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Abstract. We present ground-based infrared imaging andISO

spectroscopy of the luminous blue variables Wra 751 and
AG Car. The images show in both cases a detached shell with a
roughly circular distribution of emission. The infrared images
of AG Car coincide very well with the optical images. The opti-
cal (Hα) image of Wra 751 is different from the infrared image;
the Hα nebula is suggested to be a scattering nebula containing
cold dust particles.

Fitting both the images and the spectra consistently with a
1-D radiative transfer model, we derive properties of their dust
shells. Wra 751 is surrounded by a dust shell with inner and
outer radii of 0.17 and 0.34 pc respectively and a dust mass
of 0.017 M�. The dust shell of AG Car has inner and outer
radii of 0.37 and 0.81 pc respectively and a total dust mass
of 0.25 M�. Dust mass-loss rates during the formation of the
shells are 2.7×10−6 and 3.4×10−5 M� yr−1, respectively. The
total dust mass and hence the derived dust mass-loss rates are
uncertain by at least a factor of two. For AG Car, the derived
dust mass and mass-loss rate are higher than previous estimates.
This is mainly caused by the fact that a contribution of very large
grains (> 10 µm) is needed to explain the flux levels at longer
wavelengths.

Dust models for both objects fail to explain the flux short-
ward of 15 to 20µm: a population of small warm grains, not in
thermal equilibrium with the central star is necessary to explain
this excess. Similarities between dust shells around Wolf-Rayet
stars and Wra 751 and AG Car (mass, grain size population,
morphology) suggest a similar formation history and imply an
evolutionary connection. A similar connection with red super-
giants is suggested on the basis of the dust composition and
derived time-averaged mass-loss rates.
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1. Introduction

The class of Luminous Blue Variables (LBVs) consists of a
small number of very massive, hot unstable stars in the upper
left part of the HR diagram. LBVs are characterised by very high
present-day mass-loss rates (∼10−5 M� yr−1) via an ionized
wind, expanding at modest velocities (100 to 500 km s−1). One
of the defining criteria for LBVs is their variability, on various
time-scales and amplitudes. All LBVs show small amplitude
variability on time-scales of weeks to months with an amplitude
in theV band of a few tenths of magnitudes. More spectacular
are the variations in spectral type and Teff on time-scales of years
of up to about two magnitudes inV . These variations occur at
roughly constant luminosity and are sometimes accompanied
by changes in mass-loss rate.

LBVs are also famous for their outbursts:η Car showed
a dramatic outburst in the 19th century when it ejected about
1 M� in a few decades (Andriesse et al. 1978; Hyland et al.
1979; van Genderen & Thé 1985). P Cyg had two outbursts in
the 17th century (1600 and 1655) (see e.g. Lamers & de Groot
1992). In both cases, dust was formed in the ejecta. In the case
of η Car direct evidence for circumstellar dust is found from
infrared imaging and spectroscopy (Allen et al. 1985; Robinson
et al. 1987; Smith et al. 1995; N. Smith et al. 1998). For P Cyg the
direct evidence for cool dust is weak (Waters & Wesselius 1986),
but the historic light curve strongly suggests obscuration due to
dust formation (Lamers & de Groot 1992). Other luminous,
but cooler massive stars, not classified as LBVs, can also show
episodic dust formation due to enhanced mass loss, e.g.ρ Cas
(G2Ia, e.g. de Jager & van Genderen 1989) and Var A in M33
(Teff ∼ 3–8 × 103 K, Humphreys et al. 1987).

Almost all LBVs are surrounded by a dusty ring nebula
(Nota et al. 1995). The underlying question we address in this
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paper is:what was the evolutionary state of the central star
during the production of the dust shell observed today?Two
possibilities have been proposed in the literature: (i) dust pro-
duction during LBV outbursts such as seen in P Cyg andη Car.
The star may have been slightly cooler than at present during the
outbursts; (ii) dust formed as a result of high mass loss during a
(brief) period as a yellow or red supergiant (RSG). Another way
to express these different scenarios is in terms of the envelope:
did the star have a radiative or a convective envelope during the
production of the dusty nebula? The latter case would corre-
spond to an internal stellar structure of a RSG.

Observationally, it is plausible to assume that very mas-
sive stars, with main sequence masses above about 50 M�, do
notevolve into RSGs (Humphreys & Davidson 1979). The ob-
served distribution of stars in the upper HR diagram shows a
clear lack of RSGs above a luminosity of log (L/L�) = 5.8,
while there are many hot OB stars known with luminosities
above that limit. This lack of RSGs is also observed for other
galaxies (Humphreys & Davidson 1979). It is clear that either
very massive stars never evolve to the RSG phase, or, if they do,
this must be a very brief phase.

The dust in the nebula may be used in two ways to tackle
the problem of their origin. First, by studying the composition
of the dust. This may be different as a result of differences in
the dust forming processes. Second, by studying the distribution
and morphology of the dust in the nebulae, which may provide
information about the mass-loss history during and/or after the
dust formation process.

The LBV ring nebulae have a range of masses, between 10−4

and a few M� (Hutseḿekers 1994). The chemical composition
of these dusty nebulae shows evidence for CNO processing,
which points to a stellar origin of the nebular material. Clearly,
at some point in the recent past, the stars that are now LBVs
have produced a dusty shell expanding at velocities of 20 to
60 km s−1 (a notable exception isη Car, whose ejecta move
outward at a velocity of several 100 km s−1). The LBVs are
believed to evolve into He-rich Wolf-Rayet stars, and evidence
is presented that the ring nebulae observed in some of these
stars are also the result of a phase of high mass loss via a dusty
outflow (Smith 1997).

The nebular gas-phase abundances of LBV ring nebulae in-
dicate enhancement of nitrogen (Smith 1997). Evolutionary cal-
culations (Meynet et al. 1994), however, indicate that e.g. the
surface N and He abundances are expected to behigher in the
LBV stage than the abundances found in the nebulae of LBVs.
This indicates that the envelope must have undergone some mix-
ing, but that He-rich layers were not yet exposed to the surface
of the star. Such a situation occurs in the RSG phase of massive
stars. Indeed, L.J. Smith et al. (1998) propose that AG Car was
a RSG when it ejected the dust shell.

In this paper we study the distribution and composition of
the dust in two well-studied LBVs: AG Car and Wra 751. The
latter star has been classified as acandidateLBV because it
has not (yet) shown the characteristic variations in Teff (Garcia-
Lario et al. 1998) that AG Car shows. We use imaging of the
dust shell to determine the location of the dust. This puts strong

constraints on the grain size distribution when a model is used
to fit the infrared thermal emission from the grains. We use
infrared spectroscopy to determine the detailed shape of the
dust spectrum and its solid state emission bands. These emission
bands are telltale about the composition of the dust and hence
provide valuable information about the physical and chemical
conditions that prevailed during the dust formation process.

The paper is organised as follows: Sect. 2 gives an overview
of the two objects studied in this paper. Sect. 3 describes the
observations. In Sect. 4 we briefly describe the LWS spectra
of the two objects. Sect. 5 contains a detailed description of
the SEDs, using data obtained from many different telescopes.
Ground-based infrared images are described in Sect. 6 and in
Sect. 7 we use the data from Sect. 5 and 6 to construct model
fits. In Sect. 8 we present an extensive discussion of the results
and the last section contains a summary.

2. The stars

AG Car (HD 94910, IRAS 10541-6011) is one of the prototype
LBVs, and one of the best studied examples of this class. It
is a prototype LBV because:
1. It has a very high luminosity, log (L/L�) ' 6.2 (Lamers

et al. 1989; Leitherer et al. 1994), assuming a distance
of 6 kpc (Humphreys et al. 1989).

2. Its spectral type is known to change from early A to late
O.

3. It shows large photometric and spectroscopic variations
at optical and UV wavelengths (Spoon et al. 1994; Lei-
therer et al. 1994; Shore et al. 1996).V changed from
6.0 to 8.0 between 1981 and 1985 (Stahl 1986); stayed
roughly constant until 1990 and reached 5.8 in 1994
(Spoon et al. 1994; Stahl 1997).

4. It has a circumstellar dusty ring nebula that contains
CNO processed material (Thackeray 1950; McGregor
et al. 1988; Nota et al. 1995; Lamers et al. 1996; Smith
et al. 1997)

Thus AG Car fulfils all the primary LBV criteria: it isLu-
minous, Blueand highlyVariable. It also fulfils a secondary
criterion in that it is surrounded by a detached dusty nebula.

Wra 751 (Hen 3-591, IRAS 1065-6026) is a candidate LBV. It
has the following characteristics:
1. It has a high luminosity, log (L/L�) ≥ 5.7 (Hu et al.

1990), assuming a distance larger than 5 kpc. Van Gen-
deren et al. (1992) determined the distance to be between
4 and 5 kpc. We adopt a distance of 4.5 kpc in this paper.

2. Teff is not well determined but probably between 25,000
(Garcia-Lario et al. 1998) and 30,000 K (Hu et al. 1990)

3. It shows photometric variations of 0.15 mag on a time-
scale of months (van Genderen et al. 1992), but no sig-
nificant variations in spectral type, typical for LBVs,
have been observed.

4. It is surrounded by an almost circular dusty nebula (de
Winter et al. 1992; Waters et al. 1997), which has a
“significant” [N/O] overabundance of 3.0+3.0

−1.5 (Garcia-
Lario et al. 1998).
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Table 1.Log of TIMMI observations

Object Date Exp. time Pixel size λc ∆λ

[min.] [arcsec] [µm] [µm]

AG Car 25/2/94 59 0.66 12.56 1.41
25/2/94 51 0.66 12.78 0.25

Wra 751 2/2/95 63 0.336 10.1 5.1

So, Wra 751 fulfils all LBV criteria except that up to now
no large photometric and spectroscopic variations have been
observed.

3. Observations

3.1. Ground-based imaging in the thermal infrared: TIMMI

Ground-based imaging around 10µm was done with the Ther-
mal Infrared MultiMode Instrument (TIMMI) (K̈aufl et al. 1994)
at the 3.6m telescope at La Silla, Chile. A log of the observa-
tions is given in Table 1. The detector used was a 64×64 Ga:Si
array, with a cut-off wavelength of 17.8µm.

The maximum diameter of the optical nebula around AG Car
is approximately 40 arcsec (e.g. Nota et al. 1995). Assuming the
dust nebula to be of similar dimension, we chose the largest pos-
sible pixel size for TIMMI in order to be able to fit the entire
nebula on the array. The optical nebula of Wra 751 subtends a
smaller angle on the sky (diameter≈ 22 arcsec, Hutseḿekers
& van Drom 1991, hereafter HvD), and it could be fitted on the
array with a pixel size of 0.336 arcsec. In both cases the see-
ing was measured using a standard star and was approximately
1 arcsec. The Wra 751 image was flux calibrated, usingα Cen as
a flux standard, assuming a flux of 96 Jy in the N band. The im-
ages of AG Car have not been flux calibrated. The images were
cleaned of high-frequency noise using a low pass filter. This
technique is more effective in the case of high spatial sampling,
so the Wra 751 image (where the point spread function (PSF)
is about 3 pixels wide) benefited more than the AG Car images
(PSF≈ 1.5 pixel). In both cases we made sure that the full width
at half maximum (FWHM) of a point source did not increase
significantly as a result of the filtering technique. Further details
concerning reductions of TIMMI images taken during the same
run as Wra 751 are described by Voors et al. (1997).

3.2. ISO-SWS spectroscopy

Infrared spectroscopy of Wra 751 and AG Car between 2 and
45 µm was done using the Short Wavelength Spectrometer
(SWS) (de Graauw et al. 1996) on board the Infrared Space Ob-
servatory (ISO) (Kessler et al. 1996). AG Car was observed on
June 27th, 1996; Wra 751 on February 4th, 1996. For reduction
of the data we made use of the SWS Interactive Analysis data
reduction package (de Graauw et al. 1996). The Standard Pro-
cessed Data (SPD), produced in pipeline processing version 5.0
or later, were dark subtracted, corrected for the relative spectral
response function of the detectors, flux calibrated and corrected

for spacecraft and earth’s velocity. The SWS wavelength range
(2.4 to 45µm) is divided up into 4 different bands using 4 dif-
ferent detector blocks and two gratings. The maximum grating
resolutionλ/∆λ is a function of the observed wavelength and
lies roughly between 1,000 and 2,500. The AG Car spectrum
was observed at∼ 60 percent of the maximum resolution, the
Wra 751 spectrum at∼ 20 percent. Integration times were 6750
and 1256 second, respectively. No background measurements
were performed. A more detailed description of the spectra and
the way they were reduced is given by Voors (1999).

3.3. ISO-LWS spectroscopy

Spectroscopy in the wavelength range from 43 to 196µm was
done by using the Long Wavelength Spectrometer (LWS) (Clegg
et al. 1996) on board ISO. AG Car was observed on February
4th, 1996 in LWS01 mode. Wra 751 was observed on Septem-
ber 10th 1996, also in LWS01 mode. For both stars a separate
spectrum of the nearby background was obtained and subtracted
from the on-source spectrum. The full wavelength range is sam-
pled by moving the grating across ten different detectors simul-
taneously, five in first order (the long wavelength section: 84 to
196µm), the other five in second order (short wavelength sec-
tion: 43 to 93µm). The spectra were oversampled by a factor of
4, which results in a resolution of 0.6 and 0.3µm for first and
second order, respectively.

Data reduction was done by T.L. Lim using the ISO Spectral
Analysis Package (ISAP). First, glitches were removed by in-
specting all ten detectors separately. In the case of the shortest
wavelength detector, SW1, all scans (6) were inspected sep-
arately. Then, standard reduction procedures were performed
(dark subtraction, response correction and flux calibration).
Small differences in flux level between the different detectors
(typically < 10 percent) were corrected. The on-source spectra
of each detector were scaled to fit the average spectrum since
the differences between detectors are mainly due to a difference
in gain. The background spectra of each detector were offset-
ted to fit the average spectrum, since at lower flux levels they
are more due to differences in dark current between the detec-
tors. The background spectrum was then subtracted from the
on-source spectrum.

The final spectra have a resolution ofλ/∆λ ' 170 and are
shown in Figs. 1 and 2. A more detailed description of these
spectra and the reduction procedures will be given by Barlow
et al. (in preparation).

3.4. ISOPHOT-S spectroscopy

ISOPHOT-S spectra were obtained of AG Car on July 23rd 1996,
and of Wra 751 on August 9th 1996, both with an integration
time of 128 seconds, without chopping. Both wavelength ranges
(2.5 to 5 µm and 6 to 12µm) were observed. The spectral
resolution of PHOT-S is aboutλ/∆λ = 90. The effective size of
the aperture of PHOT-S is 24× 24 arcseconds. For a description
of ISOPHOT we refer to Lemke et al. (1996).
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Fig. 1. Background subtracted LWS spectrum of Wra 751. Indicated
are the lines of [Oiii] and [Nii].

3.5. IRAS data

Infrared Astronomical Satellite (IRAS) data were obtained
through the Groningen IRAS database. For Wra 751 the colour-
corrected (Neugebauer et al. 1984) IRAS-point source catalogue
(PSC) fluxes are used, except for the 100µm point. This is listed
as an upper limit in the PSC. From inspecting individual scans,
we derived in a more accurate analysis a 100µm flux of 25±

5 Jy. The large uncertainty in this flux is due to the high and
complex background at this particular wavelength.

3.6. KAO data

The Kuiper Airborne Observatory data of AG Car, used in this
paper, were taken from McGregor et al. (1988). Derived flux
densities are 177 and 84 Jy at 50 and 100µm, respectively. The
uncertainty in the absolute flux calibration is∼ 25 percent and
there is a relative uncertainty of∼15 percent. Scans taken across
the nebula along the minor axis indicate that outside 30 arcsec
from the stellar position no substantial dust emission at 50 and
100µm is present.

3.7. SEST observations

AG Car was observed at 1.3 mm with the bolometer at the
Swedish ESO Submillimeter Telescope (SEST) at La Silla,
Chile on March 25, 1996, by P.A. Zaal. The planet Uranus was
used as primary calibration source and was assumed to have
a flux of 33.8 Jy at 1.3 mm. The derived flux of AG Car is
111 ± 20 mJy. Note that the beam of the SEST telescope at
1.3 mm is 20 arcsec, i.e. only the inner part of the nebula was
observed.

4. The LWS spectra of Wra 751 and AG Car

The LWS spectrum of Wra 751 is shown in Fig. 1. Only one
solid state feature appears to be present in the LWS spectrum
of this star, located at 47.8µm. This feature is also seen in

Fig. 2. Background subtracted LWS spectrum of AG Car. Indicated
are the lines of [Oi], [N ii] and [Cii]. The dotted line indicates the
underlying continuum.

AG Car, and may be interpreted as due to crystalline pyroxene.
It is interesting to note that there are clear differences between
the solid state structures seen in the LWS spectra of the two
programme stars, whereas the spectra at shorter wavelengths
(between 30 and 43µm) are almost identical (Voors 1999).

Only two spectral lines are clearly visible: [Oiii]λ 88µm
and [Nii]λ 122µm. The [Oi] λ 63µm line does not appear to
be present. This indicates that the ionized gas from where these
lines originate, is hotter than in AG Car. In view of the effective
temperature of the central star (∼20,000 K, see Sect. 7.2) this is
surprising. [Oiii] emission is usually not seen around stars with
a B-type spectrum, but is more common in much hotter objects
like Wolf-Rayet stars or planetary nebulae. We note that around
the even cooler object G79.29+0.46 (∼ 16,600 K, Trams et al.
1999) we detect [Neiii] emission, which is also not expected
around such a cool source. It is speculated that shocks caused by
the interaction with the surrounding medium may produce these
high ionization lines. The spectrum longward of 140µm is not
shown because of a too low S/N ratio. Thus, the [Nii] to [C ii]
ratio cannot be determined. Possibly there is also a [Niii] line
present at 57.3µm, which would confirm the high ionization
state of the gas surrounding Wra 751.

The LWS spectrum of AG Car is shown in Fig. 2. Indicated
is an estimate for a smooth underlying continuum in order to
enhance the visibility of weak features. The dust continuum is
not entirely smooth; several structures are seen at the shorter
wavelengths. There are narrow emission peaks at 48µm. We
interpreted this as due to crystalline pyroxene. Also, a broad
structure around 60µm appears to be present. Possible inter-
pretations for this feature may also be pyroxene (Koike et al.
1993) or H2O ice (Bertie et al. 1969). However, H2O ice also
produces a notable peak at 43µm and the presence of such a
feature in the SWS spectrum of AG Car is doubtful. There are
also three strong spectral lines in the spectrum, [Oi] λ 63µm,
[N ii] λ 122µm and [Cii] λ 158µm.



R.H.M. Voors et al.: Infrared imaging and spectroscopy of the Luminous Blue Variables Wra 751 and AG Car 505

Fig. 3. Spectral energy distribution of Wra 751, combining data taken
with different telescopes (see text). Optical and NIR photometry is
from Hu et al. (1990).

Fig. 4. Spectral energy distribution of AG Car, combining data taken
with different telescopes (see text).

5. Description of the spectral energy distributions

5.1. The spectral energy distribution of Wra 751

The spectral energy distribution (SED) of Wra 751 is shown in
Fig. 3, and is characterised by two components: the star dom-
inates shortward of 7µm, and the dust shell longward of this
wavelength. The optical and near-IR photometry was taken from
Hu et al. (1990) and agrees well with the ISO fluxes. There is
a significant difference in flux levels between the IRAS-LRS
data and the ISO-SWS spectrum. This is due to the different
apertures used in both spectrographs (note that the LRS was a
slitless spectrograph) in combination with the spatial extent of
the nebula (see Fig. 5). The flux level of the long wavelength
point of the IRAS-LRS spectrum (23µm) agrees well with the
flux levels of the SWS band 4 spectrum near 30µm. This im-
plies that the large SWS band 4 aperture includes the bulk of
the nebular emission at these wavelengths. At 45µm, flux lev-
els in the SWS and the LWS spectrum are in good agreement.

Fig. 5. N band image of Wra 751. North is up, east is to the left. The
drawn lines indicate the orientation of SWS apertures (see text) during
the observations. The dotted square box indicates the field-of-view of
the N-band TIMMI image. The dashed circle indicates the limits of the
low surface brightness Hα nebula (HvD).

LWS has a circular aperture of 80 arcsec diameter. We conclude
that the IRAS LRS spectrum and the LWS spectrum represent
emission from the entire nebula.

The solid state composition of the Wra 751 spectrum is
discussed in detail by Voors (1999). We summarize their find-
ings here. An amorphous silicate emission feature is found near
10µm. In addition, weak narrow emission bands are seen near
33, 36, 40.5 and possibly near 43µm. These features can be
attributed to crystalline pyroxenes (Jäger et al. 1998).

5.2. The spectral energy distribution of AG Car

The SED of AG Car is shown in Fig. 4. The flux measurement
at 1.3 mm is not shown. The optical photometry is not plotted
because the star is highly variable in colour and magnitude. The
SED of AG Car at short wavelengths (2.3 < λ < 12 µm) is
dominated by the free-free emission from its wind. At longer
wavelengths the SED is dominated by thermal radiation from
the dust. The flux jump in the AG Car SWS spectrum at 29µm
is even more pronounced than in the case of Wra 751. This is
not surprising given the larger angular size of the AG Car nebula
(compared to the aperture of the SWS observations). There is
even a flux jump between SWS band 4 and LWS at 45µm.
The flux levels of the LWS spectrum agree with the broad-band
IRAS data at 60 and 100µm (taken with a beam of 1.5×4.75
and 3×5 armin, resp.). This suggests that the entire infrared AG
Car nebula fits within the LWS aperture. Also the KAO scans
suggest that the dusty nebula is smaller than 60 arcsec across,
i.e. well within the LWS aperture.

The solid state emission found in AG Car is remarkably sim-
ilar to that of Wra 751: prominent emission near 33, 36, 40.5
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and possibly near 43µm is found, due to crystalline pyrox-
enes (Voors 1999). No evidence for a 10µm amorphous silicate
emission is found, probably due to the lower dust temperatures.
Surprisingly, emission bands were found at 3.3, 7.7, 8.6, and
11.3µm. These bands are usually attributed to Polycyclic Aro-
matic Hydrocarbons (PAHs) (Ĺeger & Puget 1984) and suggest
the presence of very small C-rich grains or large molecules in the
AG Car dust shell. The formation of these small C-rich grains
is not understood at present.

6. Description of the TIMMI images

6.1. The TIMMI image of Wra 751

The 10 µm broad-band image of Wra 751 (Fig. 5) shows
an almost spherical distribution of emission, which is limb-
brightened and peaks at a distance of about 7-8 arcsec from
the central star. There is a marked asymmetry in the brightness
distribution: the nebula is brightest in the north-east (NE), and
it also shows some enhanced emission in the south-west (SW),
but less pronounced. This asymmetrical distribution of surface
brightness points to mass loss in a preferred direction (SW-NE).
We note that HvD from Hα and [Nii] imaging find that the east-
ern part of the nebula is brighter than the western part, roughly
in agreement with our IR image. They also report a slight elon-
gation of the nebula in the NW-SE direction, i.e. perpendicular
to the density enhancement we observe in the infrared. Such a
geometry is also seen in AG Car (see below). From long-slit
spectroscopy (HvD), it is also apparent that the intensity of the
[N ii] line is stronger in the red-shifted part of the nebular emis-
sion than in the blue-shifted part. This would suggest that more
material is receding from the observer than approaching. Note
that the optical emission of the nebula is only seen in the lines
and not in the continuum, i.e. it is not a reflection nebula (HvD).

The nearly circular appearance of the nebula, together with
the centrally located star, suggest that any distortion of the
brightness distribution in the nebula due to space motion of
the central star is negligible. It also suggests that, while mass
loss was enhanced in the SW-NE direction, the expansion ve-
locity of the wind was about equal in all directions. Obviously,
if a fast wind occurred after the ejection of the nebula, it did not
(yet) strongly modify the geometry of the nebula. The modest
present day mass-loss rate (10−6 M� yr−1, Hu et al. 1990) and
the low expansion velocity (190 km s−1, HvD), are consistent
with only modest wind-wind interaction.

A remarkable property of the nebula is its radial bright-
ness distribution. We already noted the limb-brightening which
is expected for a (spherical) detached envelope. However, the
magnitude of the limb-brightening is less than expected for such
a detached envelope and it is also different for the four quad-
rants of the nebula. To illustrate this point, we plot in Fig. 6 the
average brightness as a function of radial distance from the star
for the four quadrants, using annulae with a thickness of 1 arc-
sec (roughly the spatial resolution of the image). The contrast
between the central part of the nebula and the brightest point at
7-8 arcsec is at most a factor 1.35 (Fig. 6). The observed ratio

Fig. 6.Average surface brightness (in arbitrary units) of the four quad-
rants of the Wra 751 nebula as a function of radial distance from the
star, as derived from the N-band image. The central star causes the
sharp rise at the center of the image (0 arcsec). The vertical dashed
line indicates the limits of the region still influenced by the stellar flux.
Note the similar profiles for the NE, SW and for the NW, SE sections,
and the weak or absent limb brightening.

of the limb-brightened edge to the central part of the nebula de-
pends on (angular) thickness of the shell and on the resolution
of the image. Using the parameters for the nebula of Wra 751
that we derive in Sect. 6.1, this ratio is approximately 3 when
assuming infinite resolution, and 2.2 assuming the actual reso-
lution of the image (1 arcsec). So, the N band image shows less
limb brightening than expected for a spherical detached nebula,
even in the NE-SW direction. The NW and SE quadrant do not
appear to show any limb brightening at all.

Closer inspection of the optical image published by HvD
shows that the central parts of the nebula, with a diameter less
than 10 arcsec, are very bright, and that a fainter ‘halo’ extends
up to a diameter of 22-23 arcsec. Our N-band image shows
a peak in the brightness distribution corresponding to a shell
with a diameter of 14-16 arcsec. The outer, fainter Hα halo
corresponds to the peak in the IR brightness, and extends beyond
it. Indeed, the large jump in flux observed in the SWS spectrum
(see above) suggests that the cool dust extends well beyond the
small 14x20 arcsec SWS band 3 aperture.

The long-slit spectra taken by HvD have been interpreted
by them as due to a filled shell of emission rather than a de-
tached shell. However, close inspection of the [Nii] velocities
measured by HvD shows a clear lack of line emission at zero
velocity at most positions along the slit. Such line emission at
zero velocity is expected in the case of a filled sphere of gas
expanding at constant velocity. We conclude that the measured
[N ii] line shapes arenotconsistent with a filled spherical shell.

What then is the geometry of the gas and dust envelope
around Wra 751? On the basis of the above discussed observa-
tions we suggest the morphology of the nebula to be as follows:
the material is distributed in a torus, seen edge-on, of which the
axis is oriented in the NW-SE direction (see Fig. 5). This ex-
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Fig. 7. AG Car and its surrounding nebula in the N3 band
(λc = 12.5 µm). North is up, East is to the left. The boxes indi-
cate the locations of the SWS apertures on the sky at the time of the
SWS observation.

plains the relatively low surface brightness in these directions.
The high surface brightness of the central part of the nebula sug-
gests a non-homogeneous azimuthal distribution of material. As
the [NII] line emission shows that there is more redshifted than
blueshifted material, it is the back-side of the torus where the
density of the material is highest.

Another notable feature of the 10µm image is the bright-
ness of the central source. The integrated flux of the unresolved
central peak in the 10µm image is 0.29 Jy; the total flux of
star plus nebula is 5.87 Jy. As we will show in Sect. 5.1, the
slope of the stellar spectrum between 2 and 5µm suggests that
at 10µm the stellar flux is about 0.07 Jy. The measured flux
of 0.2 Jy (i.e. 0.29 Jy minus the ‘background’ contribution) in
the TIMMI image therefore indicates the possible presence of
an extra contribution very close to the central star. It is likely
that this is another dusty component very close to the star. The
long-slit spectrum of HvD also shows the presence of an unre-
solved nebular contribution. Contrary to the extended nebula,
the blueshifted and the redshifted peak of this unresolved com-
ponent are of equal strength. A spatially unresolved spherical
shell at constant velocity is expected to produce a flat-topped
line profile and not a double-peaked profile. This suggests that
this unresolved component is either not spherically symmetric
or rotating.

6.2. The TIMMI images of AG Car

The 12.5µm N3 band image of AG Car shows a slightly elon-
gated ring roughly in the NW-SE direction around a bright cen-
tral star (cf. Fig. 7). The SW section is the brightest part of the
nebula, and also the NE is brighter than the NW-SE axis. The

Fig. 8. Image of AG Car and its surrounding nebula taken through the
[Ne ii] filter (λc = 12.78µm). North is up, East is to the left.

maximum brightness at the SW and NE of the star is located
approximately 11 arcsec from the star. This coincides perfectly
with optical continuum band images, which show the reflected
stellar light on the dust particles (Nota et al. 1995). However,
we note the presence of a second component in the NE direction
at a distance of about 18 arcsec from the central star, not seen
in optical continuum band images.

The [Neii] λ 12.78 µm image (Fig. 8) shows a similar mor-
phology to the N3 band image: an elongated ring in the NW-SE
direction which is brightest perpendicular to this axis. The SW
is the brightest section of the ring. This image too, coincides
perfectly with the Hα + [N ii] images shown by Nota et al.
(1995). The [Neii] image appears to be smoother than the N3
image of AG Car, however the S/N is limited. Optical images
clearly show that the gas is distributed more smoothly than the
dust (Nota et al. 1992).

We note that as a result of the large width of the N3 band
(∆λ = 1.41µm), it also includes the [Neii] line. However, the
total line flux of the [Neii] line in the SWS spectrum is only
12 percent of that of the continuum between 11.9 and 13.3µm.
If we also take into account the wavelength dependent trans-
mission of the N3 band, which peaks at 12.56µm, the relative
contribution of the [Neii] line is even smaller. So, if we assume
that the [Neii] line over continuum ratio is constant through-
out the nebula, the [Neii] line contributes only on the order
of 10 percent of the total flux in the N3 band. Vice versa, the
[Ne ii] image is ‘contaminated’ by the continuum. The contin-
uum accounts for roughly half of the flux. So we conclude that
the N3 image indeed shows the continuum emission, whereas
the [Neii] image also shows a significant contribution from the
continuum.

The ring-like structure suggests that the AG Car nebula is in
a detached shell, with an increased amount of matter in the NE-
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SW direction. This is true for both the [Neii] image and the N3
band image. These images spatially coincide, indicating that the
gas and the dust are co-spatial (i.e. within the resolution of the
TIMMI images). Higher resolution HST optical images (Nota
et al. 1995) show a very clumpy V-band nebula, indicating that
the dust in the AG Car nebula may be in self-shielding pockets.
Recent observations by Marston et al. (1999) show that CO is
present as well in the nebula, and moves outward with a velocity
of 30 km s−1. This is much lower than the average outflow
velocity of the gaseous nebula (70 km s−1, Smith 1991).

7. Model fits to IR spectroscopy and imaging

In this section we describe the results of applying a radiative
transfer code to model a number of SWS spectra in order to
derive some properties of the circumstellar dust. A description
of the SWS-spectra of Wra 751 and AG Car are given elsewhere
(Voors 1999). Our modelling has several advantages over previ-
ous efforts (Smith 1991; Nota et al. 1992; Hutsemékers 1994).
First, previous dust model fits were made by using only a few
photometric points. Here we use the entire spectrum from 2-
200 µm. Second, having aspectrumalso allows to determine
the composition of the dust much more accurately than previ-
ously possible. Third, we use ground-based infrared imaging,
to determine the spatial extent of the dust. Also, the ISO-SWS
and LWS apertures put strong constraints on the angular size of
the nebulae.

Since similar data for both objects were available, and since
the objects are very similar in appearance, the same method to
fit the images and the spectra of the two objects was applied.
The basic steps are the following. First, the stellar parameters
are determined. Given the distance to the object, the observed
angular size of the nebula (from the images) determines the
physicalsize of the nebula; the inner radius is determined by
the peak in the brightness level, the outer radius is much less
well determined. The spectra constrain the dust composition,
while the assumption of thermal equilibrium of the dust grains
in combination with information about the spatial distribution
of the dust constrain the dust size distribution. The physical size,
combined with the density distribution, then gives the total dust
mass of the nebula. The details of the model fitting procedure
are explained for each object separately.

7.1. Dust modelling program:MODUST

We have used a 1-D radiative transfer code to model the
dust emission from the dust shells of Wra 751 and AG Car.
The program,MODUST, will be described in more detail else-
where (de Koter et al., in preparation). Here we give a brief
overview. The program models the emergent spectrum of a
spherical dust shell around a central star. A library of Ku-
rucz (1991) models is available, though any given spectrum
may serve as input spectrum. The model assumes the grains to
be in thermal equilibrium with the radiation from the central
star. Optical depth effects are taken into account. The model
dust shells that are discussed in this paper are all optically thin

(∆τshell < 0.2 ∀ λ). Tables of optical constants for each dust
component are required as input for the program. A library con-
taining these data for some fifty dust types from different dust
families and lattice states is available. Any given power-law
grain size distribution can be used and various dust shapes can
be adopted (spherical, elliptical etc.). In case of spherical grains,
a Mie code is used to calculate the emissivity of the dust. In the
case of non-spherical grains, we use a continuous distribution
of ellipsoids (CDE). However, due to computational limitations
CDE can only be used in the Rayleigh limit of small grains
(λ � 2πa, wherea is the grain size). The emergent spectrum
can be computed in two ways. First, the total flux of the dust shell
is calculated, and second, the flux through the different SWS and
LWS apertures is calculated, which allows us to model the flux
jumps due to changes in aperture size at the boundaries of the
SWS spectral bands.

7.2. Wra 751

The angular size of the nebula around Wra 751 almost exactly
matches that of the largest SWS aperture. This means that at
longer wavelengths (λ > 29 µm) nearly the entire nebula fits
within the SWS aperture, whereas at shorter wavelengths flux
will be lost. The predicted emergent spectrum and 2-D image
on the sky are subject to the constraint of the observed 10µm
image of the nebula (Fig. 5).

Since both the luminosity and the effective temperature of
the star are uncertain, we decided to fit the spectrum and the im-
age using a range of input values for the stellar parameters. The
most often quoted literature value of the luminosity is 5×105 L�
(e.g. Hu et al. 1990), but we also tried models for luminosities
of 3×105 and 8×105 L�, which are typical values for LBVs.
The values for the temperature in the literature are all between
20 and 30 kK, so we tried stellar input models of 20, 25 and
30 kK.

From the TIMMI image we know that the inner radius of
the dust shell is located at approximately 8 arcsec from the star.
At a distance of 4.5 kpc this corresponds to 0.17 pc. The outer
radius is less well confined, since no millimeter observations
of Wra 751 are available. A mild constraint is given by the
uncertain 100µm IRAS flux of 25 Jy and by the shape of the
LWS spectrum.

From the observed spectrum it is clear that silicates are
present, as indicated by the 10µm emission bump. At longer
wavelengths we also observe some structure that indicates the
presence of crystalline pyroxenes (Voors 1999). Unfortunately,
at present there are no reliable optical constants available for
crystalline Mg-rich pyroxenes. The identification of the solid
state bands given by Voors (1999) is based on transmission data
of synthetic enstatite (Koike et al. 1993), whose optical con-
stants still await determination. More recent laboratory data on
pyroxenes (J̈ager et al. 1998) do not reproduce the observed band
strengths very well. This is probably due to minor chemical im-
purities and/or a non-negligible Fe content. Since the amount
of crystalline dust is small, we decided not to include this com-
ponent in our model fits. So the main ingredient with which we
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model the spectrum is some form of amorphous silicate. Many
different types of both amorphous olivines and pyroxenes were
used to attempt a best fit. Olivines tend to produce a too high
flux around 30µm, pyroxenes give a better fit. From our data it
is difficult to determine the fraction of Fe included in the amor-
phous dust, but a 50/50 Fe to Mg abundance yields good results.
We therefore used this material to fit the overall shape of the dust
shell.

Our best fit model is shown in Fig. 9. The stellar parameters
are Teff = 20,000 K and R = 50 R�, implying log (L/L�) =
5.56. A Kurucz (1991) model with the above parameters was
used as an input spectrum. The mass-loss rate of the central star
is low (Ṁ ≈ 10−6 M� yr−1; Hu et al. 1990), so free-free ra-
diation does not play an important role in the determination of
the stellar continuum flux between 2 and 12µm. The stellar pa-
rameters are derived from optical and NIR photometry, assum-
ing E(B − V ) = 1.7 (Hu et al. 1990: 1.8; Garcia-Lario et al.
1998: 1.5). The inner radius of the dust shell is 1.5×105 R?, the
outer radius is twice as large, 3.0×105 R?. A Mathis-Rumple-
Nordsieck (MRN, 1977) size distribution of the dust particles
was assumed (n(a) ∝ a−3.5), with cut-off wavelengths of 0.03
and 1µm. The density distribution of the dust shell was assumed
to be∝ r−2. The total dust mass of the shell is 1.7×10−2 M�.
A shell with a constant density was also tried, and this gave a
satisfactory fit as well. Such a density profile is often assumed
for evolved planetary nebulae. The mass of this shell only in-
creased by 10 percent with respect to ther−2 case. So, based
on our modeling we cannot conclude what the density distribu-
tion is of the dust shell surrounding Wra 751. The reason that
both density distributions give equally good fits, with similar
masses, is that almost the entire emission from the dust shell is
dominated by conditions at the inner radius. The outer radius
contributes mostly at longer wavelengths, but because the shell
is relatively thin, the temperature difference between the inner
and outer radius is small. For the smallest particles the temper-
ature at the inner radius is 102 K, at the outer radius 82 K.

The model gives a good fit to the overall shape of the spec-
trum. As expected, there are different flux losses through the
different SWS apertures. The amount of flux lost is well pre-
dicted in our model. However, there are two regions where the
model deviates significantly from the observations. First, in the
model there is a peak around 20µm. This peak is the result
of assuming spherical particles in the calculation of the optical
properties of the dust particles. If we assume a continuous dis-
tribution of ellipsoids (CDE) for the particle shapes, this peak
around 20µm disappears. However, the grain sizes in the ap-
plied CDE code can only be treated in the Rayleigh limit, which
is not applicable to our adopted grain sizes. Therefore we use
the MIE code to determine the overall shape of the energy dis-
tribution and CDE to investigate the effect of changing the grain
shape distribution.

The second discrepancy occurs between 5 and 15µm. Both
the PHOT-S and the SWS spectra show a higher flux than the
model. This indicates that a population of warm grains has to be
present around Wra 751. The 10µm TIMMI image shows that
these grains are mainly in the detached shell or in the thin, high

Fig. 9.Dust fit to the ISO spectrum of Wra 751. Symbols have the same
meaning as in Fig. 1. The thick line is the (reddened, E(B-V) = 1.7)
model without apertures, the thin line is the model taking the SWS-
apertures into account, the dotted line indicates the stellar contribution.

surface brightness layer also seen in Hα and [Nii]. Therefore,
these grains cannot be in thermal equilibrium and must be much
smaller than the bulk of the grain population. If we add a very
small amount (≈ 1 percent of the silicate dust mass) of very
small carbon grains (10−2 µm) to the silicate grains, the lack of
emission is perfectly filled up. The temperature of these grains
is roughly150 K, so much warmer than the larger silicate grains.

The difference between the model and the LWS spectrum
beyond∼ 100 µm may very well be due to a very uncertain
absolute flux calibration because of the low flux levels (less
than 10 Jy). Therefore in determining the best fit, we have given
this region a low weight.

We point out that the optical long-slit [Nii] spectra (HvD)
indicate the presence of a spatially unresolved, non-spherical
shell of gas close to the star expanding at velocities comparable
to those of the detached shell. Hence, this [Nii] emission is not
from the present-day wind which expands at much higher veloc-
ities. The flux at 10µm of the central point source in the TIMMI
image suggests a significant excess flux over that expected for
the star, which we interpret as due to thermal emission from
dust grains. Thus, the optical and TIMMI data both suggest that
Wra 751 recently had another brief dusty mass-loss episode,
and that this mass loss was non-spherical.

The expansion velocity of the detached gaseous nebula is
26 km s−1 (HvD). This means that with inner and outer radii
of the dust shell of 1.5×105 and 3×105 R?, respectively, and
a total dust mass of 1.7×10−2 M� the average dust mass-loss
rate when the shell was formed was 2.7×10−6 M� yr−1. As-
suming a gas/dust ratio of 100, this gives a total mass-loss rate
in the order of 2.7×10−4 M� yr−1 for a period of 6300 yrs. The
assumed gas/dust ratio is the canonical value for the Galactic
interstellar medium. It is difficult to establish the error we make
by assuming the same value for the circumstellar environment
of Wra 751. The total duration of the shell episode depends criti-
cally on the assumed outer radius of the shell, which is uncertain
by at least a factor of two.
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The derived total dust mass is also influenced by the un-
certainties in the optical constants. One source of uncertainty
is that the materials used in the laboratory are not the same as
those found around the stars. Another source of uncertainty is
the Fe-content. The more Fe the grains contain, the stronger
the absorption at short wavelengths and the stronger the reso-
nance. Thus, if the real Fe content is higher than the assumed
50 percent, the total mass will be less. However, a higher Fe
content also causes the grains to be hotter at the same distance
from the star. Since we know from the images where the dust
is located, we can constrain the Fe content reasonably well and
we estimate the error to be on the order of 10 percent. Thus, we
expect that the uncertainty in the derived total mass as a result
of the uncertainties in the dust properties is on the order of tens
of percent. This is much less than the error caused by the uncer-
tainties in the nebular parameters (see above), so we estimate a
total uncertainty in the total mass to be at least a factor of two.

7.3. AG Car

Model fitting of AG Car was done in much the same way as
Wra 751. First, the SWS spectrum of the central star – up to
∼ 12 µm – was fitted with a spherical non-LTE model atmo-
sphere, which treats the stellar photosphere and the present-day
stellar wind in a unified manner (de Koter et al. 1993, 1997). So,
no artificial separation between star and wind as is done in the
core-halo approach is made. We adopted Teff = 20,000 K and R?
= 139R�, which gives log(L/L�) = 6.44. This value agrees with
the value of 6.22± 0.2 given by Lamers et al. (1989). In order to
match the slope of the continuum in the NIR, we needed to adopt
the following wind parameters:̇M = 1.4 × 10−4 M� yr−1,
v∞ = 150 km s−1. The velocity law is assumed to be aβ-type,
with β equal to unity. These parameters are consistent with
those derived by Leitherer et al. (1994) from detailed model fit-
ting using similar unified models. A correction for interstellar
extinction ofE(B − V ) = 0.63 (Humphreys et al. 1989) was
applied. The stellar model predicts aV -band magnitude of 6.52
(assuming a Savage & Mathis 1979 extinction law) which agrees
reasonably well with the 6.7 mag as observed by the RASNZ
a few days before and after the SWS observations were done
(Mattei 1999, priv. comm.).

Given the similarity of the continuum subtracted solid state
spectra (Voors 1999) of Wra 751 and AG Car, we assume the
same dust composition. For Wra 751 it was shown that it is
likely that pyroxenes, both amorphous and crystalline, consti-
tute the major contribution to the total dust content. Contrary to
Wra 751, however, AG Car also shows emission from the well-
known emission bands at 3.3, 7.7, 8.6, 11.3 and possibly also
at 6.2µm, usually attributed to Polycyclic Aromatic Hydrocar-
bons (PAHs). The presence of these features in the spectrum
shows that very large molecules/very small dust particles are
also present around AG Car. We will return to the implication
of this observation below.

The infrared images of AG Car show that most of the emis-
sion comes from the NE-SW axis. These regions are approxi-
mately 11 arcsec away from the central star. The NW-SE axis is

Fig. 10. Dust fit to the ISO spectrum of AG Car. Symbols have the
same meaning as in Fig. 2. The thick line is the (reddened, E(B-V) =
0.63) model without apertures, the thin line is the same model taking
the SWS-apertures into account, the dotted line indicates the stellar
contribution.

approximately 16 arcsec away from the central star. Assuming
spherical symmetry obviously introduces uncertainties in the
fit, but it is clear that the angular size of the nebula in the model
should be around 12 to 13 arcsec. We assumed an angular dis-
tance of 12.5 arcsec, which at a distance of 6 kpc translates to a
radius of 0.36 pc.

Given the photometric and spectroscopic variability of
AG Car, it is not immediately clear what temperature of the
central star should be used as input spectrum. The tempera-
ture of 20,000 K mentioned above is only some average value.
We therefore investigated the influence of a change in effective
temperature on the dust emitting properties of the dust shell,
keeping the luminosity fixed. AG Car is known to remain at
constant luminosity during its variations (Lamers et al. 1989).
Kurucz (1991) models with temperatures of 15, 20, 25 and 30
kK were tried, and they did not result in significant change in
the emergent spectrum of the dust shell. Larger differences are
expected if Teff drops below 10,000 K, but such a low value has
not been observed so far for AG Car.

Our best fit model is shown in Fig. 10. The inner and outer
radii of the dust shell are 1.2×105 and 2.6×105 R?. The total
dust mass is 0.25 M�. We assumed an MRN grain size distri-
bution, and derived cut-off sizes of 0.25 and 40µm. The size
of the smallest particles is determined by the inner radius of
the dust shell, that of the largest particles is determined by the
assumed outer radius and the slope of the LWS spectrum. We
assumed a density gradient proportional tor−2. We also tried
to fit the model with a flat density gradient (ρ constant). This
also led to a good fit, with the same inner and outer radii and
a very similar mass (only 10 percent larger than ther−2 case).
The reason that both density distributions give equally good fits,
with similar masses, is that the temperature difference between
the inner and outer radius is small (see also Wra 751). For the
smallest particles the temperature at the inner radius is 99 K, at
the outer radius 76 K.
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Based on our model fit we note that the high mm-flux of 111
± 20 mJy results from free-free emission in the dense, ionized
present-day stellar wind (not shown in Fig. 4). The model cal-
culations for the unified model atmosphere are consistent with
the observed flux. It should be noted that the millimeter obser-
vations and the ISO-SWS observations were not done at the
same time, but 3 months apart. Our model does not predict a
high mm-flux from the dust shell. However, the beam size of
the SEST is 20 arcsec, so a considerable amount of the cold
dust may in fact be outside this aperture. We note that there is
apparently no large contribution from non-thermal emission to
the millimeter continuum in the present-day stellar wind.

As in the case of Wra 751, our model also gives a satisfac-
tory fit to the size of the jump in flux levels at 29 and 45µm.
In Fig. 10, we show both the overall fit of the spectrum as well
as the ISO-SWS aperture corrected spectrum. We see that the
ISO-SWS spectrum is reproduced well. The first difference we
note is the peak in the model spectrum around 20µm which is
completely absent in the ISO-SWS spectrum. The explanation
for the predicted presence of this peak is identical to a sim-
ilar occurence in Wra 751 (see Sect. 7.2). It results from the
assumption of spherical particles.

From Fig. 10 it is clear that our model fails to explain the
flux between∼14 and 20µm; there is a significant difference
between the model and the IRAS-LRS flux levels. The PHOT-S
spectrum (not shown) was taken less than a month after the SWS
spectrum and its flux levels are fully consistent with it. In view of
the differences in aperture size at these wavelengths (PHOT-S:
24× 24 arcseconds and SWS:14× 20 arcseconds), this shows
that this emission likely is entirely due to the central star and not
to some extended source. As in the case of Wra 751 (see above)
and R 71 (Voors et al. 1999), there seems to be a small excess of
warmer grains. We do not see this excess in the aperture-SWS
spectrum. There the model fluxes agree reasonably well with the
observed spectrum. Thus, we conclude that even though these
are apparently hot grains, they seem to be located predominantly
outside the SWS-aperture shortward of 20µm, i.e. the grains
are in the detached nebula. The presence of PAH emission is
another indication for the presence of small grains. As in the
case of Wra 751 we need only a very small amount (in this case
only 0.1 percent of the silicate mass) of very small (10−2 µm)
grains in order to fill up the deficit. The temperature of these
grains is on the order of 180 K.

The average expansion velocity of the AG Car nebula is
70 km s−1 (Smith 1991; Nota et al. 1992), though higher ve-
locity material also seems to be present in the ejecta (Thack-
eray 1977). With the above nebular parameters, this gives a dust
mass-loss rate of 3×10−5 M� yr−1 over a period of 6000 years.
This phase ended approximately 6×103 years ago. If we assume
a canonical value of 100 for the gas/dust ratio, AG Car had a
total mass-loss rate of 3×10−3 M� yr−1. It should be noted that
both the dust mass and the assumed gas/dust ratio are uncertain
by probably a factor of 2.

Compared with previous determinations of the nebular pa-
rameters, the main difference is in the total dust mass of the
shell and hence its time-averaged mass-loss rate. Previous de-

terminations of the age of the nebula and the predominant grain
temperature agree well (Hutsemékers 1994; Nota et al. 1992;
McGregor et al. 1988). However, because of a lack of reliable
data longward of 60µm, the total dust mass has thus far always
been underestimated by almost an order of magnitude.

8. Discussion

In this section, we discuss several aspects of the dust nebulae
of Wra 751 and AG Car, and we speculate about the forma-
tion history of the nebulae. In Table 2 we list similarities and
differences between the two objects.

8.1. dust composition and nebular mass

The dust mass contained in both nebulae (0.02 M� for Wra 751
and 0.25 M� for AG Car) is substantial, but entirely consistent
with a stellar origin. A stellar origin is also inferred from the
enhanced N abundance in the ionized part of the nebulae (HvD;
L.J. Smith et al. 1998). We stress that the derived dust masses
depend on the maximum grain size adopted and uncertainties in
the optical constants, and are uncertain by a factor 2. Previous
dust mass estimates (McGregor et al. 1988; Nota et al. 1992;
Hutseḿekers 1997) suffer from larger uncertainties because of
the unknown dust composition, less accurate optical constants,
and less well constrained (geometrical) nebular parameters.

We can compare the nebular dust- to gasmass determinations
based on either optical or CO line observations. For Wra 751,
HvD quote an uncertain gas mass of 3.2 M� based on Hα.
Clearly, this only reflects the ionized mass in the nebula, and
our analysis indicates that the bulk of the dust is outside the
ionized region. Unfortunately, no measurement of the neutral
component of the gas in the nebula is available. An upper limit
to the total mass in the Wra 751 shell can be found by assuming
that the ionized gas and dust are not mixed. In that case, adopting
a gas/dust ratio of 100 for the neutral envelope, we find an upper
limit to the total mass of 5.2 M�.

For AG Car, an ionized gas mass of 4.2 M� was found by
Nota et al. (1992) based on Hα. Marston et al. (1999) find a
neutral gas mass of about 3.6 M� based on CO rotational line
emission, while a dust mass estimate of 0.25 M� is derived
in the present study. The optical and IR images of the AG Car
nebula indicate that the ionized gas and the dust are co-spatial.
For a gas to dust ratio of 100, we derive a nebular mass of 25 M�
based on the dust. The sum of neutral (CO) and ionized (Hα)
gas mass is 8 M�. The discrepancy between these two numbers
may indicate that the gas to dust ratio is only∼ 32.

The grain size distribution required to fit the ISO spectra and
the ground-based images points to (on average) large grains. For
AG Car even very large (up to 40µm) grains are needed in order
to reproduce the high flux levels seen in the LWS spectrum.
Smaller grains would require a more extended dust shell which
is not in agreement with the KAO data and the observed flux
jumps in the ISO spectrum.

Alternatively, the grains in AG Car could have different scat-
tering and absorption efficiencies than those used in the model
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Table 2.Overview of similarities and differences between the nebulae around Wra 751 and AG Car discussed in this paper.

Similarities Differences

• Roughly spherical distribution of emission; marked asym-
metry in brightness pointing to mass loss in preferred di-
rection. Slight elongation of nebula in direction perpen-
dicular to the density enhancement – suggesting roughly
constant expansion velocity in all directions

• Optical emission in Wra 751 only seen in lines, not in
continuum. In AG Car nebula seen in both.

• Optical (Hα) image of Wra 751 different from infrared
image; Hα nebula probably scattering nebula containing
cold dust particles. Optical AG Car images coincide with
infrared images.

• Both dust shells detached. • AG Car nebula more elongated than Wra 751.
• Both stars show presence of a population of (small non-

TE) warm grains. These are also seen around other LBVs
and Wolf-Rayet stars.

• AG Car shows presence of PAHs, Wra 751 does not.

• Wra 751 shows amorphous silicates (at 10µm), though
not very pronounced. AG Car lacks amorphous silicate
emission, suggesting warm grains are not composed of
amorphous silicates

• Wra 751 has neutral gas outside dust region and ionized
gas is only present in inner part of the dust region; in
AG Car ionized gas only and gas and dust are co-spatial.
Difference may be explained if Wra 751 is less evolved.

• Similar continuum subtracted solid state spectra, in which
pyroxenes constitute major contribution to total dust con-
tent.

• Little or no crystalline olivines are found. This seems to
follow a trend towards higher pyroxene over olivine abun-
dance in RSGs compared to lower luminosity AGB stars.

• Both stars show on average large grains, in agreement
with sizes found in RSGs and larger than grains of lower
luminosity AGB stars.

• AG Car shows very large grains.

• Wra 751 recently showed another brief dusty mass-loss
episode in a non-spherical wind, indicated by the [Nii]
emission close to the star.

calculations. For instance, a higher albedo in the optical and
ultra-violet would lead to less efficient absorption and thus lower
grain temperatures. We would then overestimate the grain size
required to fit the spectra and images. It is possible to increase
the albedo of refractory materials (such as silicates) using an icy
mantle, e.g. crystalline H2O ice. This would result in prominent
solid state emission bands at 43 and 60µm. Indeed, emission at
these wavelengths is observed in AG Car, but at modest strength.
It is not fully clear whether these emission bands can be at-
tributed to crystalline H2O ice, since crystalline pyroxenes also
produce emission near these wavelengths (Koike et al. 1993).
This issue remains open at present, but introduces some un-
certainty in the derived sizes of the largest particles. Since we
cannot include such core-mantle particles in our model calcu-
lations, it is difficult to determine how large the influence will
be on the derived particle sizes and hence on the dust mass.

If a significant fraction of the dust grains around AG Car
are indeed larger than 10µm, we should consider their forma-

tion history. As noted below, the maximum grain size observed
in outflowsis of the order of a micron, whereas much larger
grains are only found in long-liveddisks. Let us first assume
the possibility of grain growth in an outflow. Once the gas from
which the dust particles form contains enough seeds, grains will
grow on these critical clusters. In general one could say that the
lower the critical cluster density, the less they have to “com-
pete” for available atoms or molecules, such that larger grains
can grow. So, if for some reason the cluster density in the out-
flow of AG Car was very low, this may have resulted in very
large grains. However, as noted above, very large grains are pre-
dominantly found in long-lived disks andnot in outflows. One
could propose that the dust particles in the present-day nebula,
have been in a circumstellar disk for a sufficiently long time.
One indication that a disk could be or could have been present
in the AG Car system is the elongated shape of the nebula. It is
not clear, however, how long the pristine dust particles have to
be in a disk for substantial coagulation to take place.
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In the case of AG Car it was noted before that the nebula
contains predominantly large grains (> 1 µm, McGregor et al.
1988). The wavelength independent ratio of the nebular and stel-
lar IUE spectra (Viotti et al. 1988) up to 3000̊A also suggests
that the scattering particles are much larger than 0.05µm in size.
Jura (1996) finds that typical grain sizes for some massive RSG
are larger than for lower luminosity AGB stars. Seab & Snow
(1989) require large grains (> 0.08µm) to fit the circumstellar
UV extinction of the RSGα Sco, and Rogers et al. (1983) find
grain sizes of 0.1 or 0.5µm for the RSGµ Cep. These observa-
tions suggest that RSG have larger grains than lower luminosity
AGB stars.

Both nebulae studied in this paper contain crystalline py-
roxenes and little to no crystalline olivines (Voors 1999). From
ISO-SWS spectroscopy of a larger sample of AGB stars and
RSGs, Molster et al. (in preparation) show that there is a trend
towards a higher abundance of pyroxenes for RSGs compared
to lower luminosity AGB stars. AG Car and Wra 751 seem to
follow this trend, to the extent that they show only crystalline
pyroxenes and no strong evidence for crystalline olivines. We
conclude that both the grain size distribution as well as the dust
composition point to conditions in the dust formation regions
of AG Car and Wra 751 that may have been similar to those
observed in RSG.

In both nebulae a minor population of very small grains is
found that is not in thermal equilibrium with the stellar radiation
field. Not much mass is contained in these grains, but because
of their high temperature they radiate effectively and therefore
they are easily detectable at the short-wavelength part of the dust
spectral energy distribution. These small grains only produce
continuum radiation in Wra 751, and continuum and emission
in the PAH bands in AG Car. The lack of prominent silicate
emission from these warm grains suggests that they are not
composed of silicates. The case of AG Car proves that at least
some grains (the PAHs) are in fact C-rich large molecules or
very small grains.

AG Car and Wra 751 are not the only massive stars with
dust shells containing small grains not in thermal equilibrium.
In the LBV R71 in the LMC, Voors et al. (1999) discovered the
presence of PAH emission and a prominent warm grain compo-
nent which could not be fitted using thermal equilibrium grains
in the detached dust shell. Also, emission from PAH molecules
in HD 168625 indicates the presence of non-equilibrium grains
in this lower luminosity LBV (Skinner 1997). From a study of
dust in WR ring nebulae consisting of stellar ejecta, Mathis et
al. (1992) found a prominent population of very small grains in
addition to more usual grain sizes. There may be an evolution-
ary link between the WR ring nebulae and LBV ring nebulae,
since it is believed that LBVs evolve into WR stars. Our results
concerning the grain populations in AG Car and Wra 751 sup-
port such an evolutionary relation between LBV and WR ring
nebulae.

At present the origin of the small grains in LBV ring nebulae
and in WR ring nebulae is still unclear. It is possible that larger
grains are destroyed by the effects of the fast wind of the central
star on the slowly expanding, dusty ring. The presence of C-rich

PAH grains is even more remarkable in an oxygen dominated
chemistry. However, it should be noted that PAH emission is
observed in some RSG (Sylvester et al. 1999) demonstrating
that C-rich PAHs can form in an O-rich environment. In these
sources there is no hot, fast wind to interact with the silicate
dust. The UV-photons needed to excite the PAH molecules in
this case are expected to come from a warm chromosphere.

8.2. morphology of the dusty nebulae

The geometry of the dust shells around Wra 751 and AG Car
show a number of similarities: both are elongated (AG Car
more so than Wra 751), with a bipolar dust brightness distri-
bution along the minor axis. A similar morphology of the dust
is also seen in HD 168625 (Skinner 1997; Robberto & Herbst
1998), a low luminosity LBV (Hutseḿekers et al. 1994), though
the total dust mass in this dust shell is much lower (10−4 –
3×10−3 M� yr−1). The stellar luminosity of Wra 751 is at or
below the Humphreys-Davidson (HD) limit and therefore this
star may very well have been a RSG when it produced its dust
shell. The similarity of the nebular morphology between AG Car
and Wra 751 may point to a similar formation history.

Apart from the similarities there is also an important differ-
ence in morphology between Wra 751 and AG Car. In the latter
case, ionized gas and dust are co-spatial, while for Wra 751 the
bulk of the dust is outside the ionized region. This difference can
be explained if we assume that the Wra 751 nebula is younger
than the AG Car nebula, i.e. the ionization of the envelope has
only recently started in Wra 751. We note that the derived ion-
ized mass for Wra 751 of 3.2 M� (HvD) is somewhat high for
this scenario, however, this value is uncertain.

Our dust models indicate that the bulk of the emission near
10µm is probably caused by small grains. Therefore, the 10µm
ground-based images presented in Sect. 6 allow us to determine
the location of these grains. At the same time, these images
may be somewhat misleading since the spatial distribution of
small and large grains need not necessarily be the same, and
the bulk of the dust mass may be distributed differently from
what we see at 10µm. A different distribution of small and
large grains could be investigated by obtaining images at longer
wavelengths. Unfortunately, the spatial extent of the Wra 751
and AG Car nebulae is too small to be resolved by IRAS, and to
our knowledge there were no observations done with ISOPHOT
to study the spatial extent of the dust at longer wavelengths.

Several WR ring nebulae, however, are large enough to study
with IRAS data (e.g. Marston 1996; van Buren & McCray 1998;
Mathis et al. 1992). Their morphology is very similar to that of
AG Car and Wra 751, though they are usually much larger. To
indicate the morphological similarities between these nebulae,
we show high resolution IRAS images, using the HIRAS image
reconstruction package (Bontekoe et al. 1994) of the nebula
surrounding WR 40, RCW 58, at 25 and 60µm (Fig. 11). Since
this nebula is larger than the two nebulae studied in this paper,
dust temperatures are much lower, and the presence of the dusty
nebula is not very clear at 12µm. It is immediately clear that
at 25 and 60µm the nebula has similar shape and size. In a
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Fig. 11.25 and 60µm HIRAS images of the nebula RCW 58 around
WR 40. Contours are drawn each 0.8 (at 25µm) and 5 MJy/sr (at
60 µm), respectively, with the lowest contour at 1.5 MJy/sr. The di-
ameter of the nebula is approximately 5 arcmin. The 25µm image is
partly due to very small warm dust grains, the 60µm image mainly
to larger, cold grains. The identical morphology indicates that also the
small grains are located in the ring nebula.

detailed study of the infrared properties of WR ring nebulae,
Mathis et al. (1992) conclude that for RCW 58 “the emission in
the IRAS 25µm filter must be contributed by transient heating of
small grains or emission from molecules excited by absorption
of a single photon”. The similarity of the 25 and 60µm images
indicates that these grains are located in the ring nebula. We
have compared the dust and Hα morphology of RCW 58, using
our HIRAS images and the Hα image published by Marston
(1995), and found excellent agreement, i.e. the ionized gas and
dust are co-spatial.

Another similarity between the nebulae of LBVs and WR
stars comes from recent very high-resolution HST images of
M1-67 (Grosdidier et al. 1998). They show that this nebula,
which surrounds the Wolf-Rayet star WR 124, contains numer-
ous bright unresolved knots of emission, often surrounded by
what appear to be their local “wind” diffuse bubbles. The neb-
ula of AG Car contains similar pockets of emission (Nota et
al. 1995), which are explained as the result of anon-linear thin
shell instability(Vishniac 1994), producing a shock which in
turn generates the “cometary tails” seen in the images. This in-
stability is possibly caused by the interaction of the LBV wind
with a previous slower wind.

Thus, a possible evolutionary link between the nebulae of
LBVs and WR stars is suggested by (a) the presence of a pop-
ulation of small non-TE grains, (b) their location in the ring
nebula (together with the colder dust particles in TE) and (c)
the detailed morphological structure of the nebulae.

8.3. central star

There are significant differences between the two central ob-
jects. The most notable difference is their stellar luminosity:
AG Car has a luminosity equal to or larger than 106.0 L�
(Lamers et al. 1989; Leitherer et al. 1994) whereas Wra 751
probably has a luminosity of the order of 105.7 L� (Hu et al.
1990). Another difference is the more pronounced photomet-
ric and spectroscopic variability of AG Car, though the average
effective temperatures are very similar. Also, the central stars

have rather different present-day stellar winds, with a mass-loss
rate for Wra 751 (10−6 M� yr−1, Hu et al. 1990) about two or-
ders of magnitude lower than that of AG Car (10−4 M� yr−1,
Leitherer et al. 1994).

8.4. Evolutionary considerations

So, were AG Car and Wra 751 red supergiants when they pro-
duced their dust shells? Despite the observed lack of cool stars
with luminosities above log (L/L�) = 5.8, AG Car has often
been suggested to have been a red supergiant when producing
its circumstellar dust shell (e.g. Viotti et al. 1988, McGregor et
al. 1988). Recent evidence in support of this view comes from
nebular abundance determinations (Smith et al. 1997). Our anal-
ysis of the composition of the dust in Wra 751 and AG Car, as
well as the nebular morphology, clearly suggest a high degree
of similarity in the formation history of the nebulae. This is
of importance because AG Car is above the HD limit, while
Wra 751 is not. The shell around Wra 751 therefore could have
been produced in a RSG phase.

The dust composition also links the LBVs to RSGs: in both
classes of objects crystalline pyroxenes condense, and evidence
is accumulating that these grains only condense in high-density
outflows. Voors et al. (1999) show that the LBV R71 in the LMC
has crystalline olivines that strongly resemble those in the galac-
tic RSG NML Cyg. We point out however that, while AG Car
and Wra 751 show crystalline pyroxenes and little evidence for
olivines, the RSG show both crystalline olivines and pyroxenes,
reflecting some differences in the dust condensation conditions.

Another link between LBVs and RSGs is the derived time-
averaged mass-loss. Present-day dust mass-loss rates of RSGs
are on the order of a few times 10−6 M� yr−1 (e.g. Jura 1996).
This agrees well with the derived time-averaged mass-loss rate
of Wra 751, whereas that of AG Car is about a factor of ten
higher. The luminosity of Wra 751 is similar to that of the most
luminous RSGs, whereas that of AG Car is much higher. This
suggests that a relation may exist between the time-averaged
mass-loss rate during the RSG phase and the stellar luminosity.

The detection of an inner, unresolved shell in Wra 751 which
probably also contains dust indicates that the mass-loss history
of this star may have been more complex than previously as-
sumed. It is possible that, while the dusty envelope was produced
in a phase of very high mass loss, this phase was followed by
(a) shorter period(s) of enhanced mass loss and dust formation.
Alternatively, the entire dust shell may have been produced by
subsequent short bursts of high mass loss, much like the sce-
nario proposed by Nota et al. (1995), but in that case the dust
formation conditions are not necessarily similar to those in RSG.

The high mass-loss phase for both Wra 751 and AG Car
lasted about 6000 years (see Sect. 7.3). However, we stress that
the derived outer radii of the dust shells are difficult to constrain.
Nevertheless, these time-scales may be difficult to reconcile
with the observed lack of luminous RSG in the HR diagram,
given the number of blue stars at high luminosity. It is possible
that observational selection effects play a role, since a star with
such a high dusty mass loss would be heavily obscured at optical
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Table 3.Dust shell parameters

Rin Rout amin amax Mdust Ṁ τshell

(pc) (pc) (µm) (µm) (M�) (M� yr−1) (yrs)

Wra 751 0.17 0.34 0.03 1 1.7× 10−2 2.7× 10−6 6.3× 103

AG Car 0.37 0.80 0.25 40 2.5× 10−1 3.4× 10−5 6.0× 103

and UV wavelengths, and thus escape detection when optical
search methods are used. The IRAS all-sky survey would have
revealed such IR-bright objects in our galaxy (it would rival
η Car in IR brightness) but none have been identified. Perhaps
not all stars with masses above 50 M� go through a dusty mass
loss phase. For instance, P Cygni and S Dor are examples of
LBVs without massive dusty ring nebula. Marston (1996) finds
that about 60 percent of galactic WR stars have dusty ring neb-
ulae. This also suggests that perhaps not all massive stars form
dusty ring nebulae shortly before they enter the WR phase.

The duration of the LBV phase can be estimated in a num-
ber of different ways. If one assumes that on average an LBV
has to lose 10 M� and does so with an average mass-loss rate
of 10−4 M� yr−1, then the LBV phase will last approximately
105 years. There is, however, a large uncertainty in the aver-
age mass-loss rate. The mass lost during outburst may signif-
icantly (factor of 10) increase the average mass-loss rate and
hence lower the lifetime of the LBV phase. From statistical argu-
ments, by comparing the number of LBVs to the number of WR
stars, Lamers (1989) estimates an LBV lifetime between 5×103

and 5×104 years. Based on the same statistical arguments,
Humphreys & Davidson (1994) giveτLBV ∼ 2.5 × 104 years,
but note that this may be an underestimate. It is clear that the
derived average lifetime for LBVs depends critically on the def-
inition of an LBV. There is a large group of “candidate” LBVs,
and if these are included the sample of LBVs becomes much
larger, which would increase the derived LBV lifetime.

It is important to distinguish two classes of LBVs; those
above and those below the HD-limit. Usually, in discussing the
statistics of LBVs this distinction is not explicitly made. Let
us first look at the LBVs with dusty envelopesbelow the HD
limit (e.g. HR Car). These stars likely were RSG when they
produced the dust shell. Evolutionary tracks show that the lu-
minosity of massive stars is roughly constant when they evolve
off the main sequence to the red. Therefore, such objects remain
below the HD limit throughout their entire post-main-sequence
life. Thus, LBVs below the HD limit should not be counted
when discussing the lack of stars in the upper right of the HRD.

There arevery fewLBVs above the HD limit with dusty en-
velopes: in our galaxy, AG Car andη Car are well established,
while in the LMC R127 (and possibly R143) is found above the
HD limit. The formation history of theη Car ejecta is likely very
different from those of the other LBVs (cf. the dynamics, the
nebular abundances and the dust composition), and should not
be included in these statistics. Thus, the probability of catch-
ing a star above the HD limit in the process of ejecting a dusty
envelope is small. This significantly alleviates the apparent dis-
crepancy between the observed number of dusty LBVs and the
lack of luminous RSG above the HD limit.

9. Conclusions

In this paper we have presented infrared imaging and spec-
troscopy of Wra 751 and AG Car. The individual conclusions
that we reach, separated in similarities and differences between
the two objects, are shown in Table 2.

Using a 1-D radiative transfer code, and assuming the dust to
consist of amorphous pyroxenes, we have determine a number
of parameters for the dust shells of Wra 751 and AG Car. These
are given in Table 3.

Specific points concerning the evolution of the two objects,
as a result of studying the two nebulae are the following:

1. Based on the similarities between the nebulae of AG Car
and Wra 751 (morphology, particle size [to some extent]
and grain type) we suggest that they may have had similar
formation histories.

2. Similarities in the dust between Wra 751 and AG Car on
the one hand and RSGs on the other, suggest that the nebu-
lae around the LBVs may have been formed during a RSG
phase.

3. The time-averaged mass-loss rates of Wra 751 and AG Car
are consistent with a previous RSG phase.

4. Similarities between the two nebulae studied in this paper
and WR ring nebulae also suggests an evolutionary con-
nection: LBV nebulae may be the precursors of WR ring
nebulae.

5. We present several pieces of evidence which, taken together,
lead us to assume that for both objects the present-day dusty
shells may well have been formed during a stage in which
they were cool supergiants. Taken by themselves, however,
these pieces of evidence are not conclusive.
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