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Figure 5. Left: best fits for the simultaneous X-ray–UV/optical/NIR data of NGC 5408 X-1. The three plots correspond to the three independent observations. In
each plot, the two accretion disk models (see the text) extrapolated from the X-ray data fit to lower energies are shown in green (dot-dashed line) and in blue (dashed
line), respectively, corresponding to the disk model associated with a Comptonized component and the disk model associated with a power-law component. They
underestimate the UV/optical/NIR fluxes. The best fitting model is an irradiated disk (red line) that explains both the high energy and low energy data. This supports
the interpretation that a standard, thin disk is present in NGC 5408 X-1. The spectrum of a B0I supergiant star (from the Castelli and Kurucz stellar atmosphere models,
Castelli & Kurucz 2004) is overplotted in orange. It fits the HST data as well as the irradiated disk model. Note that the apparent gap between ∼100 and ∼1000 Å is
due to the extinction. Right: required flux needed to explain the HST measurements, after subtraction of the two extrapolated disk components seen in the left panels
(the same color/linestyle is used to differentiate the two disk models).
(A color version of this figure is available in the online journal.)

with two other values (1.5 and 500 keV), but the effect on
all parameters is within 20%. Changing the irradiated radius
from 1.1 to 2.0 × Rin increases the inner temperature of the
disk by 10%, the ratio LC/LD by 80% and fout by 20%, but
this does not affect our conclusions. The results of the fits
are shown in Table 4 and Figure 5 and are consistent for the
three spectra. We note that spectrum 1 has a worse χ2 than the
other spectra. The residuals have positive peaks between 0.5 and
1 keV and could be due to low energy emission lines. Caballero-
Garcı́a & Fabian (2010) has suggested that ULXs may produce
highly ionized oxygen and iron emission lines via reflection
off the disk. However, it is not clear why such lines would be
present in the first spectrum only (which has the lowest number
of counts). This interesting issue should be looked into with

deeper spectra. In this paper we limit ourselves to the continuum
modeling.

4. DISCUSSION

4.1. Environment of the ULX

ULXs are usually located inside or near stellar-forming
regions that look like OB associations (Soria et al. 2005;
Grisé et al. 2008; Swartz et al. 2009). This has strengthened
their identification with X-ray binaries containing a massive
companion star that is needed to explain their high, persistent
X-ray luminosity. The fact that N5408X1 is located nearby (but
not inside) to what appears to be an OB association (Figure 1)
is thus not unusual. For example, NGC 1313 X-2 (Grisé et al.
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UV/IR) spectra at a series of different epochs, and mea-
sures the semi-velocity amplitude K and period P for the
sinusoidal orbital motions, as traced out by shifts in the ob-
served emission and/or absorption line wavelengths. Mea-
surements are usually taken from periods when the donor
star dominates the optical light, and used to infer a mass
function f(M) that places a lower limit on the black hole
mass,MX. However, it is also possible to use emission fea-
tures originating in the accretion disc to produce a mass
function (e.g. Orosz et al. 1994; Soria et al. 1998) such that

f(M) =
M3

C
sin3 i

(MC +MX)2
=

PK3
X

2πG
, (1)

where MC is the mass of the companion star, KX the
semi-velocity amplitude of the black hole, and i the incli-
nation of the orbital plane to our line-of-sight, thus placing
limits on the mass of the black hole.

We can take encouragement from the recent reports of
mass functions for two extragalactic BHBs, M33 X-8 and
IC 10 X-1 (Orosz et al. 2007; Prestwich et al. 2007; Sil-
verman & Filippenko 2008). However, most ULXs are at
least three times more distant than these objects, withmV ∼

20.5 at best (Motch, these proceedings) and more typically
mV > 24 (Roberts, Levan & Goad 2008). Furthermore,
many are located in complex fields, where their spectro-
scopic signal could be confused with neighbouring nebu-
losity and/or stars. Indeed, only a handful of ULXs might
be accessible for mass function measurements with current
facilities. Very few attempts have been made to date, and
these have been unsuccessful. Kaaret & Corbel (2009) ob-
tained 6 VLT/FORS observations of NGC 5408 X-1 over 3
days, but found no stellar absorption lines to base a mass
function on. Pakull, Grisé & Motch (2006) obtained multi-
epoch data for NGC 1313 X-2 and did find an interesting
velocity shift (∆v ∼ 380 km s−1) in the centroid of a broad
He II line, but were unable to constrain a mass function from
subsequent follow-up data (Grisé et al. 2009). Hence the
first mass function measurement for a ULX remains a tan-
talising goal. Here, we detail the preliminary results of a
new attempt to obtain the mass functions of two ULXs, Ho
IX X-1 and NGC 1313 X-2, using the Gemini observatory
telescopes.

2 Steps towards determining the dynamical
mass of a ULX

We have been developing a programme for the past few
years, with the sole aim of obtaining a dynamical mass mea-
surement for a ULX. The programme has three main steps:
(i) identify the optical counterparts to ULXs on the basis of
the most accurate available X-ray positions from Chandra,
and HST imaging; (ii) obtain pilot optical spectroscopy to
investigate the presence of useful spectral features; and (iii)
undertake the radial velocity measurements campaign.

Fig. 1 Pilot optical long-slit spectra of the ULX coun-
terparts. Data were taken by the GMOS instruments on
Gemini-N (NGC 5204 X-1 & Ho IX X-1) and Gemini-S
(NGC 1313 X-2), using the B600 gratings. The optical mag-
nitudes of the counterparts (extinction-correctedVegamags,
in HST filters) and exposure times were:m555 = 23.3, 3 hr
(NGC 1313 X-2); m606 = 22.3, 0.8 hr (NGC 5204 X-1);
m555 = 22.5, 1.5 hr (Ho IX X-1).

2.1 Pilot spectroscopy results

In the first step we surveyed nearby (d < 5 Mpc) ULXs
with available Chandra and HST data, and selected rela-
tively bright (mV ∼

< 23.5) and isolated objects for further
study. In Fig. 1 we show the pilot spectra, obtained using
the GMOS instruments on the Gemini telescopes, for three
X-ray luminous (LX > 5 × 1039 erg s−1) ULX counter-
parts. Each has previously been identified in the literature,
with positions shown by e.g. Liu, Bregman & Seitzer (2004,
NGC 5204 X-1) and Ramsey et al. (2006, NGC 1313 X-2
& Ho IX X-1).

Fig. 1 shows the pilot spectra are dominated by a rel-
atively featureless continuum, and emission lines from the
bubble nebulae known to surround each of these three ob-
jects (Pakull &Mirioni 2002). However, one interesting fea-
ture is seen in two of the spectra: a broad He II 4686 Å line
is evident in the spectra of NGC 1313 X-2 and Ho IX X-
1. It is very plausible that this line could originate from the
reprocessing of X-rays in the outer regions of the accretion
disc, so could be used to trace radial velocity variations (as
noted for NGC 1313 X-2 by Pakull et al. 2006) and there-
fore place limits on the black hole mass using Eq. 1.

2.2 New Gemini spectral monitoring campaigns

Ten follow-up Gemini observations were obtained for each
of NGC 1313 X-2 (2.5 hr per observation on Gemini-S) and
Ho IXX-1 (1.5 hr per observation on Gemini-N) in semester
2009B. Nine of the observations of NGC 1313 X-2 were
performed over a 13-day period in December 2009, with a
view to sampling over the known ∼ 6 day photometric pe-
riod of this ULX (Liu, Bregman & McClintock 2009). The
observations of Ho IX X-1 were split into two blocks of

c⃝ 2006 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim www.an-journal.org
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Puzzling accretion onto a black hole in the
ultraluminous X-ray source M 101 ULX-1
Ji-Feng Liu1, Joel N. Bregman2, Yu Bai1, Stephen Justham1 & Paul Crowther 3

There are two proposed explanations for ultraluminous X-ray
sources1,2 (ULXs) with luminosities in excess of 1039 erg s21. They
could be intermediate-mass black holes (more than 100–1,000 solar
masses, M[) radiating at sub-maximal (sub-Eddington) rates, as in
Galactic black-hole X-ray binaries but with larger, cooler accretion
disks3–5. Alternatively, they could be stellar-mass black holes radi-
ating at Eddington or super-Eddington rates2,6. On its discovery,
M 101 ULX-14,7 had a luminosity of 3 3 1039 erg s21 and a supersoft
thermal disk spectrum with an exceptionally low temperature—
uncomplicated by photons energized by a corona of hot electrons—
more consistent with the expected appearance of an accreting inter-
mediate-mass black hole3,4. Here we report optical spectroscopic
monitoring of M 101 ULX-1. We confirm the previous suggestion8

that the system contains a Wolf-Rayet star, and reveal that the orbital
period is 8.2 days. The black hole has a minimum mass of 5M[, and
more probably a mass of 20M[230M[, but we argue that it is very
unlikely to be an intermediate-mass black hole. Therefore, its excep-
tionally soft spectra at high Eddington ratios violate the expecta-
tions for accretion onto stellar-mass black holes9–11. Accretion must
occur from captured stellar wind, which has hitherto been thought
to be so inefficient that it could not power an ultraluminous source12,13.

Although it is desirable to obtain the primary mass of a ULX through
measuring the motion of its companion (the secondary), this is only pos-
sible in the X-ray-low state (that is, at low X-ray luminosities) because
the X-ray irradiated accretion disk will dominate optical emission in
the X-ray-high state14,15. We performed a spectroscopic monitoring

1Key Laboratory of Optical Astronomy, National Astronomical Observatories, Chinese Academy of Sciences, 20A Datun Road, Chaoyang District, 100012 Beijing, China. 2Department of Astronomy,
University of Michigan, 500 Church Street, Ann Arbor, Michigan 40185, USA. 3Department of Physics and Astronomy, University of Sheffield, Hounsfield Road, Sheffield S3 7RH, UK.
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Figure 1 | The secondary of M 101 ULX-1 is confirmed to be a Wolf-Rayet
star. Confirmation is based on the optical spectrum, combined from 10
Gemini/GMOS observations with a total exposure time of 16 h. The spectrum
shows narrow nebular lines with a full-width at half-maximum (FWHM) of
,4 Å at the instrumental spectral resolution, including hydrogen Balmer lines
and forbidden lines such as [O III] 4,960/5,006 Å (the latter is mostly in the CCD
gap and only partly shown), [N II] 6,548/6,583 Å and [S II] 6,716/6,731 Å,
all at a constant radial velocity over observations consistent with that of M 101.
Also present are broad emission lines with FWHM up to 20 Å, including strong
He II 4,686 Å, He I 5,876 Å and He I 6,679 Å lines, weaker He I 4,471 Å,
He I 4,922 Å and He II 5,411 Å lines and N III 4,640 Å lines. The observed

He I 5,876/He II 5,411 Å equivalent width ratio suggests a Wolf-Rayet star of
WN8 sub-type, consistent with the absence of carbon emission lines for WC
stars (such as C III 5,696 Å and C IV 5,812 Å). The intensities of the helium
emission lines can be best reproduced by an atmospheric model16 of a
Wolf-Rayet star with R* 5 10.7R[, M* 5 17.5M[, L* 5 5.4 3 105L[,
T* 5 48 kK, _M!5 2 6 0.5 3 1025M[ yr21 and v‘ 5 1,300 6 100 km s21

(with 68.3% uncertainties for the two continuously variable parameters; details
of all parameters are given in Methods), consistent with those for a WN8 star.
The mass–luminosity relation17,18 for Wolf-Rayet stars gives a more reliable
mass estimate of 19M[, which we use in the main text, with an estimated
formal error of 1M[.
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Figure 1 | The secondary of M 101 ULX-1 is confirmed to be a Wolf-Rayet
star. Confirmation is based on the optical spectrum, combined from 10
Gemini/GMOS observations with a total exposure time of 16 h. The spectrum
shows narrow nebular lines with a full-width at half-maximum (FWHM) of
,4 Å at the instrumental spectral resolution, including hydrogen Balmer lines
and forbidden lines such as [O III] 4,960/5,006 Å (the latter is mostly in the CCD
gap and only partly shown), [N II] 6,548/6,583 Å and [S II] 6,716/6,731 Å,
all at a constant radial velocity over observations consistent with that of M 101.
Also present are broad emission lines with FWHM up to 20 Å, including strong
He II 4,686 Å, He I 5,876 Å and He I 6,679 Å lines, weaker He I 4,471 Å,
He I 4,922 Å and He II 5,411 Å lines and N III 4,640 Å lines. The observed

He I 5,876/He II 5,411 Å equivalent width ratio suggests a Wolf-Rayet star of
WN8 sub-type, consistent with the absence of carbon emission lines for WC
stars (such as C III 5,696 Å and C IV 5,812 Å). The intensities of the helium
emission lines can be best reproduced by an atmospheric model16 of a
Wolf-Rayet star with R* 5 10.7R[, M* 5 17.5M[, L* 5 5.4 3 105L[,
T* 5 48 kK, _M!5 2 6 0.5 3 1025M[ yr21 and v‘ 5 1,300 6 100 km s21

(with 68.3% uncertainties for the two continuously variable parameters; details
of all parameters are given in Methods), consistent with those for a WN8 star.
The mass–luminosity relation17,18 for Wolf-Rayet stars gives a more reliable
mass estimate of 19M[, which we use in the main text, with an estimated
formal error of 1M[.
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VLT/X-shooter, NIR arm



Heida et al. in prep.



NGC 925 J022721+333500 (‘ULX2’)

Heida et al. in prep.
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Picture of HST image of NGC 5907

Heida et al. in prep.



DONOR STARS

Many (~50) nearby ULXs have optical/near-IR 
counterparts but most are too faint for spectroscopy (wait 
for ELT/TMT/GMT…) 

Photometry alone can not distinguish between donor stars 
and irradiated accretion discs 

5 ULXs with donor star features (2 optical, 3 near-IR): 1 
WR, 1 BSG, 3 RSG



DONOR STARS

Donor stars are the only way to get masses of BH ULXs! 

If we want to test evolution scenarios we need to know 
donor star types of a population of ULXs!



OTHER OPTICAL/IR COUNTERPARTS
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gions. These sources need to be tackled with infrared in-
strumentation, and we note that IR follow-up work on the
ULX in M 82 has revealed a young compact star cluster
at the position of the enigmatic most luminous ULX in
this starburst galaxy (see Ebisuzaki et al. 2001).

The optical observations were carried out during sev-
eral runs between 1999 and 2001 at ESO NTT, CFHT,
and using the Carelec spectrograph on the OHP 1.93m
telescope. Of particular importance for the project was the
possibility of the ESO Multi-Mode Instrument (EMMI),
and the MOS and OSIS instruments at CFHT to quickly
switch between direct imaging and spectroscopy. Thus we
could obtain spectral information of any photometrically
selected target in the same night. Standard filters included
B, R and Hα bands, which allowed to obtain colors and
net emission-line images. Reduction of the data and the
production of color images was done using the MIDAS
image processing software.

Table 1. Some of the ULX in nearby galaxies for which we
have obtained (interesting) optical observations. The des-
ignations of individual sources refer to the respective dis-
covery papers. The following abbreviations are used: neb.
= diffuse Hα emission centered on X-ray source; bub. =
bubble-like nebula; H II = source within larger Hα emis-
sion complex; * = possible stellar counterpart detected

Galaxy ULX nature

NGC 1313 X-1; X-2 (X-3) neb; bub.; (SN)
IC 342 X-1; X-2 neb.; ?
Ho II X-1 XIN

Ho IX X-1 bub. *
M 81 X-6 neb.

IC 2574 X-1 Hii *
NGC 4559 X-1; X-7 ?; Hii *
NGC 4631 H7 Hii

NGC 4861 X-1; X-2 Hii; Hii

NGC 5204 X-1 bub. *
NGC 7793 P13 neb.

4. Nebulæ around ULX

In this section we present some of the newly detected neb-
ulæ, report on their optical spectra (if available), and com-
ment on their possible nature. The images show continu-
um (R band) subtracted Hα emission in yellow, B and R
band images in blue and red, respectively. North is up,
and East is to the left.

4.1. IC 342 X-1

This nearby spiral (d=4.5Mpc) harbours two variable non-
nuclear ULX that Kubota et al. (2001) have shown to fol-

Figure 2. The area of the ULX IC 342 X-1. The error circe
includes the brightest part of the Tooth nebula which has
strong low-excitation forbidden emission lines.

low soft/hard X-ray spectral transitions that are believed
to be characteristic for black hole candidates.

Positional information comes from the ROSAT HRI
observations by Bregman, Cox & Tomisaka (1993). Figure
2 shows at the position of IC 342 X-1 a relatively isolated
tooth-shaped nebula. The Tooth nebula has a diameter of
220 pc and its spectrum shows extreme SNR-like emission
line ratios: [S II]/Hα = 1.2 and [O I]λ6300/Hα=0.4 (see
Sect. 5).

4.2. Holmberg IX X-1

This a close dwarf companion to the large spiral M 81,
which explains that the X-ray source Holmberg IX X-1
is also known as M 81 X-9. At this position Miller (1995)
noted the presence of the shell-like nebula LH 9/10 and
proposed a possible (multiple) SNR nature, although he
also noted that the diameter of 250 pc appeared to be
rather large. However, analysing archival X-ray data from
20 years, LaParola et al. (2001) could show that the X-ray
emission is highly variable with spectral changes reminis-
cent of of black hole candidates.

Figure 3 shows the Hα emitting nebula LH 9/10 to
have a strikingly similar morphology to the radio images of
barrel-shaped bilateral SNR (Gaensler 1998). The bright-
est object in the small group of blue stars noted by Miller
(1995) has B∼22.1 mag and could be a early type main
sequence star. Our spectra confirm the high [S II]/Hα

and [O I]λ6300/Hα ratios reported by Miller (1995), but
also show a more normal Balmer decrement Hα/Hβ rather
than the curious value ∼1.6 reported in that paper.

4

Figure 3. The barrel shaped nebula LH 9/10 surrounding
M 81 X-9 in the dwarf galaxy companion Holmberg IX.
The HRI error circle includes a small group of faint blue
stellar objects which are likely to be associated with the
variable X-ray source.

4.3. NGC 5204 X-1

Roberts et al. (2001) have recently described Chandra and
ground based optical observations of the ULX in the Mag-
ellanic type galaxy NGC 5204. They proposed a compar-
atively bright V=19.7 mag stellar object to be the opti-
cal counterpart, but on the basis of an HST image the
same authors (Roberts et al. 2002) now find several more,
fainter stellar images which could also be associated with
the X-ray source. Our multicolor images shown in Figure 4
reveal that the B=21.9 mag star located on the eastern rim
of the error circle has very blue colors and should thus be
considered a prime candidate.

Perhaps more interesting is our discovery of a Hα emit-
ting bubble with a diameter of some 360 pc. The ring is
much larger then the ”cavity” in the ionized gas reported
by Roberts et al. (2001). Note that the field of view of their
field spectrograph was slightly smaller than the diameter
of the bubble.

4.4. NGC 4559 X-7, X-10 and IC 2574

NGC 4559 is another galaxy in common with the work
of Roberts et al. (2002) reported at this conference. A
previous ROSAT PSPC study was published by Vogler,
Pietsch & Bertoldi (1997), and we use their source desig-

Figure 4. The area around the ULX in NGC 5204 con-
tains many H ii regions (one of them being the galactic
nucleus) and a striking ring-like structure centered on the
X-ray source. The position obtained from ROSAT HRI
data perfectly matches the more precise Chandra position.

nation here. Source X-7 is NGC 4559 X-1 in Roberts et al.
(2002) and is X-10 the central object.

Our analysis of unpublished ROSAT HRI observations
including positional adjustements described in section 3
clearly shows that X-10 is not coincident with the nucleus,
providing yet another nearby ULX for further study. X-7 is
located in an isolated H ii region complex in the outskirts
of the galaxy, although not coincident with any of the
bright nebula. Possible counterparts are three faint blue
stars at the position of the X-ray source.

The nebular/X-ray source morphology is strikingly sim-
ilar to the giant H ii region complex in the M 81 group
dwarf galaxy IC 2574, where the strong X-ray emission
had been ascribed to extended hot plasma in an expanding
supergiant shell (Walter et al. 1998). However, inspection
of the public Chandra image reveals that the emission is
pointlike, and our images reveal that the source is coinci-
dent with one of the stars in the OB association.

4.5. NGC 1313 X-1 and X-2

Since the pioneering Einstein observations of NGC 1313
and other nearby galaxies (Fabbiano & Trinchieri 1987)
this nearby (4.5 Mpc distance) southern spiral has at-
tracted much attention from X-ray observers. It harbours
three ULX (Colbert et al. 1995, Colbert & Mushotzky
1999, Schlegel et al. 2000), one of them (X-3) is the recent
peculiar supernova SN 1978K. The brightest source (X-1)
is close to, but nevertheless clearly detached from the op-
tical nucleus, and finally the outlying source X-2 lies at a

4
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much larger then the ”cavity” in the ionized gas reported
by Roberts et al. (2001). Note that the field of view of their
field spectrograph was slightly smaller than the diameter
of the bubble.

4.4. NGC 4559 X-7, X-10 and IC 2574

NGC 4559 is another galaxy in common with the work
of Roberts et al. (2002) reported at this conference. A
previous ROSAT PSPC study was published by Vogler,
Pietsch & Bertoldi (1997), and we use their source desig-

Figure 4. The area around the ULX in NGC 5204 con-
tains many H ii regions (one of them being the galactic
nucleus) and a striking ring-like structure centered on the
X-ray source. The position obtained from ROSAT HRI
data perfectly matches the more precise Chandra position.

nation here. Source X-7 is NGC 4559 X-1 in Roberts et al.
(2002) and is X-10 the central object.

Our analysis of unpublished ROSAT HRI observations
including positional adjustements described in section 3
clearly shows that X-10 is not coincident with the nucleus,
providing yet another nearby ULX for further study. X-7 is
located in an isolated H ii region complex in the outskirts
of the galaxy, although not coincident with any of the
bright nebula. Possible counterparts are three faint blue
stars at the position of the X-ray source.

The nebular/X-ray source morphology is strikingly sim-
ilar to the giant H ii region complex in the M 81 group
dwarf galaxy IC 2574, where the strong X-ray emission
had been ascribed to extended hot plasma in an expanding
supergiant shell (Walter et al. 1998). However, inspection
of the public Chandra image reveals that the emission is
pointlike, and our images reveal that the source is coinci-
dent with one of the stars in the OB association.

4.5. NGC 1313 X-1 and X-2

Since the pioneering Einstein observations of NGC 1313
and other nearby galaxies (Fabbiano & Trinchieri 1987)
this nearby (4.5 Mpc distance) southern spiral has at-
tracted much attention from X-ray observers. It harbours
three ULX (Colbert et al. 1995, Colbert & Mushotzky
1999, Schlegel et al. 2000), one of them (X-3) is the recent
peculiar supernova SN 1978K. The brightest source (X-1)
is close to, but nevertheless clearly detached from the op-
tical nucleus, and finally the outlying source X-2 lies at a
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Figure 5. Hα image of the poorly populated neighborhood
of NGC 1313 X-2. The HRI error circle of the variable
ULX is centered on the center of the bubble nebula and
marginally excludes a relatively bright stellar object at the
western edge.

projected distance of 9 kpc from the nucleus and far from
current star formation. For some reason it was once con-
sidered to be one of the most promising candidates of an
Galactic cooling neutron star (Stocke et al. 1995).

Here we report that both NGC 1313 X-1 and X-2 im-
print clear optical signatures of ULX activity on the inter-
stellar medium in this galaxy. Beginning with X-2, Fig. 5
shows our NTT Hα image on which a beautiful elongated
bubble nebula with a large diameter of some 400pc can be
seen. The radial velocity confirms that it is indeed located
in NGC 1313. A low resolution spectrum of the brightest
region shows both relatively strong [S II] and [O I] lines;
at higher resolution we were able to resolve the emission
lines to have a full-width-half-maximum width (FWHM)
of 80 km/s indicating expansion of the bubble with about
the same velocity.

Perhaps less spectacular at first sight is the Hα nebula
around NGC 1313 X-1 (not shown here) which has a di-
ameter of ∼240 pc. However, our long-slit spectra reveal
a well defined zone of ∼800 pc (!) extent showing an ex-
ceptionally high [O I] λ6300/Hα ratio (>0.1) indicating
the presence of warm (Te = 104 K), weakly ionized gas.
This points to a situation where X-ray photoionization is
important (see Sect. 5).

4.6. Holmberg II X-1

An even more outstanding demonstation of X-ray ioniza-
tion is furnished by the interstellar environment of the
Lx ∼ 1040 erg/s X-ray source in the M 81 group dwarf
galaxy Holmberg II. As for the other ULX cases the high
luminosity is derived from the observed flux presuming
galaxian membership, and furthermore assuming that the
source emits in an isotropic fashion.

To the best of our knowledge this source has first been
discussed in the thesis works of Dickow (1995) and of
Fourniol (1998). A more recent account can be found in
Zezas, Georgantopoulos & Ward (1999). All authors agree
that the ROSAT PSPC spectrum can satisfactorily be
described by a power-law model (photon index Γ=2.63),
but from a recent ASCA observation Miyaji, Lehmann &
Hasinger (2001) favoured a less steep spectrum (Γ=1.89),
or a thermal spectrum with kT=4.8 keV. Fourniol (1998)
reported that a bremsstrahlung model with kT=0.90±0.15
was an even better representation of the PSPC data, and
she also pointed out the likely association with the H ii
region HSK 70 (Hodge, Strobel & Kennicutt 1994); an
important finding that has independently been noted by
Zezas, Georgantopoulos & Ward (1999). The association
is illustrated in Fig. 6 where we show the ROSAT error
circle superposed on our CFHT multicolor image.

As the observations of Fourniol (1998) strongly sug-
gested the presence of nebular high-excitation He IIλ4686
emission in HSK 70 we obtained a large-slit (slitwidth 6′′)
spectrum displayed in the lower image of Fig. 6, and which
clearly shows that the λ4686 emission is confined to the
’Heel’ of the ’Foot Nebula’, and that it has has an intrin-
sic FWHM of 2.′′2 corresponding to 34 pc at the distance
(3.2 Mpc) of Holmberg II (Pakull et al. 2002). Its lumi-
nosity Lλ4686 is 2.5 1036 erg/s. A narrow slit spectrum
(Fig. 7) of the Heel taken under more moderate seeing
conditions(FWHM=2.′′0) is that of a high-excitation H ii
region typical for low metallicity (Z/Z⊙ ∼0.1) starform-
ing regions, except for the strengths of the [O I]λ6300 and
particularly λ4686 emission which are truely outstanding.

Its luminosity Lλ4686 is 2.5 1036 erg/s. A narrow slit
spectrum (Fig. 7) of the Heel taken under more mod-
erate seeing conditions(FWHM=2.′′0) is that of a high-
excitation H ii region typical for low metallicity (Z/Z⊙-
∼0.1) starforming regions, except for the strengths of the
[O I]λ6300 and particularly λ4686 emission which are tru-
ely outstanding.

We therefore propose that we are observing the opti-
cal manifestation of an X-ray ionized nebula (XIN), most
probably somewhat diluted by more conventional ioniza-
tion by O stars. The radial velocity agrees with that of
the other nearby H ii regions in Holmberg II and proves
that the X-ray source is indeed situated within that galaxy.
Compared to XIN N159F around the black hole candidate
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Figure 6. Hα image (upper) of the H II region HSK 70 in
the dwarf galaxy Holmberg II with the 5′′ radius HRI er-
ror circle superimposed. The shape resembles that of an
X-Rayed Foot where the emission is strongest in the Heel.
The lower image is a 5′′ wide broad-slit spectrum (i.e. es-
sentially slit-less; the dispersion is in the N-S direction and
the spectral resolution is essentially determined by the see-
ing of 0.′′8) which provides monochromatic images of the
narrow nebular emission lines in the area. Note the pres-
ence of strong HeIIλ4686 emission which is confined to
the Heel.

LMC X-1 (c.f. Sect. 2) Holmberg II X-1 is ∼30× more lu-
minous, both in X-rays and in He IIλ4686 emission.

Finally, in order illustrate the structure of the XIN we
display in Fig. 8 various emission line intensities and the
continum as a function of position along a 1.′′5 wide long-
slit orientated E-W and centered on the Heel of the Foot.
We see that the maximum of the λ4686 emission more

Figure 7. Narrow-slit optical spectrum of the Heel taken at
OHP. The HeIIλ4686 lines reaches 0.16 of the Hβ flux.
Also note the unusually strong forbidden neutral oxygen
line [O I]λ6300/Hα ∼0.03.

or less coincides with the peak of the Balmer emission
and with a non-resolved, B=20.6 mag continuum source.
However, closer inspection reveals that the He IIλ4686/Hβ

ratio (not shown here) clearly peaks towards the East of
the line maxima. On the other hand, the [O I]λ6300 in-
tensity distribution is clearly shifted towards the ”Toes”.
In Section 5 we will argue that this is just what one would
expect for the case that the nebula is density bounded in
the eastern direction.

5. Remnants, winds and XIN

The discovery of nebula around a significant fraction of
ULX undoubtedly provides clues to their formation and
to their mass-loss history, either though explosive events
or by stellar winds or jets. ULX NGC 1313 X-2 will serve
as an example for what can be deduced from the optical
observations. Assuming that the 400 pc diameter nebula
is the remnant of a supernova-like event which created
the compact star we can use the well-known relations of

Pakull & Mirioni 2002 
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gions. These sources need to be tackled with infrared in-
strumentation, and we note that IR follow-up work on the
ULX in M 82 has revealed a young compact star cluster
at the position of the enigmatic most luminous ULX in
this starburst galaxy (see Ebisuzaki et al. 2001).

The optical observations were carried out during sev-
eral runs between 1999 and 2001 at ESO NTT, CFHT,
and using the Carelec spectrograph on the OHP 1.93m
telescope. Of particular importance for the project was the
possibility of the ESO Multi-Mode Instrument (EMMI),
and the MOS and OSIS instruments at CFHT to quickly
switch between direct imaging and spectroscopy. Thus we
could obtain spectral information of any photometrically
selected target in the same night. Standard filters included
B, R and Hα bands, which allowed to obtain colors and
net emission-line images. Reduction of the data and the
production of color images was done using the MIDAS
image processing software.

Table 1. Some of the ULX in nearby galaxies for which we
have obtained (interesting) optical observations. The des-
ignations of individual sources refer to the respective dis-
covery papers. The following abbreviations are used: neb.
= diffuse Hα emission centered on X-ray source; bub. =
bubble-like nebula; H II = source within larger Hα emis-
sion complex; * = possible stellar counterpart detected

Galaxy ULX nature

NGC 1313 X-1; X-2 (X-3) neb; bub.; (SN)
IC 342 X-1; X-2 neb.; ?
Ho II X-1 XIN

Ho IX X-1 bub. *
M 81 X-6 neb.

IC 2574 X-1 Hii *
NGC 4559 X-1; X-7 ?; Hii *
NGC 4631 H7 Hii

NGC 4861 X-1; X-2 Hii; Hii

NGC 5204 X-1 bub. *
NGC 7793 P13 neb.

4. Nebulæ around ULX

In this section we present some of the newly detected neb-
ulæ, report on their optical spectra (if available), and com-
ment on their possible nature. The images show continu-
um (R band) subtracted Hα emission in yellow, B and R
band images in blue and red, respectively. North is up,
and East is to the left.

4.1. IC 342 X-1

This nearby spiral (d=4.5Mpc) harbours two variable non-
nuclear ULX that Kubota et al. (2001) have shown to fol-

Figure 2. The area of the ULX IC 342 X-1. The error circe
includes the brightest part of the Tooth nebula which has
strong low-excitation forbidden emission lines.

low soft/hard X-ray spectral transitions that are believed
to be characteristic for black hole candidates.

Positional information comes from the ROSAT HRI
observations by Bregman, Cox & Tomisaka (1993). Figure
2 shows at the position of IC 342 X-1 a relatively isolated
tooth-shaped nebula. The Tooth nebula has a diameter of
220 pc and its spectrum shows extreme SNR-like emission
line ratios: [S II]/Hα = 1.2 and [O I]λ6300/Hα=0.4 (see
Sect. 5).

4.2. Holmberg IX X-1

This a close dwarf companion to the large spiral M 81,
which explains that the X-ray source Holmberg IX X-1
is also known as M 81 X-9. At this position Miller (1995)
noted the presence of the shell-like nebula LH 9/10 and
proposed a possible (multiple) SNR nature, although he
also noted that the diameter of 250 pc appeared to be
rather large. However, analysing archival X-ray data from
20 years, LaParola et al. (2001) could show that the X-ray
emission is highly variable with spectral changes reminis-
cent of of black hole candidates.

Figure 3 shows the Hα emitting nebula LH 9/10 to
have a strikingly similar morphology to the radio images of
barrel-shaped bilateral SNR (Gaensler 1998). The bright-
est object in the small group of blue stars noted by Miller
(1995) has B∼22.1 mag and could be a early type main
sequence star. Our spectra confirm the high [S II]/Hα

and [O I]λ6300/Hα ratios reported by Miller (1995), but
also show a more normal Balmer decrement Hα/Hβ rather
than the curious value ∼1.6 reported in that paper.
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Figure 3. The barrel shaped nebula LH 9/10 surrounding
M 81 X-9 in the dwarf galaxy companion Holmberg IX.
The HRI error circle includes a small group of faint blue
stellar objects which are likely to be associated with the
variable X-ray source.

4.3. NGC 5204 X-1

Roberts et al. (2001) have recently described Chandra and
ground based optical observations of the ULX in the Mag-
ellanic type galaxy NGC 5204. They proposed a compar-
atively bright V=19.7 mag stellar object to be the opti-
cal counterpart, but on the basis of an HST image the
same authors (Roberts et al. 2002) now find several more,
fainter stellar images which could also be associated with
the X-ray source. Our multicolor images shown in Figure 4
reveal that the B=21.9 mag star located on the eastern rim
of the error circle has very blue colors and should thus be
considered a prime candidate.

Perhaps more interesting is our discovery of a Hα emit-
ting bubble with a diameter of some 360 pc. The ring is
much larger then the ”cavity” in the ionized gas reported
by Roberts et al. (2001). Note that the field of view of their
field spectrograph was slightly smaller than the diameter
of the bubble.

4.4. NGC 4559 X-7, X-10 and IC 2574

NGC 4559 is another galaxy in common with the work
of Roberts et al. (2002) reported at this conference. A
previous ROSAT PSPC study was published by Vogler,
Pietsch & Bertoldi (1997), and we use their source desig-

Figure 4. The area around the ULX in NGC 5204 con-
tains many H ii regions (one of them being the galactic
nucleus) and a striking ring-like structure centered on the
X-ray source. The position obtained from ROSAT HRI
data perfectly matches the more precise Chandra position.

nation here. Source X-7 is NGC 4559 X-1 in Roberts et al.
(2002) and is X-10 the central object.

Our analysis of unpublished ROSAT HRI observations
including positional adjustements described in section 3
clearly shows that X-10 is not coincident with the nucleus,
providing yet another nearby ULX for further study. X-7 is
located in an isolated H ii region complex in the outskirts
of the galaxy, although not coincident with any of the
bright nebula. Possible counterparts are three faint blue
stars at the position of the X-ray source.

The nebular/X-ray source morphology is strikingly sim-
ilar to the giant H ii region complex in the M 81 group
dwarf galaxy IC 2574, where the strong X-ray emission
had been ascribed to extended hot plasma in an expanding
supergiant shell (Walter et al. 1998). However, inspection
of the public Chandra image reveals that the emission is
pointlike, and our images reveal that the source is coinci-
dent with one of the stars in the OB association.

4.5. NGC 1313 X-1 and X-2

Since the pioneering Einstein observations of NGC 1313
and other nearby galaxies (Fabbiano & Trinchieri 1987)
this nearby (4.5 Mpc distance) southern spiral has at-
tracted much attention from X-ray observers. It harbours
three ULX (Colbert et al. 1995, Colbert & Mushotzky
1999, Schlegel et al. 2000), one of them (X-3) is the recent
peculiar supernova SN 1978K. The brightest source (X-1)
is close to, but nevertheless clearly detached from the op-
tical nucleus, and finally the outlying source X-2 lies at a
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(2002) and is X-10 the central object.

Our analysis of unpublished ROSAT HRI observations
including positional adjustements described in section 3
clearly shows that X-10 is not coincident with the nucleus,
providing yet another nearby ULX for further study. X-7 is
located in an isolated H ii region complex in the outskirts
of the galaxy, although not coincident with any of the
bright nebula. Possible counterparts are three faint blue
stars at the position of the X-ray source.

The nebular/X-ray source morphology is strikingly sim-
ilar to the giant H ii region complex in the M 81 group
dwarf galaxy IC 2574, where the strong X-ray emission
had been ascribed to extended hot plasma in an expanding
supergiant shell (Walter et al. 1998). However, inspection
of the public Chandra image reveals that the emission is
pointlike, and our images reveal that the source is coinci-
dent with one of the stars in the OB association.

4.5. NGC 1313 X-1 and X-2

Since the pioneering Einstein observations of NGC 1313
and other nearby galaxies (Fabbiano & Trinchieri 1987)
this nearby (4.5 Mpc distance) southern spiral has at-
tracted much attention from X-ray observers. It harbours
three ULX (Colbert et al. 1995, Colbert & Mushotzky
1999, Schlegel et al. 2000), one of them (X-3) is the recent
peculiar supernova SN 1978K. The brightest source (X-1)
is close to, but nevertheless clearly detached from the op-
tical nucleus, and finally the outlying source X-2 lies at a
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Figure 5. Hα image of the poorly populated neighborhood
of NGC 1313 X-2. The HRI error circle of the variable
ULX is centered on the center of the bubble nebula and
marginally excludes a relatively bright stellar object at the
western edge.

projected distance of 9 kpc from the nucleus and far from
current star formation. For some reason it was once con-
sidered to be one of the most promising candidates of an
Galactic cooling neutron star (Stocke et al. 1995).

Here we report that both NGC 1313 X-1 and X-2 im-
print clear optical signatures of ULX activity on the inter-
stellar medium in this galaxy. Beginning with X-2, Fig. 5
shows our NTT Hα image on which a beautiful elongated
bubble nebula with a large diameter of some 400pc can be
seen. The radial velocity confirms that it is indeed located
in NGC 1313. A low resolution spectrum of the brightest
region shows both relatively strong [S II] and [O I] lines;
at higher resolution we were able to resolve the emission
lines to have a full-width-half-maximum width (FWHM)
of 80 km/s indicating expansion of the bubble with about
the same velocity.

Perhaps less spectacular at first sight is the Hα nebula
around NGC 1313 X-1 (not shown here) which has a di-
ameter of ∼240 pc. However, our long-slit spectra reveal
a well defined zone of ∼800 pc (!) extent showing an ex-
ceptionally high [O I] λ6300/Hα ratio (>0.1) indicating
the presence of warm (Te = 104 K), weakly ionized gas.
This points to a situation where X-ray photoionization is
important (see Sect. 5).

4.6. Holmberg II X-1

An even more outstanding demonstation of X-ray ioniza-
tion is furnished by the interstellar environment of the
Lx ∼ 1040 erg/s X-ray source in the M 81 group dwarf
galaxy Holmberg II. As for the other ULX cases the high
luminosity is derived from the observed flux presuming
galaxian membership, and furthermore assuming that the
source emits in an isotropic fashion.

To the best of our knowledge this source has first been
discussed in the thesis works of Dickow (1995) and of
Fourniol (1998). A more recent account can be found in
Zezas, Georgantopoulos & Ward (1999). All authors agree
that the ROSAT PSPC spectrum can satisfactorily be
described by a power-law model (photon index Γ=2.63),
but from a recent ASCA observation Miyaji, Lehmann &
Hasinger (2001) favoured a less steep spectrum (Γ=1.89),
or a thermal spectrum with kT=4.8 keV. Fourniol (1998)
reported that a bremsstrahlung model with kT=0.90±0.15
was an even better representation of the PSPC data, and
she also pointed out the likely association with the H ii
region HSK 70 (Hodge, Strobel & Kennicutt 1994); an
important finding that has independently been noted by
Zezas, Georgantopoulos & Ward (1999). The association
is illustrated in Fig. 6 where we show the ROSAT error
circle superposed on our CFHT multicolor image.

As the observations of Fourniol (1998) strongly sug-
gested the presence of nebular high-excitation He IIλ4686
emission in HSK 70 we obtained a large-slit (slitwidth 6′′)
spectrum displayed in the lower image of Fig. 6, and which
clearly shows that the λ4686 emission is confined to the
’Heel’ of the ’Foot Nebula’, and that it has has an intrin-
sic FWHM of 2.′′2 corresponding to 34 pc at the distance
(3.2 Mpc) of Holmberg II (Pakull et al. 2002). Its lumi-
nosity Lλ4686 is 2.5 1036 erg/s. A narrow slit spectrum
(Fig. 7) of the Heel taken under more moderate seeing
conditions(FWHM=2.′′0) is that of a high-excitation H ii
region typical for low metallicity (Z/Z⊙ ∼0.1) starform-
ing regions, except for the strengths of the [O I]λ6300 and
particularly λ4686 emission which are truely outstanding.

Its luminosity Lλ4686 is 2.5 1036 erg/s. A narrow slit
spectrum (Fig. 7) of the Heel taken under more mod-
erate seeing conditions(FWHM=2.′′0) is that of a high-
excitation H ii region typical for low metallicity (Z/Z⊙-
∼0.1) starforming regions, except for the strengths of the
[O I]λ6300 and particularly λ4686 emission which are tru-
ely outstanding.

We therefore propose that we are observing the opti-
cal manifestation of an X-ray ionized nebula (XIN), most
probably somewhat diluted by more conventional ioniza-
tion by O stars. The radial velocity agrees with that of
the other nearby H ii regions in Holmberg II and proves
that the X-ray source is indeed situated within that galaxy.
Compared to XIN N159F around the black hole candidate
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Figure 6. Hα image (upper) of the H II region HSK 70 in
the dwarf galaxy Holmberg II with the 5′′ radius HRI er-
ror circle superimposed. The shape resembles that of an
X-Rayed Foot where the emission is strongest in the Heel.
The lower image is a 5′′ wide broad-slit spectrum (i.e. es-
sentially slit-less; the dispersion is in the N-S direction and
the spectral resolution is essentially determined by the see-
ing of 0.′′8) which provides monochromatic images of the
narrow nebular emission lines in the area. Note the pres-
ence of strong HeIIλ4686 emission which is confined to
the Heel.

LMC X-1 (c.f. Sect. 2) Holmberg II X-1 is ∼30× more lu-
minous, both in X-rays and in He IIλ4686 emission.

Finally, in order illustrate the structure of the XIN we
display in Fig. 8 various emission line intensities and the
continum as a function of position along a 1.′′5 wide long-
slit orientated E-W and centered on the Heel of the Foot.
We see that the maximum of the λ4686 emission more

Figure 7. Narrow-slit optical spectrum of the Heel taken at
OHP. The HeIIλ4686 lines reaches 0.16 of the Hβ flux.
Also note the unusually strong forbidden neutral oxygen
line [O I]λ6300/Hα ∼0.03.

or less coincides with the peak of the Balmer emission
and with a non-resolved, B=20.6 mag continuum source.
However, closer inspection reveals that the He IIλ4686/Hβ

ratio (not shown here) clearly peaks towards the East of
the line maxima. On the other hand, the [O I]λ6300 in-
tensity distribution is clearly shifted towards the ”Toes”.
In Section 5 we will argue that this is just what one would
expect for the case that the nebula is density bounded in
the eastern direction.

5. Remnants, winds and XIN

The discovery of nebula around a significant fraction of
ULX undoubtedly provides clues to their formation and
to their mass-loss history, either though explosive events
or by stellar winds or jets. ULX NGC 1313 X-2 will serve
as an example for what can be deduced from the optical
observations. Assuming that the 400 pc diameter nebula
is the remnant of a supernova-like event which created
the compact star we can use the well-known relations of

Pakull & Mirioni 2002 
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Figure 6. Hα image (upper) of the H II region HSK 70 in
the dwarf galaxy Holmberg II with the 5′′ radius HRI er-
ror circle superimposed. The shape resembles that of an
X-Rayed Foot where the emission is strongest in the Heel.
The lower image is a 5′′ wide broad-slit spectrum (i.e. es-
sentially slit-less; the dispersion is in the N-S direction and
the spectral resolution is essentially determined by the see-
ing of 0.′′8) which provides monochromatic images of the
narrow nebular emission lines in the area. Note the pres-
ence of strong HeIIλ4686 emission which is confined to
the Heel.

LMC X-1 (c.f. Sect. 2) Holmberg II X-1 is ∼30× more lu-
minous, both in X-rays and in He IIλ4686 emission.

Finally, in order illustrate the structure of the XIN we
display in Fig. 8 various emission line intensities and the
continum as a function of position along a 1.′′5 wide long-
slit orientated E-W and centered on the Heel of the Foot.
We see that the maximum of the λ4686 emission more

Figure 7. Narrow-slit optical spectrum of the Heel taken at
OHP. The HeIIλ4686 lines reaches 0.16 of the Hβ flux.
Also note the unusually strong forbidden neutral oxygen
line [O I]λ6300/Hα ∼0.03.

or less coincides with the peak of the Balmer emission
and with a non-resolved, B=20.6 mag continuum source.
However, closer inspection reveals that the He IIλ4686/Hβ

ratio (not shown here) clearly peaks towards the East of
the line maxima. On the other hand, the [O I]λ6300 in-
tensity distribution is clearly shifted towards the ”Toes”.
In Section 5 we will argue that this is just what one would
expect for the case that the nebula is density bounded in
the eastern direction.

5. Remnants, winds and XIN

The discovery of nebula around a significant fraction of
ULX undoubtedly provides clues to their formation and
to their mass-loss history, either though explosive events
or by stellar winds or jets. ULX NGC 1313 X-2 will serve
as an example for what can be deduced from the optical
observations. Assuming that the 400 pc diameter nebula
is the remnant of a supernova-like event which created
the compact star we can use the well-known relations of
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Spitzer Infrared Spectrograph (IRS; Houck et al. 2004).
However, the large angular size of the aperture used by
Berghea et al. (2010a; ~9́ , ∼130 pc) is dominated by the
extended and bright nebulosity surrounding X-1. Additionally,
the ∼1 mJy sensitivity of the high spectral resolution modes of
Spitzer/IRS were not likely able to detect the dust continuum
emission from X-1.

With high spatial resolution (~ ´0. 7, ∼10 pc) and background-
subtracted near-IR spectroscopy from Keck/MOSFIRE,
Heida et al. (2016) detected a strong low-excitation [Fe II]
(λ=1.644μm) emission line that implicates the presence of a
self-shielded region in the vicinity of X-1, where dust may also
exist. Indeed, the mid-IR dust models described in this section fit
the spectral shape of the mid- and near-IR photometry shown in
Figure 2, unlike the other emission models. We note that only the
3.6 and 4.5μm fluxes were used to derive the fit, since emission
from sources in the ULX other than dust, like the stellar
photosphere of the donor star, will start to contribute in the near-
IR. Based on the red mid-IR color of X-1, photospheric emission
is unlikely to be a significant contributor to the mid-IR flux.

Dust properties derived from the mid-IR photometry are
summarized in Table 1. The 1–σ uncertainties of the dust
properties were determined by applying the ±1–σ flux
uncertainties to the parameter fits described in the following
paragraphs.

The dust properties of the X-1 mid-IR counterpart over time
can be determined from the measured 3.6 and 4.5 μm fluxes
and provide insight on the mechanism that drives the emission.
We note that longer wavelength coverage beyond 4.5 μm
would provide more robust dust-property calculations; how-
ever, there are currently no platforms sensitive enough to detect
such emission. The mid-IR dust emission is assumed to take the
form lµl l( ) ( )F Q a B T,Sil d , where Fλ is the flux at wavelength
λ, l( )Q a,Sil is the grain emissivity model for silicate grains of
radius a, and l ( )B Td is the Planck function for a dust
temperature, Td. Dust temperatures were derived by solving

for Td from the 3.6 and 4.5 μm flux ratio
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assuming a single temperature component of optically thin
a=0.1 μm-sized silicate grains. The dust temperatures range
from ~ –T 600 800 Kd (Figure 3(A)).
The IR luminosity, LIR, was estimated by integrating over

the fitted dust emission model and assuming a distance of 3.39
Mpc to X-1 (Karachentsev et al. 2002). We find that LIR does
not exhibit substantial variations from the baseline value of
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The mass of the emitting dust, Md, was derived from the
mid-IR flux and dust model as shown in Equation (2):
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where rb is the bulk density of the dust grains and d is the
distance to the source. A bulk density of r = 3b gm -cm 3 (e.g.,
Draine & Li 2007) is assumed for the emitting silicate grains.
The dust mass exhibited minima around 2014 May and
2015 June with values of = ´-

+ -M 1.0 10d 0.3
0.5 6

:M and
´-

+ -0.8 100.2
0.3 6

:M , respectively (Figure 3(C)).
Assuming the dust is heated radiatively, the equilibrium

temperature radius, Req, can be derived as the distance from the
heating source, where the energy input from the radiation field
is equal to the radiative output from the dust grains of
temperature Td. The value of Req provides an estimate of the
lower limit or inner radius of the surrounding warm dust and
can be approximated by
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where Qabs and Qe are the grain absorption and emission
Planck mean cross sections (see Draine 2011), respectively,
and σ is the Stefan-Boltzmann constant. A typical value of

»( )Q Q 0.3abs e for a stellar heating source (e.g., Smith et al.
2016) is assumed for the calculation. Similar to the dust mass,
Req exhibits local minima around 2014 May and 2015 June,
where = -

+R 11.9eq 2.0
2.8 au and -

+10.1 1.7
2.3 au, respectively

(Figure 3(D)). We suggest that dust is likely confined to a
disk-like geometry given that the IR luminosity is ~4% of
X-1ʼs average isotropic X-ray luminosity of 4×1039 :L
(Kaaret et al. 2004).

3.3. X-1 Donor: A Supergiant B[e] Star?

The mid-IR colors and absolute magnitude can be used to
interpret the nature of the mid-IR counterpart of X-1 by
comparing against a sample of various classes of identified
massive stars. We utilize the Bonanos et al. (2009) sample of
1750 massive stars in the Large Magellanic Cloud (LMC)
observed with Spitzer/IRAC. The mid-IR color–magnitude
diagram (CMD) shown in Figure 4 reveals that X-1 is
consistent with the region of phase space occupied by
supergiant (sg) B[e]-stars, which may be the stellar type of
the mass donor in the system. The [3.6]–[4.5] colors of X-1
(0.7–1.0) are also consistent with the [3.6]–[4.5] colors
exhibited by the population of sgB[e] stars in M31 and M33

Figure 2. Spectral energy distribution with near-contemporaneous X-band
radio and mid-IR flux measurements of X-1. The nµn

gF ,jet jet emission model
from Cseh et al. (2014), where g = - o0.8 0.2 (solid and dashed lines) is
normalized to the X-band flux of the central X-1 radio source. The dotted–
dashed gray lines show the a=0.1 μm-sized silicate dust model fit to the 3.6
and 4.5 μm photometry with the±1–σ uncertainty models shown in the thin
dotted–dashed gray lines. Orange triangles show the near-IR KS- and H-band
photometry of X-1 obtained by Heida et al. (2014).
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Planck mean cross sections (see Draine 2011), respectively,
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Figure 1. SUBARU/FOCAS composite images centered on the optical counterpart of the ULX. Left: image R (red) + V (green) + B (blue); right: image made of the
nebular emission (Hα-continuum—red, [O iii]-continuum—green) on which is superimposed the stellar emission coming from the V band (blue).
(A color version of this figure is available in the online journal.)

Table 1
The SUBARU/FOCAS Observations for HoIX X-1

Filter Exposure Time Number of Exposures Observation Date Seeing
(s) (′′)

B 300 2 2003 Jan 25/26 0.73/0.44
V 300 4 2003 Jan 25/26/26/Feb 9 0.73/0.42/0.48/0.43
R 300 2 2003 Jan 25/26 0.73/0.39
Hα 900 1 2003 Jan 26 0.51
[O iii] 900 1 2003 Jan 26 0.53
Spectrum 1800/900 2 2003 Jan 26 0.5

inside the nebula (Grisé et al. 2006; Ramsey et al. 2006). This
paper concentrates on the properties of the optical counterpart
and its stellar environment, revising and expanding our previous
results (Grisé et al. 2006).

2. OBSERVATIONS AND DATA ANALYSIS

2.1. SUBARU

The SUBARU data set comes from two observing programs
(PIs: T. Tsuru, M. Pakull) and makes use of the SUBARU/
Faint Object Camera and Spectrograph (FOCAS) instrument
(Kashikawa et al. 2002). This instrument has been used to study
the counterparts and environment of several ULXs, one of them
being HoIX X-1. This data set consists of imaging through
broadband filters as B, V, and R and through narrowband filters
as Hα and [O iii], as well as spectroscopy. All the raw frames
were reduced under ESO MIDAS using standard procedures,
i.e., correcting for bias and flat fields. The two spectra were
combined and then wavelength and flux calibrated.

The local environment to the ULX is not completely resolved,
so point-spread function (PSF) fitting photometry is necessary
to separate blended objects. We used the package DAOPHOT
II (Stetson et al. 1990) under ESO MIDAS and we employed a
quadratically varying PSF in the field.

Our absolute photometry in the B, V, and R bands uses
three consecutive observations made on 2003 Jan 26 (see
Table 1 for details of the SUBARU observations). Photometric

transformations were derived with the only observed standard
field, Ru152, for which we used both the Landolt standard
stars and also a set of stars defined by Peter Stetson.3 This
permitted us to obtain a more homogeneous calibration on the
range of photometric colors and also to use stars fainter than the
14th mag.

To check our photometry, we used the Sloan Digital Sky
Survey (SDSS) data release 6 (Adelman-McCarthy et al. 2008)
which imaged fields around our target. Thanks to its 2.5 m
telescope, photometry with an accuracy of 2%–3% is possible
down to 21–22nd magnitude. The system of filters used by the
SDSS is noticeably different from the Johnson–Cousins system,
so we had to transform the u, g, and r magnitudes into B, V, and
R. For that we used the empirical transformations of Lupton4

(2005) who made a correlation between SDSS photometry
and Stetson photometry. A possible dependence on color or
metallicity related to the spectral type of stars has not been
taken into account. As our goal is to make a global comparison
between the two photometric data sets and not an analysis of
SDSS data, we can content ourselves with this approach.

The results of this comparison are shown in Figure 2. We
note the good linear agreement in the three filters. The scatter

3 Photometry of this secondary set of stars is available on the CADC Web
site, http://www3.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/community/STETSON/
standards/
4 See http://sdss.org/dr6/algorithms/sdssUBVRITransform.html
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ENVIRONMENT

Nearby stars give clues about 
age/mass of ULX donors 

Example: Ho IX X-1, age of 
nearby cluster ≲ 20 Myr, mass 
upper limit ~ 20 M⊙

Grisé et al. 2011



SOME OPEN QUESTIONS

Do some ULXs have low-mass donor stars? Can we tell 
without 40m telescopes? 

Are all ULXs Roche-lobe overflowing or can they be wind-
fed? 

Can we reconcile donor star statistics with population 
synthesis models to find the evolutionary pathways that 
produce ULXs?


