a gradient of −0.07 ± 0.03 dex kpc−1 as de-
termined from the red lines. Restricting the carbon dataset to
those stars within 5 000 K of Tmax leads to excellent agreement
between the abundance gradient deduced from the 3920 Å and
red C ii lines – as the effective temperature of S 283-2 does not
satisfy this constraint.

We detected no significant differences in the gradients de-
rived using separate sets of stars for which abundance analy-
ses were undertaken using either photometric or spectroscopic
indicators. Indeed for carbon, our two subsets of stars with
Strömgren and silicon temperatures respectively possess com-
parable Galactocentric distributions. From our analysis, we also
conclude that the assumption of ξ = 5 km s−1 will introduce an
error of less than 0.004 dex kpc−1 – which is within our quoted
errors. Thus, we conclude that a carbon abundance gradient of
−0.07 ± 0.02 dex kpc−1 (as derived from the 3920 Å and red
C ii features) is appropriate for the present-day Galactic disk.

Table 4. LTE abundance gradients: calculated using the homogeneous
subset of stars with |Teff − Tmax| ≤ 5 000 K (see Sect. 4.3) and the
homogeneous subset of lines discussed in Sect. 4.2. Tmax corresponds
to the temperature atwhich themetal-line spectrum reaches amaximum
line-strength, andNlines is the number of lines used in thedetermination
of the element abundance gradients.

Element Gradient Tmax Nlines

(dex kpc−1) (K)
C −0.07 ± 0.02 23 500 3
N −0.09 ± 0.01 25 000 7
O −0.067 ± 0.008 27 500 15
Mg −0.07 ± 0.01 25 000 1
Al −0.050 ± 0.015 24 000 1
Si −0.06 ± 0.01 25 000 3

4.7.2. Nitrogen

The analysis of the complete nitrogen equivalent width dataset
yields a gradient of−0.05 dex kpc−1. However, this value may
be biased by the inclusion of red N ii lines for the outermost
clusters. Only one line (viz. N ii 3995 Å) fulfills our selection
criterion for the identification of a homogeneous set of lines.
This absorption feature is observed in over 90% of our sample;
hence, an estimate of the nitrogen gradient using this feature
should be reliable. Indeed, using the temperature restricted sub-
sample of stars with |Teff − Tmax| ≤ 5 000 K, we derive a
nitrogen abundance gradient of −0.07 ± 0.01 dex kpc−1; the
reliability of this measurement being reflected in the small stan-

Mapelli+’10 Rolleston+’00



XRBs are associated with stellar clusters

• Correlation between XRBs and stellar 
clusters (Kaaret+14) 

• Mostly showing strong emission lines 

• ULXs are associated with young (<10 Myr) 
stellar clusters (Poutanen+13)

Ultraluminous X-ray sources in the Antennae galaxies 507

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.
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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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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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M51 (NGC5194/5195)



KOOLS-IFU Observation
• 1 ULX + 3 XRBs (2019/04/10-11) 

• 600 s x ~5 for each
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2CXO J132952.1+471245

• Very preliminary… 

• [O III] is not detected… Need further checks.
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A New X-ray Binary Catalog

• Chandra X-ray sources + Nearby 
galaxy catalog (LVG & IRAS) 

• 5243 XRBs (281 ULXs)

Chandra Source Catalog

YI, Yabe,+ in prep.



• 天体の位置を一定に保ってほしい。 

• 解析ツールの更新情報は逐次展開してほしい。 

• IFU として意味のある観測ができるようにしてほしい。 

• 安定運用後は三鷹リモートができるようにしてほしい。

Requests



Summary

• Theoretically, lower metallicity hosts heavier black holes. 

• We would like to observationally investigate this hypothesis w/ 
Seimei/KOOLS-IFU. 

• We observed 1 ULX + 3 XRBs w/ KOOLS-IFU.  

• 3 XRBs are detected. 

• Spectral analysis is on-going.


