
Durham Research Online

Deposited in DRO:

29 April 2008

Version of attached �le:

Other

Peer-review status of attached �le:

Peer-reviewed

Citation for published item:

Kaaret, P. and Ward, M. J. and Zezas, A. (2004) 'High-resolution imaging of the He II 4686 emission line
nebula associated with the ultraluminous X-ray source in Holmberg II.', Monthly notices of the Royal
Astronomical Society., 351 (3). L83-L88.

Further information on publisher's website:

http://dx.doi.org/10.1111/j.1365-2966.2004.08020.x

Publisher's copyright statement:

The de�nitive version is available at www.blackwell-synergy.com

Additional information:

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in DRO

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full DRO policy for further details.

Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971

https://dro.dur.ac.uk

https://www.dur.ac.uk
http://dx.doi.org/10.1111/j.1365-2966.2004.08020.x
http://dro.dur.ac.uk/1318/
https://dro.dur.ac.uk/policies/usepolicy.pdf
https://dro.dur.ac.uk


ar
X

iv
:a

st
ro

-p
h/

04
07

03
1v

1 
 1

 J
ul

 2
00

4
Mon. Not. R. Astron. Soc. 000, 1–7 (2004) Printed 5 February 2008 (MN LATEX style file v2.2)

High Resolution Imaging of the Heii λ4686 Emission Line

Nebula Associated with the Ultraluminous X-Ray Source

in Holmberg II

P. Kaaret1, M.J. Ward2, A. Zezas1
1Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge, MA 02138, USA
2Department of Physics and Astronomy, University of Leicester, Leicester LE1 7RH, UK

Accepted . Received ; in original form

ABSTRACT

We present Hubble Space Telescope images of the Heiii region surrounding the
bright X-ray source in the dwarf irregular galaxy Holmberg II. Using Chandra, we find
a position for the X-ray source of α = 08h 19m 28.98s, δ = +70◦42′19.′′3 (J2000) with
an uncertainty of 0.6′′. We identify a bright, point-like optical counterpart centered in
the nebula with the X-ray source. The optical magnitude and color of the counterpart
are consistent with a star with spectral type between O4V and B3 Ib at a distance
of 3.05 Mpc or reprocessed emission from an X-ray illuminated accretion disk. The
nebular Heii luminosity is 2.7×1036 erg s−1. The morphology of the Heii, Hβ, and [Oi]
emission are consistent with being due to X-ray photoionization and are inconsistent
with narrow beaming of the X-ray emission. A spectral model consisting of a multicolor
disk blackbody with inverse-Compton emission from a hot corona gives a good fit
to X-ray spectra obtained with XMM-Newton. Using the fitted X-ray spectrum, we
calculate the relation between the Heii and X-ray luminosity and find that the Heii
flux implies a lower bound on the X-ray luminosity in the range 4 to 6× 1039 erg s−1

if the extrapolation of the X-ray spectrum between 54 eV and 300 eV is accurate. A
compact object mass of at least 25 to 40M⊙ would be required to avoid violating the
Eddington limit.

Key words: black hole physics – galaxies: individual: Holmberg II – galaxies: star-
burst – galaxies: stellar content – X-rays: galaxies

1 INTRODUCTION

A key question in the study of the ultraluminous X-ray
sources (ULXs) is whether or not the X-ray emission is
beamed. If the X-rays are beamed, then the ULXs may be
accreting “normal” mass (< 20M⊙) black holes or even neu-
tron stars. King et al. (2001) have suggested that ULXs are
high-mass X-ray binaries with super-Eddington mass trans-
fer rates in which the X-ray emission is funnelled, producing
high observed X-ray fluxes for observers near the beaming
axis. Motivated by the recent suggestion that jets may con-
tribute a significant fraction of the observed X-ray flux in
Galactic binaries previously thought to be dominated by
disk and coronal emission (Markoff, Falcke, & Fender 2001),
Körding et al. (2002) have suggested that the ULXs may be
stellar-mass black holes in which relativistic beaming in jets
aligned nearly along our line of sight produce the high ap-
parent X-ray fluxes.

If the ULXs are not strongly beamed, then the
masses required for the sources to be emitting below their

Eddington luminosities are large, well above the maxi-
mum possible mass (∼ 20M⊙) for a black hole pro-
duced at the endpoint of the evolution of a normal star.
Hence, the compact objects would be “intermediate-mass”
black holes (Colbert & Mushotzky 1999). This has poten-
tially interesting consequences. Intermediate-mass black
holes may be excellent sources of gravitational radia-
tion (Ebisuzaki et al. 2001; Miller & Hamilton 2002). They
may be relics of the first generation of star formation
(Madau & Rees 2001), where, due to the absence of met-
als, extremely massive stars were likely to have formed
(Larson 1998). Or, they may be important in the formation
of supermassive black holes (Ptak & Griffiths 1999).

Pakull & Mironi (2002) discovered an Heii λ4686
emission line nebula in the ROSAT error box for the
ULX in the dwarf irregular galaxy Holmberg II at a
distance of 3.05 Mpc (Hoessel, Saha, & Danielson 1998).
X-ray emission was first detected from Holmberg II in
the ROSAT all-sky survey and then localized in ROSAT
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HRI observations to a single, highly variable source with
a maximum luminosity (if isotropic) of ∼ 1040 erg s−1

(Zezas, Georgantopoulos, & Ward 1999). If a ULX is em-
bedded in a diffuse nebula, then the X-radiation of the ULX
should photoionize the nebula, as seen for the nebula sur-
rounding LMC X-1 (Pakull & Angebault 1986). Photoion-
ization produces (at most) one optical/UV photon for each
X-ray photon doing the excitation, so the line flux from the
nebula is a direct measure of the total number of ionizing
photons emitted in all directions. For example, measurement
of the Heii λ4686 flux gives a direct count of all source pho-
tons with energies above 54 eV which ionize the nebula.
The discovery of an Heiii region near a ULX offers the ex-
citing prospect of determining observationally whether or
not the X-ray emission from the ULX is beamed. If the
ULX is truly ultraluminous, then the X-ray photoioniza-
tion should produce observable UV and optical line emission
from high excitation levels. Pakull & Mironi (2002) report an
inferred photoionization luminosity of (3−13)×1039 erg s−1

for a distance of 3.2 Mpc based on an assumed thermal
bremsstrahlung X-ray spectrum, X-ray spectral measure-
ments from the ROSAT PSPC (Fourniol 1998) and ASCA
(Miyaji, Lehman, and Hasinger 2001), and modelling of the
photoionization nebula. The lower end of their allowed lu-
minosity range is consistent with the highest luminosities
observed from stellar-mass black hole candidate X-ray bina-
ries within the Milky Way.

Here, we report on Hubble Space Telescope observations
of the vicinity of the ULX in Holmberg II taken in the optical
emission lines Heii λ4686, Hβ, and [Oi] λ6300, new Chandra
High-Resolution Camera observations, and archival XMM-
Newton data. The improved X-ray position from Chandra
strengthens the association of the nebula with the X-ray
source. The HST images enable detailed inspection of the
morphology of the nebula and allow us to isolate it from
other nearby nebulosities. The XMM-Newton data provide
high quality information on the X-ray spectrum which are
essential to constraining the true luminosity of the system.
We describe the observations and analysis in § 2, and discuss
the implications in § 3.

2 OBSERVATIONS AND ANALYSIS

2.1 Chandra Observations

Observations of Holmberg II were made using the High-
Resolution Camera (HRC) onboard the Chandra X-Ray Ob-
servatory (ObsID 3816; PI Kaaret). The HRC was used and
the source was placed off-axis to prevent pile-up from affect-
ing the position determination. The Chandra observation
began on 3 July 2003 05:56:20 UT and had a useful exposure
of 4.9 ks. Chandra data were subjected to standard process-
ing and event screening. No strong background flares were
found, so the entire observation was used. A bright source is
detected at high significance which we identify with the ULX
in Holmberg II (Zezas, Georgantopoulos, & Ward 1999;
Kerp, Walter, and Brinks 2002). The Chandra position is:
α = 08h 19m 28.98s, δ = +70◦42′19.′′3 (J2000).
This position is determined using the Chandra aspect
solution, which has an estimated uncertainty of 0.6′′

at 90% confidence (see the Chandra aspect pages at

http://cxc.harvard.edu/cal/ASPECT/celmon). The X-ray
image is consistent with that expected for a point source
at the given position off-axis. We find no evidence for a sig-
nificant extended component as reported by Miyaji et al.
(2001).

2.2 XMM-Newton data

We extracted observations of Holmberg II from the XMM-
Newton archive. Analysis of these data have been previously
reported by Dewangan et al. (2004). We reduced the data
and generated response matrices using the SAS software ver-
sion 5.4.1. We use only data from the EPIC-PN. We exam-
ined the three useful available observations. The first obser-
vation occurred on 10 April 2002 (ID 0112520601; PI Wat-
son). The time on-target was 5.1 ks, during which the total
PN rate was always below 20 c/s indicating there were no
background flares. The total exposure after live time cor-
rection was 4.7 ks. The second observation occurred on 16
April 2002 (ID 0112520701; PI Watson). There were several
background flares, so we filtered the data to remove times
with PN count rates above 35 c/s. The third observation oc-
curred on 19 Sept 2002 (ID 0112520901; PI Watson). There
were, again, background flares and we filtered the data to re-
moved times with PN count rates above 20 c/s. Spectra were
extracted from circular regions with a radius of 24′′. For all
observations, the source was located near a chip edge, and
we used circular background regions on the same chip. The
spectra were regrouped to have at least 100 counts per bin
for the first two observations and 25 counts per bin for the
last. Models were fitted to the spectra using XSPEC version
11.2 over an energy band from 0.3 to 8 keV.

As found by Dewangan et al. (2004), complex or mul-
ticomponent models are required to obtain adequate fits. A
model consisting of the sum of powerlaw plus disk blackbody
emission each modified by interstellar absorption has often
been used to model the spectra of black hole X-ray bina-
ries and ultraluminous X-ray sources. Using such a model,
we find best-fitting parameters similar to those reported by
Dewangan et al. (2004).

A key input to the photoionization modelling is the
X-ray spectrum. To input to the photoionization code, we
must extrapolate the fitted X-ray spectrum to energies be-
low the minimum observed X-ray energy; the shape of the
spectrum between 54 eV and 300 eV is important in deter-
mining the relation between the Heii luminosity and the X-
ray luminosity. In the powerlaw plus disk blackbody model,
the powerlaw component is an adhoc model for a Comp-
ton emission component arising from disk photons inverse-
Compton scattered by energetic electrons in a corona. This
suggests that the powerlaw component should be cut off at
energies below the disk temperature. However, the model
contains no prescription for the form of such a cutoff. We
require a model in which the low energy extension of the
spectrum is well defined and physically motivated. Based on
the application of Comptonization models for detailed phys-
ical modelling of the multiwavelength spectral of black hole
X-ray binaries, we choose to use a Comptonization model
(Poutanen & Svensson 1996). Specifically, we use the model
of Poutanen & Svensson (1996), compps in XSPEC, to calcu-
late the spectrum produced by thermal Comptonization of
photons emitted with a disk blackbody spectrum and scat-

c© 2004 RAS, MNRAS 000, 1–7

http://cxc.harvard.edu/cal/ASPECT/celmon


Heii Nebula in Holmberg II 3

Observation kTin kTe τ LX LPI

[keV] [keV] [erg cm−2 s−1] [erg s−1]

10 April 0.22+0.02
−0.08

49 ± 14 1.1+0.3
−0.4

16 × 1039 5.9 × 1039

16 April 0.20 ± 0.02 76 ± 23 0.8 ± 0.3 17 × 1039 6.1 × 1039

19 Sept 0.17 ± 0.02 71 ± 30 0.4+0.4
−0.2

5 × 1039 3.7 × 1039

Table 1. X-Ray Spectral Fits. Best fit spectral parameters for each observation. The table includes: the date in 2002 of the observation;
the temperature of the multicolor disk blackbody emission, kTin; the temperature, kTe, and optical depth, τ , of the hot electron corona;
the total intrinsic X-ray luminosity inferred from the X-ray flux and the Comptonization model parameters assuming isotropic emission,
LX; and the total photoionization luminosity, LPI, required to produce the observed Heii luminosity using the fitted X-ray spectrum as

input to Cloudy. The errors correspond to 90% confidence for a single parameter (δchi2 = 2.71).

tered in a hot corona. The model parameters allowed to vary
in the fits are the disk temperature kTin, the corona electron
temperature kTe, and the corona optical depth τ .

Because the metallicity of Holmberg II is significantly
lower than solar, we use two absorption components: one
to model absorption within the Milky Way for which we
fix the metallicity at solar and fix the absorption column
density NH = (3.42 ± 0.3) × 1020 cm−2, and a second to
model absorption within Holmberg II for which we fix the
metallicity at Z = 0.07Z⊙ (Mirioni 2002). We performed
a simultaneous fit to the data for all three observations in
which the absorption within Holmberg II was the same for
all observations and the Comptonization model parameters
were allowed to vary individually for each observation. We
found an adequate fit with χ2/DoF = 273.5/285. The best
fit parameters are reported in Table 1. The best fit column
density is (3.7 ± 0.5) × 1021 cm−2. We note that this col-
umn density is significantly above that found by Dewangan
et al. (2004) because the absorption, beyond the Galactic
component, is calculated for the low metallicity appropriate
to Holmberg II.

The three XMM-Newton observations cover the ex-
tremes of X-ray flux detected from Holmberg II X-1
(Dewangan et al. 2004). Therefore, these observations also
likely cover the range of X-ray spectral variations in the
source.

We note a thermal bremsstrahlung model as used by
Pakull & Mirioni (2002) for input to their photoionization
modelling does not provide an adequate fit to any of the
observations, even with use of two distinct absorption com-
ponents.

2.3 HST observations

Observations were made of Holmberg II centered on the po-
sition of the ULX using the Advanced Camera for Surveys
(ACS) on the Hubble Space Telescope (HST) under GO pro-
gram 9684 (PI Kaaret). Observations were made in the nar-
row band filters FR462N centered on Heii λ4686, FR505N
centered on Hβ λ4861, and FR656N centered on [Oi] λ6300.
Images in the FR462N filter were obtained on 21 January
2003 and 25 June 2003. For the January observation, the
aimpoint was placed closed to the ramp filter edge and there
are non-uniformities in transmission across the image. For
this reason, we quote fluxes for the Heii emission based only
on the June observation. The images in all of the other filters
were obtained on 24 November 2002. All of the narrow band
filters have a 2% bandwidth. The recession velocity of Holm-

berg II is 157 km/s (Strauss et al. 1992), so the redshifted
emission lines lie within the filter bandpasses. In addition,
observations were made in the medium filters FR459M and
F550M for continuum imaging and continuum subtraction.

The standard processing for ACS data does not perform
cosmic-ray removal for images without cosmic-ray splits. Be-
cause all of our observations except those in the FR462N fil-
ter were performed in dither patterns without cosmic-ray
splits, we re-processed all observations using the PyRAF

task multidrizzle in STSDAS 3.1 to remove the cosmic ray
hits. We found residual sky level offsets in the images and
removed these by fitting a gaussian to those pixels not con-
taining astronomical objects in a 30′′ × 30′′ field centered
near the ULX and subtracting off the gaussian centroid.
We aligned the F550M (narrow V band) image to 10 stars
selected from the USNO A2.0 catalog (Monet et al. 1996)
using the imwcs tool from the Smithsonian Astrophysical
Observatory Telescope Data Center. Based on the residual
offsets for the 10 stars, we estimate that the astrometric
uncertainty is 0.3′′. We then aligned each other image to
the aspect corrected F550M image using the IRAF tools ge-

omap and geotran (Tody et al. 1993). We checked the align-
ment using the tool xregister and found that the residual
misalignments were less than 0.1 pixel.

We produced continuum subtracted images using the
FR459M image to estimate the continuum for the FR462N
Heii λ4686 and FR505N Hβ λ4861 images, and the F550M
image to estimate the continuum for the FR656N [Oi] λ6300
image. Since we are interested primarily in the diffuse, neb-
ular emission, we located the stars in each frame and sub-
tracted off the stellar emission before performing the con-
tinuum subtraction. We fit a Moffat profile to several bright
stars to determine the point spread function shape, and then
used that fixed shape in fitting and subtracting the stars. We
note that the FR459M image used for continuum subtrac-
tion of the FR462N image contains the Heii line. We correct
for the apparent reduction in the Heii line flux caused by
partial subtraction of the line as described below.

For the continuum subtraction of the nebula, we as-
sumed that the intrinsic continuum spectrum is flat, F (λ) ∝
λn with n = 0 and reddened with an extinction of E(B-V)
= 0.024 (Stewart et al. 2000). For the Heii and Hβ images,
the continuum band lies close to the line wavelength, and
changing the continuum slope does not significantly affect
the estimated line flux (we discuss this further below in the
estimation of the total Heii line flux). For [Oi], the line wave-
length lies further from the best continuum band available.
For [Oi], we repeated this procedure using continuum slopes

c© 2004 RAS, MNRAS 000, 1–7
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Figure 1. False color images of the continuum subtracted line emission for Heii λ4686, Hβ λ4861, and [Oi] λ6300 and for the narrow
V-band continuum. In each image, the arrow points Northward and has a length of 1′′ (15 pc), East is to the left, the green cross
marks the position of the bright star within the nebula, and the green curves are contours of the Heii emission. The contour levels are
[2, 3, 4, 5]× 1.9× 10−16 erg cm−2 s−1 arcsec−2. The same contours are plotted on all four panels. The cyan circle and ‘X’ in the narrow-V
image denote the best Chandra position for the ULX and the relative Chandra/HST error circle. The cyan polygon in the Hβ image
shows the region used for the line flux measurements described in the text. Each line image was smoothed with a gaussian filter with a
FWHM of 0.24′′.

n = +2 and n = −2. We found that the morphology of
the [Oi] emission varied little. Fig. 1 shows the continuum
subtracted images in the three lines and the F550M (nar-
row V band) continuum image. The Heiii nebula reported
by Pakull and Mironi (2002) is clearly detected and is at a
position consistent with that of the X-ray source.

There is one bright point source within the nebula vis-
ible in the narrow V-band image. The source profile ap-
pears similar to those of other stars in each image and there
is no evidence for spatial extent. The source appears to
be a star, but a compact core of the nebula, unresolved

at the resolution of the ACS/WFC, could also contribute
to the emission. The position of the star is α = 08h 19m
28s.99 and δ = +70◦ 42′ 19′′.0 (J2000). This is 0.3′′ from
the Chandra position for the X-ray source. This offset is
less than the relative astrometric uncertainty between the
Chandra and HST images. Therefore, we consider the op-
tical star to be the counterpart of the X-ray source. We
find the ST magnitudes of the star to be 22.04 ± 0.08 in
the F550M filter and 21.35 ± 0.10 in the FR459M filter.
The dominant uncertainty is in the removal of the underly-
ing nebular component. If we consider only the extinction

c© 2004 RAS, MNRAS 000, 1–7
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within the Milky Way, then the reddening-corrected equiv-
alent Johnson V magnitude is 21.86 ± 0.09 and the color
(B − V)0 = −0.20 ± 0.15. Conversion to standard Johnson
magnitudes increases the quoted uncertainty because the
filters used only approximately match the Johnson bands.
There may also be extinction within Holmberg II. Using the
relation between NH and E(B−V ) determined for the SMC
(Bouchet et al. 1985), we find E(B−V ) = 0.07±0.01 based
on our spectral fit to XMM-Newton data. This is an upper
bound on the reddening since it is not clear whether the
column density observed towards the X-ray source neces-
sarily obscures the companion star. In some Galactic black
holes, the X-ray absorption is seen to vary on a time scale of
minutes, indicating that the absorption occurs close to the
compact object (Tomsick, Lapshov, Kaaret 1998). Applying
this additional reddening with an SMC extinction law, we
find a Johnson V magnitude of 21.64 ± 0.11 and a color
(B − V)0 = −0.25 ± 0.16.

To estimate the Heii λ4686 line flux from the nebula, we
found the total count rates for the nebula in the FR462N and
FR459M images from which the stellar emission had been
subtracted. We defined the nebula using a contour drawn
to enclose the Heii and Hβ emission which is shown as a
cyan curve in the Hβ image in Fig. 1. The FR459M filter
bandpass included the Heii λ4686 emission line (unfortu-
nately, the FR459M bandpass is too wide to exclude both
Heii and the stronger Hβ and Hγ emission from the nebula).
Hence, we must solve for the Heii line flux and the contin-
uum flux given the nebular count rates in the two filters. We
assumed that the nebular continuum emission has a power-
law spectrum F (λ) ∝ λn. We used the IRAF tool calcphot

in the synphot package with HST/ACS calibration files re-
leased on 10 Dec 2003 to find count rates in each filter for
given continuum flux and Heii line flux. We then inverted
the matrix relating the fluxes to count rates and calculated
the fluxes from the measured count rates. For a flat contin-
uum with n = 0, we find that the flux in the Heii line is
2.4×10−15 erg cm−2 s−1. Our continuum subtraction proce-
dure depends on the assumed continuum shape. Repeating
the procedure for n = +2 and n = −2, we find that the
uncertainty in the Heii line flux induced by the uncertainty
in the continuum slope is of order 3%. Including additional
factors such as the uncertainties in the subtraction of the
stars, the calibrations of the filters, and the subtraction of
the sky background, we estimate an overall uncertainty in
our Heii flux measurement of 9%.

Using the same contour defined for the Heii, which was
drawn to enclose both the Heii and Hβ emission, we found
the flux in Hβ of 1.1 × 10−14 erg cm−2 s−1 and in [Oi] of
1.3 × 10−15 erg cm−2 s−1. The uncertainty on the Hβ flux
is 5% and on the [Oi] is 20%. We find a ratio Heii/Hβ =
0.22 ± 0.02. This is larger than the value of 0.16 found by
Pakull and Mironi (2002), but the difference may be due to
sampling of a larger spatial region due to the effect of seeing
in their ground-based spectrum. To test this, we convolved
our image with a gaussian with 2.0′′ FWHM and then ex-
tracted fluxes from a circular region with the same area as
the contour defined in Fig. 1. We find Heii/Hβ = 0.18±0.02,
consistent with Pakull and Mironi (2002). The ratio is at the
extreme end of the range found in photoionized nebulae in
nearby galaxies (Garnett et al. 1991).
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Figure 2. Surface brightness of optical lines in a simulation of a
photoionized nebula produced with Cloudy with a nebular hydro-
gen density of 10 cm−3. The solid line is for Hβ λ4861, the dashed
line for Heii λ4686, and the dotted line for [Oi] λ6300. The surface
brightness was calculated by integrating the emissivity predicted
by Cloudy for a spherical nebula with uniform density along lines
of sight through the nebula. The actual nebula is not spherically
symmetric and may have varying density.

3 INTERPRETATION

We confirm the discovery by Pakull and Mironi (2002) of
a Heii λ4686 emission line nebula near the ultraluminous
source in Holmberg II. Our improved X-ray astrometry de-
rived from Chandra strengthens the association of the nebula
with the X-ray source.

We detect one point-like source within the body of the
nebula. This source is likely the optical counterpart to the
ULX. For a distance to Holmberg II of 3.05 Mpc, the abso-
lute magnitude MV of this source is between −5.5 and −5.9
depending on whether there is reddening within Holmberg
II as discussed in section 2.3. The absolute magnitude and
B-V color are consistent a range of spectral types from O4V
to B3 Ib. We note that this spectral classification is valid
only if there is no significant contribution of optical light
from the accretion disk and if the star is not significantly af-
fected by the gravitational pull or X-ray emission from the
compact object. Alternatively, the optical emission may be
reprocessed emission from an X-ray illuminated accretion
disk. The ratio of observed X-ray to optical flux and the B-
V color are consistent with those found for low-mass X-ray
binaries in which the optical emission is dominated by an
X-ray illuminated disk (van Paradijs & McClintock 1995).

Other optical counterpart searches have found early-
type stellar counterparts to ultraluminous X-ray sources.
The optical counterpart to M81 X-6 (Fabbiano 1988) has
colors consistent with an O8V star, although there is some
uncertainty in the spectral type due to significant reddening
(Liu, Bregman, & Seitzer 2002). For NGC 1313 X-2, only
the R magnitude of the counterpart has been measured; the
absolute magnitude is consistent with an early O main se-
quence star or an OB supergiant (Zampieri et al. 2004). In
NGC 5204, the optical counterpart found on ground-based
images (Roberts et al. 2001) was resolved into two sources
with HST images (Goad et al. 2002).

c© 2004 RAS, MNRAS 000, 1–7
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For Holmberg II, Pakull and Mironi (2002) report that
the Heii λ4686 emission has a FWHM of 2.2′′ and that the
[Oi] is offset to the West of the Heii emission. Our HST
images confirm these basic results and provide much more
detailed information on the morphology of the nebula.

The maximum extent of the Heii emission is to the West
of the central star and is about 1.7′′ or 26 pc for a distance
to Holmberg II of 3.05 Mpc. The extent of the nebula to-
wards the East is shorter, about 1.0′′ or 15 pc. To the West
of the central star (from NW to SW), the morphology of
the Hβ emission is similar to, but more extended than, that
of the Heii emission and [Oi] emission is low close to the
star and stronger farther out, particularly past the point
where the Heii emission peaks. This is consistent with the
behaviour expected for a photo-ionized nebula. Heii emis-
sion is produced in regions of high excitation and should be
concentrated near the central source. Hβ is produced over
a broad range of excitation and should cover a larger spa-
tial range than Heii. [Oi] is preferentially produced at lower
excitation than Heii and should be produced in the outer
regions of the nebula. Hence, the relative morphologies of
the Heii, Hβ, and [Oi] emission support the hypothesis that
the nebula is photoionized (Pakull & Mirioni 2002). Fig. 2
shows the surface brightness versus radius calculated for a
photoionized nebula (discussed further below) for compari-
son.

To the East and South of the central star, the morphol-
ogy of the Hβ emission is very similar to that of the Heii
emission and [Oi] emission is absent. This is also consis-
tent with a X-ray photoionized nebula if the column density
of the nebula integrated along line of sight outward from
the central star, is sufficiently small that the entire nebula
to the East and South is excited to produce Heii emission
(Pakull & Mirioni 2002).

We note that there is additional Hβ emission to the NW
of the central star and beyond the extent of the Heii emission
which appears to be part of a ring nebula surrounding a
bright star visible in the narrow V band image and unrelated
to the Heii nebula. Also, the isolated Heii bright spot to
the SE of the central star appears to be due to incomplete
subtraction of a star visible in the narrow V band image.

If the nebula is powered by X-ray photoionization from
the central source, then the morphology of the nebula ap-
pears inconsistent with narrow beaming of the X-ray emis-
sion.

The Heii nebular emission is likely isotropic. Therefore,
the measured flux should provide a good estimate of the true
luminosity. For a distance to Holmberg II of 3.05 Mpc, the
Heii λ4686 line flux found here for the nebula implies a line
luminosity of 2.7 × 1036 erg s−1. This is consistent with the
value reported by Pakull & Mironi (2002).

Heii λ4686 emission is produced via the recombination
of doubly ionized He++ and acts as a photon counter of ra-
diation ionizing the nebula in the He+ Lyman continuum
above 54 eV. Following Pakull & Mironi (2002), we use
this property to estimate the true luminosity of the X-ray
source. The major uncertainty in their estimate was impre-
cise knowledge of the shape of the photon spectrum illumi-
nating the nebula. Using the XMM-Newton spectra, we are
able to reduce this uncertainty.

We used the photoionization code Cloudy version 94.00
(Ferland 2001) to estimate the true X-ray luminosity based

on the measured Heii luminosity. We used a metallicity of
Z = 0.07Z⊙ (Mirioni 2002). The relation between the total
Heii flux and the total ionizing X-ray flux is not sensitive to
the metallicity. We ran simulations over a range of hydrogen
density within the nebula from 1 to 100 cm−3. The relation
between the total Heii flux and the total ionizing X-ray flux
is not sensitive to the density as long as the region of fully
ionized He is contained within the simulated nebula. The
spatial extent of the Heii emitting region is sensitive to the
density. A constant density of 10 cm−3 gave a reasonable
match to the observed spatial extent of the Heii emission,
and we use this value in the simulations presented here. In
the modeling, we assumed a spherical geometry with a filling
factor of unity. We assumed that there is no absorption be-
tween the X-ray source and the nebula. We also include the
photon flux of an O5V star modelled as a blackbody with a
temperature 42000 K and a luminosity of 3.2× 1039 erg s−1.
Fig. 2 shows the calculated surface brightness versus appar-
ent offset from the X-ray source. The surface brightness was
calculated by integrating the emissivity along lines of sight
through a spherically symmetric nebula.

Table 1 shows the photoionization luminosities required
to produce the measured Heii luminosity for the various
best fit Comptonization spectra. The inferred photoioniza-
tion luminosities range from 3.7 to 6.1 × 1039 erg s−1. The
low luminosity value comes from the September 2002 obser-
vation during which the source was in an unusual low/soft
state (Dewangan et al. 2004). The correct X-ray spectrum
to use in the photoionization modelling would be a luminos-
ity weighted average of observed spectra sampling a duration
comparable to the recombination time of He++ in the neb-
ula, roughly 3000 years for an electron density of 10 cm−3

and temperature of 20,000 K. The luminosity weighting
would suggest a photoionization luminosity near the high
end of the range.

To test the sensitivity of these results to the flux from
the companion star, we also made runs with the O5V star
replaced by a B2 Ib star modelled as a blackbody with a
temperature 18,500 K and a luminosity of 2 × 1038 erg s−1.
The inferred photoionization luminosities increase by 12 to
16% if a B2 Ib star is used in place of the O5V star.

As noted above, our photoionization model assumes a
covering factor of unity and sufficient depth radially so that
the entire X-ray flux of the central source is absorbed. In-
spection of the Heii line emission image shows that the cov-
ering factor is below unity. Also, as described above, [Oi]
emission should be present at larger radii than the Heii emis-
sion if the nebula is not density bounded. Comparison of the
[Oi] and Heii images shows the nebula is density bounded to
the East and South of the central star. Therefore, the pho-
toionization luminosity quoted here should be considered a
lower bound to the total luminosity of the ionizing radia-
tion. Partial absorption intrinsic to the X-ray source would
harden the soft X-ray flux illuminating the nebula and would
increase the required luminosity. The unabsorbed X-ray lu-
minosity in the Comptonization models, assuming isotropic
emission, ranges from 5 to 17 × 1039 erg s−1 for the three
observations. This is consistent with the luminosity inferred
from the Heii emission, given that the Heii emission likely
underestimates the true luminosity due to the covering fac-
tor of the nebula being less than one and the nebula being
density bounded along several lines of sight.

c© 2004 RAS, MNRAS 000, 1–7
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We conclude that the X-ray and Heii data are consis-
tent with the X-ray source being the ionization source pow-
ering the line emission from the nebula. The luminosity in
Heii emission is more than an order of magnitude greater
than that observed from a similar nebula around the black
hole candidate LMC X-1 (Pakull & Angebault 1986), sug-
gesting that Holmberg II contains a much more powerful
X-ray source. We estimate that the total luminosity of the
X-ray source is at least 3.3 × 1039 erg s−1 and likely above
6 × 1039 erg s−1 if the extrapolation of the X-ray spectrum
between 54 eV and 300 eV is accurate. This suggests that
the compact object is truly ultraluminous. Assuming an Ed-
dington luminosity of 1.3×1038 erg s−1M−1

⊙
, the compact ob-

ject mass would be at least 25M⊙ and likely above 40M⊙.
This may suggest a compact object which is more massive
than the stellar-mass black holes candidates in our Galaxy,
for which all of the dynamically measured masses lie below
20M⊙ (McClintock & Remillard(2003)).
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