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ABSTRACT

As part of the Very Large Telescope (VLT)/X-shooter science verification, we obtained the
first optical medium-resolution spectrum of a previously identified bright O-type object in
NGC 55, a Large Magellanic Cloud (LMC)-like galaxy at a distance of ~2.0 Mpc. Based on
the stellar and nebular spectra, we investigate the nature and evolutionary status of the central
object(s) and its influence on the surrounding interstellar medium. We conclude that the source,
NGC55C1_31, is acomposite object, likely a stellar cluster, which contains one or several hot
(Teir ~ 50000 K) WN stars with a high mass-loss rate (~3 x 1073 Mgp yr~!) and a helium-
rich composition (Nge/Nyg = 0.8). The visual flux is dominated by OB-type (super)giant stars
with T < 35000K, solar helium abundance (Ng./Ny = 0.1) and mass-loss rate ~2 x
10-° Mg yr~!. The surrounding H 1 region has an electron density of n, < 10>cm™ and an
electron temperature of 7(O 1) >~ 11500 £ 600 K. The oxygen abundance of this region is
[O/H] = 8.18 & 0.03, which corresponds to Z = 0.31 & 0.04 Z. We observed no significant
gradients in 7(Om), n. or [O/H] on a scale of 73 pc extending in four directions from the
ionizing source. The properties of the H 11 region can be reproduced by a cLoupy model which
uses the central cluster as ionizing source, thus providing a self-consistent interpretation of the
data. We also report on the serendipitous discovery of He i1 nebular emission associated with
the nearby source NGC 55 C2_35, a feature usually associated with strong X-ray sources.

Key words: stars: early type — stars: individual: NGC 55 C1_31 — stars: massive — stars:
Wolf-Rayet — H 1 regions — galaxies: individual: NGC 55.

1 INTRODUCTION

The most luminous stars in low-metallicity galaxies are of special
interest. These may have masses exceeding 200 M, defining the
upper mass limit of stars. Until recently, such massive objects were
only found in the cores of young massive clusters (Crowther et al.
2010), but the first such object has now been found in apparent
isolation (Bestenlehner et al. 2011). This motivates a search for
very massive stars in Local Group dwarf galaxies, or even more
distant systems, where current instrumentation does not yet allow
stellar clusters to be spatially resolved. Depending on mass and
metallicity, the mass-loss rates of the brightest stars may be so high
that their winds become optically thick, resulting in hydrogen-rich
WN spectra (de Koter, Heap & Hubeny 1997). Such targets provide
important tests for the theory of line-driven winds (Grifener et al.

*Based on observations made with ESO Telescopes at the Paranal Observa-
tory under programme 60.A-9419(A).
tE-mail: O.E.Hartoog @uva.nl
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2011; Vink et al. 2011). Massive stars up to about 80 M, in metal-
poor environments receive special attention as well, as those that
have a rapidly rotating core at the end of their lives may produce
broad-line Type Ic supernovae or hypernovae, which are perhaps
connected to long-duration gamma-ray bursts (Moriya et al. 2010).

In this context, massive stars in the Magellanic Clouds have been
extensively studied (see e.g. Evans et al. 2004, 2011). Extending
such studies to more distant galaxies requires sensitive spectro-
graphs mounted at the largest telescopes and, so far, has only been
attempted at low resolution (Bresolin et al. 2006, 2007; Castro et al.
2008). Such low-resolution studies can be hampered by the pres-
ence of nebular emission, as due to their strong ultraviolet (UV)
flux, massive stars ionize the ambient environment creating H 11 re-
gions. Through observations at higher spectral resolution, nebular
emission, rather than being a complicating factor, may help to fur-
ther constrain physical properties of the ionizing source (see e.g.
Kudritzki & Hummer 1990).

In this paper, we take the first step towards quantitative spec-
troscopy of massive stars outside the Local Group. We present the
first medium-resolution spectrum of a luminous early-type source in
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NGC 55 (~2.0 Mpc) and its surrounding region, obtained with the
new X-shooter spectrograph at the European Southern Observatory
(ESO) Very Large Telescope (VLT). The medium spectral resolu-
tion (R ~ 6000) and unique spectral coverage of X-shooter allow
for a detailed analysis of the stellar spectrum, and, importantly, for
an improved correction of the nebular emission lines that can be
distinguished from the underlying stellar spectrum.

1.1 NGC 55

NGC55 (see Fig. 1) is located in the foreground of the Sculp-
tor Group, at a distance of approximately 2.0 Mpc (Gieren et al.
2008, and references therein). Though it is difficult to determine its
morphological type due to its high inclination of ~80° (Hummel,
Dettmar & Wielebinski 1986), the galaxy is likely of type SB(s)m:
a barred spiral with an irregular appearance, very similar to the
Large Magellanic Cloud (de Vaucouleurs & Freeman 1972). Metal-
licity measurements of NGC 55 show a range of values between
0.23 and 0.7 Z(, all determined by an analysis of forbidden oxygen
line emission (see e.g. Webster & Smith 1983; Stasinska, Comte &
Vigroux 1986; Zaritsky, Kennicutt & Huchra 1994; Tiillmann et al.
2003).

The blue massive star population of NGC 55 has been studied in
the context of the Araucaria project (Gieren et al. 2005). As part of
this project, Castro et al. (2008) have presented low-resolution (R =
780) UV-optical (390-490 nm) spectra of approximately 200 blue
massive stars in NGC 55, taken with the Focal Reducer and low
dispersion Spectrograph 2 (FORS2) on the VLT. In search for the
most massive star in this galaxy, we selected NGC 55 C1_31 (for the
remainder of this paper C1_31; RA 0:15:00.01, Dec. —39:12:41.39,

0.9"x11" €
*1":9.7 pc

Figure 1. B — V — Ha image of the host galaxy NGC 55 (MPG/ESO,
Wide Field Imager) with a zoomed-in region (FORS Ho image) that indi-
cates the location of our source. The rectangles show the projections of the
VIS entrance slit (0.9 x 11 arcsec?) at the different observing epochs: 1,
2009 August 13; 2, 2009 September 27; and 3, 2009 September 30. C1_31
is located where the slit projections cross. C2_35 is another massive star
candidate, of which we see the surrounding nebular emission in our slit (see
Section 4.2).

indicated in Fig. 1) because of its brightness and its classification
as an early O-type supergiant.

In the following section, we describe the observations and data
reduction for both the stellar spectrum (Section 2.1) and the nebu-
lar spectra as a function of location along the slit (Section 2.2). In
Section 3, we constrain the overall properties of the central source
by comparing the observed hydrogen and helium line profiles of
C1_31 with simulated profiles. In Section 4, we analyse the nebular
spectra. In Section 5, we explore the effect of luminosity and tem-
perature of the ionizing source on the properties of the surrounding
nebula, resulting in a consistent picture on both the properties of
the central ionizing source and the surrounding nebula (Section 6).
We summarize the main results in Section 7.

2 OBSERVATIONS AND DATA REDUCTION

The observations of C1_31 were obtained as part of X-shooter
Science Verification (SV) runs 1 and 2. Spread over three nights,
the total exposure time is 2.5 h. The observations were carried out
in nodding mode using a nod throw of 5 arcsec. We refer to Table 1
for the details of the observations and the observing conditions.
Light that enters X-shooter is split in three arms using dichroics:
Ultra Violet-blue (UVB), VISual (VIS) and Near-infrared (NIR).
Each instrument arm is a fixed-format cross-dispersed échelle spec-
trograph (D’Odorico et al. 2006; Vernet et al. 2011). Table 2 gives
for each arm the wavelength range, the projected dimensions of the
slit and the resolving power. The data are reduced with X-shooter
pipeline version 1.2.2 (Modigliani et al. 2010; Goldoni 2011). Al-
though our source is observed in nodding mode, we have reduced
the UVB and VIS science frames separately, using the staring mode
reduction recipe. We follow the full cascade of X-shooter pipeline
steps (‘physical model mode’), up to obtaining two-dimensional
(2D) straightened spectra, without sky subtraction. See Section 2.1
for the steps through which we obtain the stellar spectrum of C1_31,

Table 1. Overview of the observations. Column 1: date and mid-exposure
time of the observations; column 2: seeing measured from 2D spectrum
spatial profiles; column 3: angular distance from the source to the Moon
and fraction of lunar illumination (FLI); column 4: exposure time per arm;
column 5: position angle (north to east) of the slit on the sky (along the
parallactic angle at the time of the observations).

Date Seeing Moon dist.  Exposure time PA
Time (uT) (R band) FLI (s)

1 13/08/09 0.69 — 0.88 arcsec 69° 2 x 900 5324
08:52 56 per cent

2 27/09/09 0.87 — 0.93 arcsec 66° 4 % 900 —52°3
03:43 60 per cent

3 30/09/09 0.96 — 1.50 arcsec 45° 4 % 900 —56°4
03:26 85 per cent

Table 2. Overview of X-shooter instrument properties. Column 1: instru-
ment arm; column 2: wavelength range; column 3: projected slit size;
column 4: measured resolving power R = A/AX; column 5: resolving power
according to X-Shooter User Manual.

Arm Range (nm) Slit dimensions (arcsec?) R Rin

UVB 300 — 560
VIS 550 — 1020
NIR 1020 — 2480

0.8 x 11
0.9 x 11
0.6 x 11

6268 =179 6200
7778 =264 8800
7650 258 8100

© 2012 The Authors, MNRAS 422, 367-378
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Table 3. S/N per resolution element of different parts of the UVB and VIS
spectra per night, and of the final combined spectra.

UVB arm

S/N [range (nm)]
Night [424:428] [460:465] [505:510]
13/08/09 16.9 21.3 21.4
27/09/09 14.0 21.2 13.7
30/09/09 7.2 9.8 9.8
Combined 21.2 29.3 27.4
VIS arm

S/N [range (nm)]
Night [604:609] [675:680] [811:816] [975:978]
13/08/09 12.1 15.5 22.0 6.3
27/09/09 10.3 12.0 19.8 5.2
30/09/09 6.2 9.8 13.3 4.8
Combined 16.2 20.9 30.0 8.7

and Section 2.2 for the extraction procedure of the nebular spectra
along the spatial direction of the slit.

2.1 The sky-corrected stellar spectrum

2.1.1 UVB and VIS arms

One-dimensional object and sky spectra are extracted from the 2D
spectra. The sky spectrum is extracted from regions with the lowest
continuum and nebular line emission. In the nights with four con-
secutive exposures, cosmic rays have been removed by taking the
median value of each pixel in the four exposures. The sky spectra
are subtracted from the object spectra, thereby correcting for the
contamination by moonlight as well. After applying the barycentric
correction, the sky-corrected object spectra of the three nights have
been combined. Table 3 gives the signal-to-noise ratio (S/N) per
resolution element of the result of each night and of the combined
spectrum. For the stellar line analysis, we normalized the spec-
trum. Independently, we also calibrated the flux of the UVB and
VIS spectra with standard star BD+17° 4708 (sdF8) taken on 2009
September 27, since there were no appropriate flux standard obser-
vations for each individual night. We did not correct the spectrum
for slit losses.

2.1.2 NIR arm

We reduced the NIR spectra following the pipeline cascade for
nodding mode up to extracted 1D spectra, and we combined the
three nights. A telluric standard star (HD 4670, B9V) is used to
correct for the telluric absorption features in the combined NIR
spectrum, and to calibrate the relative flux. The NIR spectrum is
scaled to match the absolutely calibrated VIS spectrum. The S/N
of the combined NIR spectrum of all three nights is ~3 in the J
band, and <1 in the H and K bands. This is too low to detect
stellar or nebular features in the spectrum; however, the level of the
continuum can be retrieved by binning the flux in the atmospheric
bands. The result is shown in Fig. 2.

2.2 The nebular emission spectra

The 2D spectra of each night are combined using the median value.
We flux calibrate the combined 2D spectra with the same photomet-
ric standard star as we used for the object spectrum. Following the

© 2012 The Authors, MNRAS 422, 367-378
Monthly Notices of the Royal Astronomical Society © 2012 RAS

The spectrum of NGC55C1_31 369

trace of C1_31, we extract 20 sub-apertures from each night’s com-
bined 2D spectrum, resulting in a set of 1D nebular spectra that are
spatially separated by 0.75 arcsec each.! Independently, we apply
this combining and sub-aperture extraction procedure as well to the
non-flat-fielded 2D spectra, now using the sum. This allows us to
determine the number of photons N, and thus the photon noise error
VN for every emission line in the nebular spectra. These errors
are propagated in the values of the nebular properties described in
Section 4.

3 ANALYSIS: THE C1_31 STELLAR
SPECTRUM

Fig. 2 shows the combined flux-calibrated stellar spectrum of
C1_31. The extinction-corrected flux should show a Rayleigh—Jeans
wavelength dependence (F; o A~*), because we expect an early-
type star based on the classification in Castro et al. (2008). To lift
the observed spectrum to the slope of the scaled Kurucz model of a
BO star, we need to de-redden our spectrum with Ay gor =2.3 £ 0.1,
adopting Ry = 3.24 (Gieren et al. 2008). We apply the parametrized
extinction law of Cardelli, Clayton & Mathis (1989). As a check,
we do the same exercise by varying both Ry and Ay g, With
3.0 < Ry < 3.5, the spectrum can be de-reddened to the intrin-
sic F; oc A4 slope with an Ay ,, = 2.3 £ 0.1. With Ry outside this
range, the de-reddened spectrum does not match the models for any
value of Ay gar-

Castro et al. (2008) report magnitudes V = 18.523 and / = 19.239
for NGC 55 C1_31, which were obtained as part of the Araucaria
Cepheid search project (Pietrzynski et al. 2006). The / magnitude is
in good agreement with our flux-calibrated spectrum; V is not. The
reported colour V. — I = —0.716 is even bluer than a theoretical
Rayleigh—Jeans tail, suggesting a problem with the photometry.?
From our flux-calibrated spectrum we obtain V > 20.1 4= 0.1. Using
Ay sar = 2.3 and d = 2.0 Mpc, we derive an absolute magnitude of
My = —8.7 & 0.4 for the source.

Fig. 3 compares the observed UVB spectrum of C1_31 between
380 and 490 nm with that of spectral standard stars (Walborn &
Fitzpatrick 1990). In the C1_31 spectrum, the Balmer and He1
lines show artefacts of the nebular emission correction. However,
most of the line wings are left unaffected thanks to the relatively
high spectral resolution of X-shooter. Based on the non-detection of
He 1114541 and the presence of He1A4471 in the C1_31 spectrum,
one cannot classify this source as an early O star. By adding artificial
noise to the standard star spectra, matching the S/N of our observa-
tions in this range, we estimate that the He 1 A4541 line of a star with
spectral type later than O7.5 will not be detectable, thus suggesting a
late spectral subtype. In Section 3.1.1 we will use stellar atmosphere
models to constrain the effective temperature more quantitatively.
Supergiants may have strong emission in He 114686 due to their
stellar wind, but none of the standard stars shows a feature as broad
as that in our observations. Broad He 1 14686 emission lines are the
strongest features in Wolf—Rayet (WR) stars of type WN. This line
profile will be analysed in more detail in Section 3.1.4.

When we compare X-shooter spectrum to the FORS2 spec-
trum of C1_31 in Castro et al. (2008), we conclude that the

! The sub-aperture size of 0.75 arcsec is just below the average full width at
half-maximum (FWHM) of the seeing.

2 This has been confirmed by the authors. Corrected photometric values are
V =19.87 £ 0.05,1 = 19.25 £ 0.05 ( Pietrzynski, private communication),
in agreement with our findings.
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Figure 3. The normalized sky-corrected object spectrum (top) between 380
and 490 nm compared with the spectra of standard O supergiants from O3
to O8.5 (Walborn & Fitzpatrick 1990). Note the very broad He n 14686
emission.

general appearance is similar, including the shape of He 1 14686.
Castro et al. observed He 1 A4200 weakly in emission as well; this
we cannot confirm. The FORS2 observations will have suffered
from similar nebular contamination in the Balmer lines as well as
in some He1 lines, which may have hampered earlier classifica-
tion, but correcting for this is even more difficult at lower spectral
resolution.

3.1 Stellar line profile modelling

Although we are going to make clear in this paper that C1_31 is very
likely a composite source, we first approach the spectrum as if it is
produced by a single star. The derived physical parameters therefore
represent averages of the flux-weighted components contributing to
the spectrum. We note, though, that the integrated light from clusters

— in particular the hydrogen ionizing radiation — is often dominated
by only a few of the most massive components.

The profiles of spectral lines are responsive to various stellar pa-
rameters such as effective temperature, mass-loss rate, surface grav-
ity, chemical abundances and rotation speed. We have used FASTWIND
(Puls et al. 2005) to model stellar atmospheres and to compute pro-
files of spectral lines. FASTWIND calculates non-local thermodynamic
equilibrium (non-LTE) line-blanketed stellar atmospheres and is
suited to model stars with strong winds. We first tried to apply a
genetic fitting algorithm with FaAsTWIND models (see Mokiem et al.
2005) to the observed spectrum, in order to fit a large number of
parameters at the same time. This did not result in well-constrained
parameters, because the shape and width of He 114686 could not
be fitted at the same time as the other lines.

Instead, we constructed a grid of FASTWIND models, and con-
strained the parameters by comparing the observed profiles with
the models. The main grid varies effective temperature T =
27500 — 35000 K with steps of 2500 K, and covers values for the
mass-loss rate M = 1,3, 6 and 10 x 107° Mg yr~! and luminosity
log (L./Lp) = 5.4, 5.6 and 5.8. All models have a mass of M =
40 M, wind acceleration parameter 8 = 1.0, and helium to hydro-
gen number density Ny./Ny = 0.1. Radius R, and surface gravity
g are fixed by the other parameters. The terminal wind velocity v
is assumed to be 2.6 times the surface escape velocity (see Lamers,
Snow & Lindholm 1995). In Table 4 we show the parameter values
of a subset of the grid, i.e. the models discussed in more detail in
this paper. Unless stated otherwise, the synthesized line profiles are
produced using a microturbulent velocity of vy, = 10kms™' and
a projected rotational velocity of v,ysin (7)) = 150km s~!, with i
being the inclination of the stellar rotation axis relative to the line of
sight. An instrumental profile matching the resolution of X-shooter
is applied as well.

We first investigate the overall impact of the effective temperature
(Section 3.1.1), rotational velocity (Section 3.1.2) and mass-loss rate
(Section 3.1.3) by comparing with models involving a single star.
In Section 3.1.4 we show that the observed profile of He 1 14686
cannot be reproduced with a single star. In Section 3.1.5 we will
discuss the luminosity constraint that follows from My.

© 2012 The Authors, MNRAS 422, 367-378
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Table 4. Parameters used for the described FasTwiND models, which are a subset of a larger grid. R+, log g and v, =
2.6 X vese depend on the other variables. The first four models have the same M, L+ and M, but different Tef, causing
the remaining parameters to be modified. The next three models are variations on MOD31, but with different values for
M. MOD69 is like MOD31, but with an artificially high wind acceleration parameter 8. The last two models MOD89
and MODY0 provide the best-fitting multiple model configuration (in a visual flux ratio of ~4:1). The bolometric
luminosities L+ are chosen such that they reproduce the measured My with 10 times MODS89 and two times MOD90.

ID M Teft L, log g R, M Voo B Nue/Nu z
Mp) (K) Le) (ems? Re) Mey) (kms™h (Ze)
MOD39 40 27500 10°6 2.99 33.69  6.00 x 10°° 1750.33 1.0 0.1 0.3
MOD31 40 30000 107 3.30 2340 6.00x 107 210040 1.0 0.1 0.3
MOD32 40 32500  10%° 3.44 20.94 600 x 107% 227543 1.0 0.1 0.3
MOD33 40 35000 1036 3.57 17.19  6.00 x 1076 245047 1.0 0.1 0.3
MODI0 40 30000  10%° 3.30 2340 1.00 x 107%  2100.40 1.0 0.1 0.3
MODI11 40 30000 10%° 3.30 2340 3.00x107° 210040 1.0 0.1 0.3
MODI12 40 30000  10°° 3.30 2340 1.00 x 107> 210040 1.0 0.1 0.3
MOD69 40 30000 10%© 3.30 2340 6.00 x 10°® 210040 3.0 0.1 0.3
MODS9 30 30000 10°%* 3.54 1546  2.00 x 107%  2237.86 1.0 0.1 0.3
MOD90 80 50000 10°%3 4.26 1098 3.00 x 107> 4336.76 1.0 0.8 0.3
Hel 24387 Hel 24471 Hel 14387 varying rotational velocity
1.3 1.3
! T3 — i X M— 1.3
MODS2. T-39800 K MOD32: T-39900K MOD31: T=30000 K vsini= 50 km/s
12 MOD33: T=35000 K 12 MOD33: T=35000 K 1 MOD31: T=30000 K vsini=150 km/s
observed spectrum ——— observed spectrum ——— 1.2 + MOD31: T=30000 K vsini=250 km/s - S
§ observed spectrum ———
2 3 1ar g
5 3
2 1
©
£
o
0.7 L L 1 L 0.7 L i L = 0.9
437 438 439 440 445 446 447 448 449
Hell 14200 Hell 14541 0.8
1.3 : T . 13 - T T
MOD31: T=30000 K —— MOD31: T=30000 K —— | | | |
MOD32: T=32500 K -+------ MOD32: T=32500 K -------- 0.7
12 MOD33: T=35000 K 12 MOD33: T=35000 K i 4375 438 438.5 439 4395 440
. observed spectrum J observed spectrum ——— A (nm)
=
% Figure 5. The observed line profile of He1A4387 compared with the same
£ model profile as computed for various projected rotational velocities.
late three different rotational velocities: v,sin (i) = 50, 150 and

s 0.7
418 419 420 421 422 452 453 454 455 456
A(nm) A (nm)

Figure 4. Observed line profiles compared with model line profiles com-
puted for various effective surface temperatures (see text).

3.1.1 Effective temperature

The He1 and He 1 lines can be used to determine the characteristic
effective temperature of the source. Fig. 4 shows the observed pro-
files of He1A4387, He1A4471, He 1 14200 and He 114541 along
with profiles from atmosphere models that only differ in effective
temperature. A visual comparison of the profiles shows that the
models with T < 35000K best reproduce the spectrum as oth-
erwise He 11 would have been detected, and He 114387 would not
have been as deep.

3.1.2 Rotational velocity

Since the observed profile of He114387 is not affected by neb-
ular emission, we can use it to constrain the characteristic rota-
tional broadening. Fig. 5 shows the He 114387 profile of MOD31
(Teir = 30000K) convolved with rotational profiles to simu-

© 2012 The Authors, MNRAS 422, 367-378
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250kms~!. The line with v,ysin(i) = 50kms™' is clearly not
broad enough to fit the observed profile, while the line with
VrorSin () = 250kms™! appears to be too broad. We conclude
that the width of the lines is best reproduced by models with
VyorSin (7)) = 150 £ 50kms~!.

3.1.3 Mass-loss rate

In the nebular spectrum, He is very strongly in emission. This is
mostly due to the surrounding H 11 region. In the sky-corrected object
spectrum (Fig. 6), the Ho line wings are clearly visible, and reveal
that He is in emission in the spectrum of C1_31 as well.

The profile of Ha is very sensitive to the mass-loss flux M /47t R2.
In the right-hand panel of Fig. 6 we plot the observed spectrum to-
gether with the line profiles from single-star models with T =
30000K and R, = 23.4 R, and four different mass-loss rates:
1 x 10°,6 x 10° 3 x 10® and 1 x 10°° Mgp yr". De-
pending on the mass-loss rate, the line is either in emission or
in absorption. The computed profile for MOD31 reproduces the
observed profile best, and corresponds to a mass-loss flux close to
~9 x 10710Mg yr! Réz (e. M =6 x 10°°Mg yr ! for R, =
234Rp).

€102 ‘22 IBOLBAON U0 WepRsWy UeA 1e1SeAIUN e /B10'S euInolpiojxo'seiuw//:dny woJj pepeojumod


http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

372  O. E. Hartoog et al.

Hell 14686 + Hel 14713

MOD69' v,sin i = 1150 km/s ——
1.6 [ MOD69: v,sin i ='600 km/s --------
151 MOD69: v,sin i =900 km/s -------

- MOD69: v,sin i = 1200 km/s - -- - -
14 | observed s;pemmm ]

normalised flux

0.8 0.8
650 652 654 656 658 660 662 464 466 468 470 472 474
A(nm) Mnm)

Figure 6. Observed line profiles compared with model line profiles for
various mass-loss rates (left-hand panel) and projected rotational velocities
(right-hand panel).

3.1.4 He 4686

In the spectrum of C1_31, Hen 14686 is in emission, which is
a common feature in spectra of O-type supergiants (see Fig. 3).
However, in none of the comparison spectra this line is as broad as in
our spectrum (~3000km s~!). The equivalent width is only —3.6 £
0.04 A, i.e. much weaker than in typical WN star spectra. The feature
is of stellar origin as no nebular counterpart is detected.

The strength of He 1 A4686 depends on various parameters in the
FASTWIND models. The modelled line can be made stronger by (1)
increasing the effective temperature (a larger fraction of the helium
will be ionized), (2) increasing the mass-loss rate, (3) increasing the
helium abundance, (4) increasing the wind acceleration parameter
B or (4) decreasing the terminal wind velocity. But these modifica-
tions only make the line stronger, not much broader. To simulate the
profile of the line in both strength and width using rotational broad-
ening, a rotational velocity of v,ysin (i) = 1200kms~! is needed.
Fig. 6 shows one of the models (MOD®69) for which this line has
an equivalent width of —3.58 A, convolved with a rotational profile
simulating rotational velocities of v.ysin (i) = 150, 600, 900 and
1200km s~". Only when v,osin (i) ~ 1200 km s~!, the line is broad
enough to reproduce the observed profile. This vy, is, for accept-
able radii and masses, higher than the escape velocity. He 114686
is formed in the wind; therefore, its width can be much higher than
the surface rotational velocity. But with such a dense and fast wind,
Ha would have been much broader as well, and the photospheric
He1 and He i1 absorption lines would not be visible. Therefore, we
conclude that the He 1 A4686 emission line has a different origin: it
is a diluted WN feature (see Section 6).

3.1.5 Luminosity

In the calibration of O stars by Martins, Schaerer & Hillier (2005)
the visually brightest supergiant has My = —6.35. C1_31 is with
My = —8.7 almost an order of magnitude brighter. It is therefore
likely that C1_31 is a composite object such as a cluster containing
several luminous stars. The slit width (0.8 arcsec for UVB) at a
distance of 2.0 Mpc corresponds to a physical size of 7.8 pc, which
is large enough to contain for example the Orion Trapezium cluster,
or even more massive open clusters such as Tr 14 (Sana et al. 2010)
or NGC 6231 (Sana et al. 2008).

In summary, the normalized line profiles of hydrogen and helium,
except He 1 14686, can be reproduced by a single-star model with
parameters Ty ~ 30000K and M ~ 6 x 107° Mgp yr' ', R, ~
23.4R¢ and vysin (i) = 150 £ 50km s, ie. alate O supergiant
star (MOD31 in Table 4). A star with this temperature would need

Table 5. Reddening-corrected (see text) line flux ratios with respect to HB
for the strongest unblended emission lines in the nebular spectrum close to

our central source.

Line 2009 August 13 2009 September 27 Average
ratio ratio ratio

[O1] 13726 1.554 £+ 0.050 1.476 + 0.033 1.500 £ 0.028
[Ou] 13729 2.271 £ 0.065 2.188 £ 0.044 2.214 £0.036
H-9 13835 0.062 4+ 0.011 0.060 £ 0.007 0.061 £ 0.006
[Nem] 23869  0.325 +£0.018 0.306 £ 0.012 0.312 £0.010
H-8 13889 0.201 +£0.014 0.198 £ 0.009 0.199 £ 0.008
HS 24102 0.275 £0.014 0.271 £0.010 0.272 £ 0.008
Hy A4341 0.517 £ 0.019 0.505 £+ 0.013 0.509 £+ 0.011
[Om] 24363 0.039 £ 0.004 0.037 £ 0.003 0.037 £ 0.002
Her1 4471 0.034 £ 0.005 0.034 £ 0.004 0.034 £ 0.003
Hen 14686 0.006 £ 0.002 0.003 £ 0.001 0.003 £ 0.001
Hp 24861 1.000 £ 0.027 1.000 + 0.019 1.000 + 0.016
[Om] 24959 1.171 £ 0.029 1.144 £ 0.020 1.153 £0.016
[Om] A5007 3.477 £0.074 3.426 £ 0.052 3.443 £ 0.043
He1 15876 0.110 £ 0.007 0.113 £ 0.005 0.112 £ 0.004
[Sm] 26312 0.015 £ 0.002 0.017 £ 0.001 0.016 £ 0.001
[N1] 16548 0.060 £ 0.004 0.062 £ 0.003 0.061 £ 0.002
Ha 16563 3.040 £ 0.063 3.052 £ 0.045 3.048 £+ 0.037
[Nu] 16583 0.179 £ 0.007 0.193 £ 0.005 0.188 £ 0.004
He1 16678 0.029 £ 0.003 0.028 £ 0.002 0.028 £ 0.002
[Su] 26716 0.269 £ 0.009 0.292 £ 0.007 0.283 £ 0.005
[Su] 16731 0.189 £ 0.007 0.206 £ 0.005 0.200 £ 0.004
[Arv] 17006 0.009 £ 0.001 0.006 £ 0.001 0.007 £ 0.001
[Arm] 17136 0.087 £ 0.004 0.086 £ 0.003 0.087 £ 0.002
[Arm] 17751 0.022 £ 0.001 0.022 £ 0.001 0.022 £ 0.001
Pa-10 29015 0.017 £ 0.001 0.018 £ 0.001 0.018 £ 0.001
[Sm] 29069 0.200 £ 0.005 0.203 £ 0.004 0.202 £ 0.003
Pa-9 19230 0.025 £ 0.002 0.024 £ 0.001 0.024 £ 0.001
[Sm] 29531 0.475 +0.011 0.437 £ 0.008 0.449 £ 0.006
Pa-7 210050 0.045 £ 0.004 0.046 £ 0.003 0.046 £ 0.002

a luminosity of log (L./Lc)) ~ 6.3 to reproduce My, which is too
high for a single O-type supergiant. The considerations regarding
the He 114686 line also point in the direction of the spectrum being
a composite of different sources, weighed by their visual brightness.
This scenario will be explored in Section 6.

4 ANALYSIS: THE NEBULAR EMISSION-LINE
SPECTRUM

The nebular emission spectra show hydrogen recombination lines
of the Balmer and Paschen series, He1 lines, and forbidden lines of
O1, Om, Su, Sur, N1, Nen, Arm, Ariv and Ar v. To these spectra,
no sky correction could be applied, because nebular emission covers
the full slit. Therefore, every nebular line we measure might have
a contribution from the sky continuum. We minimize this error by
subtracting the local continuum next to the line in wavelength. The
ratios with respect to HB of the nebular lines at the position of
our source are listed in Table 5. The extinction-corrected integrated
specific intensity of HB is 5.8 x 10" ergs~! cm~? arcsec 2.

We use the diagnostics for electron temperature and oxygen abun-
dance from Pagel et al. (1992):

1.432
T = ,
log R — 0.85+ 0.03log T + log (1 + 0.0433xT0%)

ey

where T = T (O m), the electron temperature in the region where
oxygen is doubly ionized, in units of 10* K. R and x are given by

I +1

R = Lx4959 25007 ’ @)
Luses

© 2012 The Authors, MNRAS 422, 367-378
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Figure 7. Spatial profiles of emission lines and properties measured from the emission-line spectrum in 20 sub-apertures along the slit. On the x-axis is distance
in arcsec from C1_31. The left and right frames, labelled by their observing dates, correspond to observations with different slit orientations (see Fig. 1 and
Table 1). The image at the top is a part of the 2D spectrum around 468.6 nm. Panel (a) shows the average level of the continuum between 411.0 and 433.5 nm,
without taking into account the difference in Ay pep, along the slit. It also shows the intensity of the two strong nebular lines HS and [O m] 25007, with respect
to the value at the location of the central source. Panel (b) shows the flux of the He 1 A4686 nebular emission line with respect to HB. Panel (c) shows the
value of Ay nep, derived from a number of Balmer and Paschen emission lines, assuming case B recombination. Panel (d) shows [O 1] and [S u] ratios that are
sensitive to electron density. Panel (e) shows 7' (O m) calculated from the ratio R of the [Om] lines (equation 1). Panel (f) shows the total oxygen abundance

12 + log (O/H).

3

where I is the integrated specific intensity of the indicated emission
line and n, is the electron density in cm™3. T, is the electron tem-
perature in units of 10* K in the singly ionized region, and follows
from model calculations by Stasiriska (1990):

x=10""nT, ",

“

The mean ionic abundance ratios for O i1 and O 11 along the line of
sight are calculated as follows:

' =[TOuwNuSm] ™' =05(T""+08).

I I 1.676
12+ log (On/Hu) = log 23720 H 15729 1 5 990 4
Ing >
—0.4010g T> + log (1 + 1.35x), ®)
1 I 1.251
12 4 log (O /Hu) = log 220 F 15007 6454 1201
Iip T
—0.5510g T. ©)

The total oxygen abundance is obtained by adding equations (5)
and (6), i.e. by assuming these two ionization stages to be dominant
in the H 11 region.

© 2012 The Authors, MNRAS 422, 367-378
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4.1 Nebular emission properties along the slit

Fig. 7 shows the nebular properties along the slit for the spectra ob-
tained on 2009 August 13 and September 27. The orientation of the
slit differs between these observations: positive offset is approxi-
mately north-east for 2009 August 13 and north-west for September
27 (see Fig. 1). We do not show the results for the 2009 Septem-
ber 30 observation, which has a similar position angle and gives
a similar result as to the 2009 September 27 observation, though
with larger error bars. As mentioned in Section 2.2, the errors are
obtained by propagating the photon noise on the intensity of the
used lines. We choose 1, = 20cm™ arbitrarily, but in agreement
with the low density limit of the density-sensitive [O 1] and [S 1]
ratios we measure (see Fig. 7d and the analysis below). The error on
the density is not propagated into the errors on the other parameters,
because they all depend very weakly on the density (see equations
1 and 3). In the following sections, we discuss the panels of Fig. 7.

4.1.1 Stellar continuum and nebular emission

Fig. 7(a) shows the shape of the continuum between 411.0 and
433.5nm; here we see the trace of our central source. We do not

€102 ‘22 JoqUIBAON U0 WepRsWy UeA 181S1AIUN e /610°Seulnolplojxoseuw//:dny woly papeo jumoq


http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

374  O. E. Hartoog et al.

take into account the difference in Ay e, along the slit (see Fig. 7c).
The nebular emission in HB and [O 1] A5007, two of the strongest
emission lines in the spectra, is also shown. [O 1] A5007 is a forbid-
den transition and thus only emitted by low-density nebulae. The
2009 September 27 observation suggests that the nebular emission
is built up from various discrete peaks, of which one is centred
on C1_31. This part of the nebula, with a radius of ~20-30pc, is
likely ionized by C1_31. Therefore, the nebular properties at the
central location in the slit are related to the properties of C1_31 (see
Section 5).

4.1.2 Heni4686/HB

Fig. 7(b) shows the ratio of the He 1 14686 and Hp nebular emis-
sion line. Around C1_31, this nebular line is not present, but it is
very pronounced in the 2009 August 13 spectrum around an offset
of —4.5 arcsec. This is also clearly visible in the 2D spectrum around
this line (the top left image of Fig. 7). This feature will be discussed
in more detail in Section 4.2. This nebular feature is much narrower
than the wind He 114686 line we discussed in Section 3.1.4. The
nebular He 11 14686 line has a Gaussian FWHM of ~1 A like the
other nebular lines, slightly larger than the resolution element at this
wavelength (~0.75 A).

4.1.3 Extinction

Fig. 7(c) shows the values of Ay .., Which is the extinction derived
from the nebular hydrogen line ratios. Adopting Ry = 3.24 (Gieren
et al. 2008), Ay ,eb is found for each aperture by minimizing the
following expression:

2 2
=X =m0 ™
v lines q

where ¢ is the theoretical ratio for case B recombination in the
low density limit at 7 = 10000K (see e.g. Osterbrock & Ferland
2006), ¢ is the intensity of a line with respect to Hf after applying
Ay nep (following Cardelli et al. 1989), aqz is the variance on ¢, and
v is the number of degrees of freedom. We use H-9, Hy, H$, He,
Pa-10, Pa-9 and Pa-7. The confidence interval on Ay . is given by
the value for which szcd rises by 1. Ay e 1S used in the derivation
of the properties per aperture shown in Figs 7(e) and (f); the error
on Ay b 1S nOt propagated as its influence on the other parameters
is small.

Ay neb at the location of C1_31 is derived to be 1.30 £ 0.15
and 1.15 £ 0.10 in the 2009 August 13 and September 27 spectra,
respectively. This is lower than Ay y,, = 2.3 £ 0.1 (see Section 3
and Fig. 2). Furthermore, we note that both Ay o, and Ay g, are
larger than Ay = 0.45 from Gieren et al. (2008). However, the latter
value is an average for NGC 55 as a whole. This range of values
reflects local variations and are to be expected, especially in an
almost edge-on galaxy.

4.1.4 Electron density

Fig. 7(d) shows [O 1] and [S ] ratios that are sensitive to electron
density (see e.g. Osterbrock & Ferland 2006). For a value of >1.4,
both ratios are in the low density (<10? cm™?) limit, so this mea-
surement only provides an upper limit. Because these line pairs are
very close in wavelength, their ratios are not affected by Ay pep.

4.1.5 Electron temperature

Fig. 7(e) gives the electron temperature calculated from the ratio R
of the [Om] lines (equation 1). In the 2009 September 27 obser-
vation (Fig. 7, right) in the apertures with an offset of > 2 arcsec,
[Om] 24363 was hardly detected, resulting in an underestimation
of the error in 7 (O ). Taking this into account, and weighing the
better quality spectra more strongly, we conclude that around the
location of C1_31 7 (Om) = 11500 £ 600K, and that there are
no significant gradients in the two spatial directions indicated in
Fig. 1.

4.1.6 Oxygen abundance

Fig. 7(f) shows the total oxygen abundance [O/H] = 12 + log (O/H).
The slight drop in [O/H] that we see at an offset of >2 arcsec in
the 2009 September 27 observation is a propagated effect from the
uncertain determination of 7' (O ). Excluding this region, we find
anaverage of [O/H] = 8.18 = 0.03, which corresponds to Z =0.31 £+
0.04Z) adopting [O/H] = 8.69 + 0.05 (Asplund et al. 2009).
Though lower oxygen abundances are reported for NGC 55 (8.08 £
0.10; Tiillmann et al. 2003), on average slightly higher values are
measured (8.23-8.39, Webster & Smith 1983; 8.53, Stasiriska et al.
1986; 8.35 £ 0.07, Zaritsky et al. 1994).

4.2 C2.35

C2_35 (RA 0:14:59.68, Dec. —39:12:42.84) is located 4.5 arcsec
west—south-west of C1_31 (see Fig. 1). Its strongly ionized sur-
rounding nebula is visible in the 2009 August 13 spectrum (Fig. 7a,
left panel). At an offset of —4.5 arcsec we see a weak continuum,
as the point-spread function of C2_35 is mostly outside the slit. We
detect strong (forbidden) nebular line emission (panel a), but the
most striking feature is the high He 1 14686 /HB = 0.03 ratio (left,
panel b and top image). The FORS2 spectrum of C2_35, classified
as an early O I by Castro et al. (2008), is similar to C1_31. The
broad He1n 14686 wind feature is indicative of the presence of a
hot WR star. On top of the broad wind feature, there is a narrow
nebular emission line. He 1 emission lines from nebulae are only
rarely seen and often associated with strong X-ray sources (e.g.
Pakull & Angebault 1986; Kaaret, Ward & Zezas 2004) but see
Shirazi & Brinchmann (2012). No obvious X-ray source is detected
in archival XMM-Newton and Chandra observations at the loca-
tion of C2_35 (R. Wijnands, private communication). The exposure
times of these images, however, would not be sufficient to detect the
X-ray emission of, for example, an accreting stellar mass black hole
at this distance.

5 MODEL Hi11t REGION

If the stellar spectrum is a composition of different sources, various
solutions are possible. However, the properties 7(O m), n. and [O/H]
of the surrounding nebula are constrained (see Section 4), and the
nebular emission profiles along the slit give some idea of the size of
the ionized region. The ionizing source, of which the constituents
are constrained by the stellar spectrum, should be able to produce
a region with properties we derive from the nebular spectrum. In
this section, we will use the spectral synthesis code cLouDY (version
08.00; Ferland et al. 1998) to investigate which properties of the
nebula and of the central ionizing source have a strong influence on
the observables that we measured. This will allow us to constrain
Tesr and L, of the ionizing source.

© 2012 The Authors, MNRAS 422, 367-378
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Figure 8. Upper panel: the predicted 7(O ) from the synthesized nebular
spectrum as a function of Tefr and L, of a central ionizing O star (Lanz &
Hubeny 2003) in a cLoupy model with an inner radius of 0.1 pc. The solid
and dashed horizontal lines are the observed 7(O 1) and error estimate for
the direct environment of C1_31. Lower panel: the predicted nebular line
ratio He 1 A 4686/Hp as a function of Tefr and L, of a central ionizing star.
The black dots correspond to realistic dwarf and supergiant O-type stars in
the Tefr and L, grid (Martins et al. 2005).

cLoupy is designed to simulate gaseous interstellar media. From
a given set of conditions such as luminosity and spectral shape
of the ionizing source, the program computes the thermal, ion-
ization and chemical structure of a region as well as the emit-
ted spectrum. In order to compare our model results to what has
been observed, we will mainly use the simulated emitted spec-
trum. Since we only know the total abundance of oxygen, we
use the abundance pattern corresponding to the Orion nebula pro-
vided by cLoupy (Baldwin et al. 1991; Rubin et al. 1991; Os-
terbrock, Tran & Veilleux 1992; Savage & Sembach 1996), and
scale the metallicity such that the oxygen abundance matches
our observed value. The total hydrogen density ny is set to
20cm ™3, consistent with the low electron density limit derived
from [Ou] and [Su], assuming that all hydrogen is ionized. We
do not include dust grains.> We use a spherical geometry: the inner
radius of the cloud is 0.1 pc and the outer radius is set where the
temperature drops below 4000 K.

We examined the ratio R (equation 2) of the modelled output
spectra, and computed 7(O ), as a function of Ty and L, of a
synthetic O-star spectrum (Lanz & Hubeny 2003) as central ionizing
source; see the upper panel of Fig. 8. A grid of Tz = 30000-
55000K and log (L/L) = 3-6 has been examined; the black dots
indicate realistic stars in this grid according to the calibration of
Martins et al. (2005). We see that a higher T of the central star leads
to a higher 7'(O m1), while the effect of L, on the ‘measured’ 7'(O 1)
is smaller. L, does however influence the size of the cloud: a higher
L, leads to a larger cloud. A cloud with metallicity Z = 0.3Z,

3 We exclude dust grains to keep the model simple. The extinction we
measure both in the stellar spectrum and the hydrogen emission lines could
as well be due to dust that is outside the surrounding ionized region.

© 2012 The Authors, MNRAS 422, 367-378
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needs a T ~ 44 000-55 000 K star, depending on the luminosity,
to produce the measured 7(Our) of 11500 £ 600K (horizontal
line). Furthermore, we find that the metallicity of the cloud has
an even stronger influence on 7'(O 11); lower metallicities result in
hotter clouds because they are less efficiently cooled. Changing ny
only influences the spatial scale of the cloud: a density 10 times as
low results in a region four times as large.

We also analysed the nebular line ratio He 1 A 4686/Hp as a func-
tion of Tt and L, of a central ionizing source; see the lower panel
of Fig. 8. Below Ty >~ 40000 K, no significant He 1 1. 4686 line is
predicted for any of the luminosities in our grid. For Tfs > 40 000 K,
the line can be produced, and is stronger with respect to HB for more
luminous sources. The ratio He 1 1 4686/Hp decreases strongly by
increasing the inner radius of the model cloud. The nebula directly
around C1_31 does not show He 11 A 4686; therefore, the inner ra-
dius is likely to be 1 pc or more. 7(O 1) is not affected significantly
by changing the inner radius.

6 DISCUSSION: A CONSISTENT PICTURE

In the previous sections, we have put constraints on the stellar
parameters of C1_31 and its surrounding region. We suggest that
C1_31 is not a single object, but rather a stellar cluster. We summa-
rize the main arguments below.

(a) The line profiles cannot be reproduced by one single stellar
atmosphere model, especially not He 1 14686 (Section 3.1.4).

(b) The visual absolute magnitude My = —8.7 of this source is
very high for a single object (Section 3).

(c) A very hot central object (~50000K) is necessary to pro-
duce a T(Om) of ~11500 K in the surrounding nebula (Section 5),
but the ‘average’ spectral type suggests that the majority of the
luminosity in the visual is produced by T < 35000K stars
(Section 3.1.1).

The spectrum of a composite object results in a superposition of
all components, weighed by their relative brightness at the wave-
length considered. All lines that we analysed are close in wave-
length, so we adopt a general ratio in brightness which is the ra-
tio in V. Given a universal initial mass function (IMF), a cluster
will consist of many cool low-mass stars, and only a few very lu-
minous and hot ones. In this analysis we will focus on the most
massive and luminous members, because these dominate the clus-
ter spectrum, as well as the flux of ionizing photons. To this end,
we present a simple combination of FASTWIND models that (a) re-
produces all observed line profiles, (b) has an absolute magni-
tude My = —8.7 and (c) when put into a cLoupy model of an
Hu region, produces an electron temperature of 7(O ) ~11 500 K,
for an adopted metallicity of Z = 0.3Z and hydrogen density
ng =20cm .

Model MODO90 (see Table 4) has a high temperature (T =
50000K), a high mass-loss rate (3 x 1073 Mo yr“) and an en-
hanced helium abundance Ny./Ny = 0.8. It mimics a Wolf—Rayet
WN star (see e.g. Crowther 2008). These properties result in a
strong and broad He 1 14686 emission feature (Fig. 9, upper right).
To reproduce the observed shape of He 1 14686, we combine this
profile with a model with a weak He 1 A4686 absorption profile:
model MODB89, with Tir = 30 000 K. This model resembles a late-
Ofearly-B giant or bright giant. We create a combined profile of 20
per cent MOD90 and 80 per cent MOD89. With this flux ratio, the
He 1 and He 11 absorption lines resemble a 30 000-K star, because in
this respect the MOD89 model is dominant. The Ho wings are well
reproduced (Fig. 9, upper right). The other Balmer lines in the WN
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Figure 9. The observed normalized spectrum (solid lines) together with the
combined line profiles (dotted lines) from the models described in Table 4,
representing the late O giant component MODS89 (dash—dotted lines) and
the WN-like component MODO0 (dashed lines), in the ratio 4:1.

component MOD90 are also affected by the strong wind, which re-
sults in a shallower line or even a P-Cygni profile in the case of HS
and Hy. However, the strong absorption profile of the late O giant
component MOD89 dominates, and the combined profiles match
the observed ones.

If the cluster consists of 10 stars like MODS89 and two
like MODY90, the ensemble would have a visual magnitude of

Table 6. Properties of the final composition of the cluster. Our model clus-
ter has two different components: a late O giant component (MOD89) and a
Wolf-Rayet WN-type component (MOD90) (see also Table 4). Column 1:
model ID; column 2: effective temperature; column 3: bolometric luminos-
ity; column 4: bolometric correction; column 5: absolute visual magnitude;
column 6: number of stars of this type in the cluster; column 7: total absolute
magnitude of this component and; column 8: fraction of the total visual flux
provided by this component.

1D Tett L, BC My No. My Fraction
(K) Le) total of Fyis

MODS89 30000 10°2* —242 —-593 10 —843 0.8
MOD90 50000 10°%% -390 —-595 2 —6.70 0.2
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Figure 10. The spectral energy distribution at the inner radius of the model
cloud (ri, = 0.1pc), split in the different components. It is clear that in
the visual, the 30 000-K component (MOD89, dot—dashed lines) dominates
the light, while the hydrogen ionizing photons (left of the vertical dashed
line, with hv > 13.6eV) are provided mainly by the hot (50000 K) WN
component (MOD90, dashed lines). The dotted profile shows the total input
spectrum.

M\ = —8.63, in agreement with the observed value of My, = —8.7
0.4. The flux ratio in the visual would be ~4:1, due to the dif-
ferent bolometric corrections (see Table 6). The visual flux is
dominated by the late O-type component, while further to the
UV, the hot Wolf-Rayet component would dominate. The latter
is required to reproduce the observed electron temperature in the
cloud.

We have used the combined spectrum of 10 times MODS89 and
two times MODO90 as ionizing source in a cLoupy model. The
spectral energy distribution at the inner radius of the cloud is
shown in Fig. 10, where we see that the ionizing flux is indeed
dominated by the WN component MOD90. We use the same con-
figuration as we did in Section 5, with Z = 0.3 Z. We choose ny; =
20 cm™3, such that cLoupy produces an ionized region with a radius
of ~20pc (see Section 4.1). From the synthesized nebular spec-
trum we infer 7(O 1) ~10 800 K, slightly lower than the measured
T(Om) ~11500 £ 600K, but in reasonable agreement. According
to the model in Section 5 and its results in Fig. 8, a 50 000-K star
would be able to heat the cloud to ~11500K. However, adding
more late O stars decreases 7(O ). The predicted nebular line ratio
Heu A 4686/HB for this cluster composition is 0.06, which chal-
lenges the non-detection of nebular line He 1 A 4686 around C1_31.
This disagreement can be reconciled by increasing the inner radius
of the model cloud to 1 pc or more.

In principle, information as to the stellar content may also be
derived from considering the mass-loss rates of the contributing
stars. For our late O /i source (MOD89) the adopted mass-loss
rate of 2 x 107° Mg yr~! is rather large compared to theoretical
expectations for such a star at a metallicity of 0.3Z), being an
order of magnitude higher than that predicted by Vink, de Koter

© 2012 The Authors, MNRAS 422, 367-378
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& Lamers (2001), after correcting the empirical mass-loss rate for
wind inhomogeneities (Mokiem et al. 2007). Using the Vink et al.
(2001) prescription for the WN star (MOD90) yields a much smaller
discrepancy of a factor of ~2. The discrepancy in the O-star mass-
loss rate can be partly reconciled by taking a smaller number of
brighter stars, for instance supergiants, in the following way. A
brighter star has a larger radius. In order to preserve the Ho profile
shape, the quantity Q oc M/(R3/*vs,) needs to remain invariant
(de Koter, Heap & Hubeny 1998). This implies that for fixed tem-
perature M o< LY. However, the expected mass-loss rate scales
as M oc L2?; therefore, a smaller number of brighter O stars may
still match the strong Ho emission line wings and better reconcile
observed and theoretical mass-loss rates. We did not pursue this
strategy in view of the uncertainties that are involved, for instance
those relating to the stellar mass (which enters the problem as mass-
loss is expected to scale with mass as M « M~'3). Moreover, we
remark that higher than expected mass-loss rates have been reported
for O stars in low-metallicity galaxies (Tramper et al. 2011).

7 SUMMARY AND CONCLUSIONS

We have analysed the VLT/X-shooter spectrum of C1_31, one of
the most luminous sources in NGC 55, and its surroundings. We
conclude that NGC 55 C1_31 is a cluster consisting of several mas-
sive stars, including at least one WN star, of which we observe the
integrated spectrum.

The H, He1 and Heu lines in the stellar spectrum have been
compared to synthesized spectra from a grid of FAsTwWIND non-LTE
stellar atmosphere models. All normalized lines except He 1 A 4686
can be reproduced by a single-star model with Ty < 35000 K, M ~
2 x 107 M@ yr~! and visin (i) = 150 £ 50 kms™'. He 2 4686
has an equivalent width of —3.6 + 0.4 A, but is ~3000kms™"
wide. No single-star model is able to produce matching profiles for
all lines simultaneously.

An analysis of the nebular emission spectrum along the slit
yields an electron density of n, < 10> cm~3, electron temperature
of T (Om) = 11500 £+ 600K and oxygen abundance of [O/H] =
8.18 £0.03, which corresponds to a metallicity Z=0.314+0.04 Z,.
A grid of cLoupy models suggests that a hot (~50 000 K) ionizing
source is necessary to reproduce the observed 7 (O ) in an Hu
region with comparable density and metallicity.

We have also presented an illustrative cluster composition that
reproduces all observed spectral features, the visual brightness of
the target, and which is able to maintain an H 1 region with prop-
erties similar to those derived from the nebular spectrum. In our
model, the cluster contains several blue (super)giants and one or
more WN stars. While the proposed composition might not be
unique, the presence of at least one very hot, helium-rich star with
a high mass-loss is a robust conclusion. High angular resolution
imaging reaching a resolution of 0.05 arcsec (corresponding to a
physical distance of about 0.5 pc) would provide an improvement
of a factor of 10-20 compared to our seeing-limited observations
and would help to constrain the composition of the cluster. This
makes NGC 55 C1_31 a prime target for 30-meter-class telescopes
combining high angular resolution and integral field or multi-object
spectroscopy.
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