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Abstract. We present the 2—200 um Infrared Space Observatory (ISO) spectrum and 3.8—20 um ISAAC and TIMMI2 images
of the extreme OH/IR star IRAS 16342-3814. Amorphous silicate absorption features are seen at 10 and 20 pm, together with
crystalline silicate absorption features up to almost 45 um. No other OH/IR star is known to have crystalline silicate features in
absorption up to these wavelengths. This suggests that IRAS 16342-3814 must have, or recently had, an extremely high mass-
loss rate. Indeed, preliminary radiative transfer calculations suggest that the mass-loss rate may be as large as 107> M yr~'.
The 3.8 um ISAAC image shows a bipolar reflection nebula with a dark equatorial waist or torus, similar to that seen in
optical images taken with the Hubble Space Telescope (HST). The position angle of the nebula decreases significantly with
increasing wavelength, suggesting that the dominant source of emission changes from scattering to thermal emission. Still,
even up to 20 um the nebula is oriented approximately along the major axis of the nebula seen in the HST and ISAAC images,
suggesting that the torus must be very cold, in agreement with the very red ISO spectrum. The 20 um image shows a roughly
spherically symmetric extended halo, approximately 6” in diameter, which is probably due to a previous phase of mass-loss on
the AGB, suggesting a transition from a (more) spherically symmetric to a (more) axial symmetric form of mass-loss at the end
of the AGB. Using a simple model, we estimate the maximum dust particle sizes in the torus and in the reflection nebula to be
1.3 and 0.09 um respectively. The size of the particles in the torus is large compared to typical ISM values, but in agreement
with high mass-loss rate objects like AFGL 4106 and HD161796. We discuss the possible reason for the difference in particle

size between the torus and the reflection nebula.

Key words. circumstellar matter — infrared: stars — stars: AGB and post-AGB — stars: imaging — stars: mass-loss

1. Introduction

As a Main Sequence star with an initial mass between 1 and
about 8 M, ages, it eventually evolves into an Asymptotic
Giant Branch (AGB) star. An AGB star is a luminous cool
giant star in which a dust driven wind expels matter from its
envelope at a high rate (1077 to 10™* My yr!). Mass-loss in-
creases over time as the AGB star evolves. This eventually ends
in an episode of extremely high mass-loss, the so-called su-
perwind (SW) phase, in which the mass-loss rate, M, exceeds
107> My yr~'. The SW rapidly strips the star of virtually its en-
tire envelope. The high mass-loss during the AGB phase (the
total AGB phase lasts some 10° yr) creates a circumstellar en-
velope which may completely obscure the star. When the SW
phase stops, the central star starts to shrink in radius at constant
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based on observations obtained at the European Southern Observatory
(ESO).

luminosity, getting hotter over time. The star is now said to be
in the post-AGB phase. The old circumstellar envelope, which
initially obscures the central star, becomes optically thin at op-
tical wavelengths after ~100—1000 yr because it is still expand-
ing. Depending on the rate at which the central star evolves, the
star may start to photoionize the material that was ejected dur-
ing the AGB phase, creating a planetary nebula (PN). In this
case the phase between the end of the AGB and the birth of the
PN is called the proto-planetary nebula (proto-PN) phase.

In this paper we study the proto-PN IRAS 16342-3814
(hereafter: IRAS 16342; also OH 344.1+5.8 or “the water-
fountain nebula”). The evolutionary status of IRAS 16342 as
a proto-PN is examined in detail by Sahai et al. (1999, here-
after: SAH99). They report the presence of an asymmetrical
bipolar reflection nebula in Hubble Space Telescope (HST) im-
ages at 0.55 and 0.80 um. The two lobes of the nebula, where
the eastern lobe is significantly redder than the western lobe,
are separated by a dark equatorial waist. The nebula is illumi-
nated by starlight escaping through the polar holes in this “opti-
cally thick, dense, flattened cocoon of dust”. The central star is
completely obscured by the dust cocoon (hereafter called “the
torus”). The individual symmetry axes of the lobes do not coin-
cide, although their orientation and location with respect to the
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dark waist are centrally point symmetric. OH maser line data
at 1612, 1665 and 1667 MHz overlaid on the 0.80 um image
suggest that the nebular axis is tilted such that the western lobe
is nearest to us. Faint halos are seen around the lobes. The halo
regions are illuminated by scattered light from the lobes, and
possibly by heavily reddened, direct starlight (SAH99).

IRAS 16342 has been observed as part of a mid-infrared
(Meixner et al. 1999) and optical imaging survey (Ueta et al.
2000). In the mid-infrared survey IRAS 16342 was observed
at 9.8, 12.5, 17.8 and 20.6 um. At these wavelengths the star
was classified as a core/elliptical source, i.e. a source with
an unresolved, very bright core that is surrounded by a lower
surface brightness elliptical nebula. At all mid-infrared wave-
lengths the source was found to extend northeast-southeast
with the same position angle for all wavelengths.

Early studies on IRAS 16342 revealed the presence of ex-
tremely high velocity outflows in both H,O (~130km s~!)
and OH (~70 km s™!) maser line emission (Zuckerman & Lo
1987; Likkel & Morris 1988). Likkel & Morris interpreted the
H,O masers as streams or clumps of molecular gas forced out
at the polar axes, and believed the OH masers to originate from
lower velocity material at intermediate latitudes. Likkel et al.
(1992) suggested a binary star model for IRAS 16342, as this
could account for both the bipolarity and the high outflow ve-
locities of the masers.

Radiative transfer calculations on IRAS 16342 have been
performed by Guertler et al. (1996) and Zijlstra et al. (2001).
The latter authors found an inner radius of 1” and an outer
radius of 1.5” for the torus, in agreement with the HST obser-
vations. The mass of the torus was found to be 0.1 My. The
radiative transfer calculations by both groups suggest the pres-
ence of a (very cool) outer shell.

In this paper we present the 2—-200 um Infrared Space
Observatory (ISO) spectrum and infrared ISAAC and TIMMI2
images (3.8 to 20 um) of IRAS 16342. The aim of this paper is
to study the mineralogy, morphology and mass-loss history of
IRAS 16342. The paper should also add to our understanding
of proto-PNe in general and to the injection of matter into the
ISM by AGB stars. The latter is important since AGB stars are
among the main “factories” of interstellar dust in galaxies. In
Sect. 2 the data and data reduction procedures are described.
In Sect. 3 we present and discuss the ISO spectrum. Based on
the spectrum, we study the mineralogy and mass-loss history of
IRAS 16342. The ISAAC and TIMMI2 images of IRAS 16342
are presented in Sect. 4 and will be used to study the morphol-
ogy of IRAS 16342 and set limits on the grain sizes in the torus
and the lobes. The conclusions are listed in Sect. 5.

2. Data and data reduction
2.1. ISO data

The 2-200 um spectrum was obtained with ISO (Kessler
et al. 1996), using the Short Wavelength Spectrometer (SWS;
de Graauw et al. 1996) for the 2—45 um region and the Long
Wavelength Spectrometer (LWS; Clegg et al. 1996) for the
45-200 um region. The two spectra were reduced indepen-
dently. For both the SWS and LWS reduction, we used pipeline
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Table 1. The IRAS fluxes for IRAS 16342 compared to those derived
from the ISO data. From left to right we list the wavelength; the Point
Source Catalog (PSC) IRAS flux; the IRAS flux derived from the ISO
spectrum. For more details see Sect. 2.1.

A1 PSCIRAS ISO flux
(um)  flux (Jy) dy)
12 16.2 12.0
25 199.8 170.3
60 290.2 292.5
100 139.4 165.3

version OLP 10 as the starting point. In both cases, individual
subbands were cleaned from glitches, flatfielded (to the mean
of all detectors), sigmaclipped (using the default values o = 3
for SWS and o = 2.5 for LWS) and rebinned (1/A1 = 500
for SWS and A1 = 0.068 um for LWS). The subbands were
scaled (to band 1 and/or 2 for SWS and detector 5 for LWS)
to obtain a continuous spectrum. Finally, the LWS spectrum
was scaled to the SWS spectrum to get one continuous spec-
trum. Without scaling, the flux levels of the two spectrographs
matched at 45 yum to within 12%. For LWS there was an off
source spectrum available to correct for interstellar flux con-
tributions. The flux levels in this spectrum were low (<10 Jy),
showing that the on-source spectrum has no significant back-
ground contribution. We have compared our reduction with the
available IRAS data. Between 14 and 25 um, the ISO spec-
trum overlaps the IRAS Low Resolution Spectrum (LRS) to
within 5%, while between 12 and 14 um the IRAS LRS flux is
about 25% higher than the ISO flux. The IRAS Point Source
Catalog (PSC) fluxes match those derived from the ISO data to
within 26% (see Table 1).

2.2. ISAAC data

The IRAS 16342 3.8 um (L-band) image was obtained with
the Infrared Spectrometer And Array Camera (ISAAC)! at the
Very Large Telescope (VLT) at Paranal, Chile, on August 6,
2000, using the Santa Barbara Research Center Aladdin 1024 x
1024 pixel InSb array. The pixel scale of this detector is 0.071”
per pixel. The total field of view is 72" x 72”. The L-band fil-
ter has a central wavelength of 3.78 um and a width of 0.58 um.
The optical seeing during the observations varied between 1.2”
and 2.0”.

The image was obtained using a 10" chop throw (perpen-
dicular to the long axis of the source), while nodding was per-
formed. In addition to the chopping, the source position was
also jittered. The total integration time was 5.0 min, not con-
sidering the negative image in the chopped image. Only the
positive image was used, since the PSF of the negative im-
age was systematically wider. We used two photometric cali-
bration stars: Y3501 and HR6736. The L-band magnitudes of
these stars were measured by MSSSO photometry (McGregor
1994) and van der Bliek et al. (1996), respectively. As a ref-
erence for the point spread function (PSF), a nearby star,

I http://www.eso.org/instruments/isaac/index.html
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USNO 450-24728679 (m; = 7.0 mag) was used. The obtained
PSF was used to deconvolve the ISAAC image of IRAS 16342.
The FWHM of the PSF was calculated to be 0.35”. The reduc-
tion was done using eclipse package version 4.1.2 (Devillard
1997), and DAOPHOTO under IDL.

2.3. TIMMI2 data

IRAS 16342 images at 7.9 (narrow band), 9.8 (narrow band),
10.6 (broad band) and 20.0 um (broad band) were observed
with the Thermal Infrared Multi Mode Instrument (TIMMI2)
at the ESO 3.60 m telescope at La Silla, Chile, on August 11,
2001, using a Raytheon 240 x 320 pixel AsSi array. The pixel
scale of this detector is 0.202” per pixel. The recorded optical
seeing during the observations varied between 0.92” and 2.0”.

The images were obtained using a 15" chop throw in the
north-south direction while nodding was performed. As a ref-
erence for the PSF, HD 124897 (=« Boo) and HD 178345 were
used. We combined individual chopped images into one image
to improve the signal-to-noise. This was done by shifting the
positive and negative images in each chopped frame to a pre-
scribed position and then adding or subtracting them. Frames of
poor quality were omitted. Finally, we deconvolved the result-
ing image, using either HD 124897 or HD 178345 as PSF. Due
to non-photometric weather during the observations, the abso-
lute flux calibration of the TIMMI2 images proved difficult and
the results uncertain. Therefore, further attempts to do an abso-
lute flux calibration on the images were not made. Moreover,
we are mainly interested in the morphology of IRAS 16342 at
different wavelengths, which does not require an accurate (ab-
solute) calibration of the flux. We will use relative fluxes in the
individual images only.

3. The ISO spectrum
3.1. Description of the spectrum

In the top panel of Fig. 1 we present the 2—200 um ISO spec-
trum of IRAS 16342 (solid line). A possible continuum for the
spectrum, which we will discuss below, is also given (smooth
solid line). The second panel shows the spectrum of the OH/IR
star AFGL 5379, studied in detail by Sylvester et al. (1999).
The continuum for AFGL 5379 is taken from that paper.
The 10 and 20 um amorphous silicate features are clearly visi-
ble. These absorption features are observed in many AGB stars,
their strength depending on the optical depth of the dust, which
is directly related to the mass-loss rate. The absorption features
become stronger, and the spectrum redder, as M increases (e.g.
Bedijn 1987). IRAS 16342 also shows the amorphous silicate
features. The one at 20 um was already detected in the IRAS
LRS spectrum and fitted by Zijlstra et al. (2001). Compared
to AFGL 5379, the amorphous silicate features in the spec-
trum of IRAS 16342 might seem to be absent at first glance!
The spectrum of IRAS 16342-3814 is that of an extremely red-
dened OH/IR star. The third panel in Fig. 1 shows the spec-
trum of HD 161796. HD 161796 is another post-AGB object
which has been studied in detail by Hoogzaad et al. (2002) and
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Meixner et al. (2002). The continuum for HD 161796 is taken
from Hoogzaad et al. (2002).

A first inspection of the spectrum of IRAS 16342 suggests
the presence of the characteristic features of crystalline sili-
cates and crystalline water ice, though up to 45 um they ap-
pear in absorption instead of in emission. To illustrate this, the
continuum shown in the top panel of Fig. 1 has been drawn ac-
cordingly (smooth solid line). Following Molster et al. (2002b),
we represented the continuum by a spline-fit and required it
to be smooth and to maximize the continuum flux in both F,
and F,. We emphasize that this continuum is used only to
enhance the visibility of sharp features in the spectrum and
has no physical meaning. In the lower panel of Fig. 1 we
plot the continuum subtracted spectra of IRAS 16342 (solid
line) and HD 161796 (dashed line). The continuum subtracted
spectrum of HD 161796 is dominated by crystalline silicate
and crystalline water ice emission features (Hoogzaad et al.
2002). A comparison of the suggested absorption features in
IRAS 16342 with the emission features in HD 161796 shows
an impressive agreement, indeed identifying the IRAS 16342
features as due to crystalline silicates and water ice, and jus-
tifying our original choice of the continuum. At wavelengths
longwards of approximately 45 um the features in the spectrum
of IRAS 16342 are again in emission. Close to the peak of the
SED, where the transition between absorption and emission oc-
curs, the shape of the spectral features is less certain.

3.2. The mineralogy of IRAS 16342

Table 2 lists the wavelength positions and identifications
of the features found in the spectrum of IRAS 16342.
We identify amorphous silicates, forsterite (Mg;SiO4), diop-
side (MgCaSi,Og), crystalline water ice, and possibly clino-
enstatite (MgSiOs3) as important solid state components of the
circumstellar matter around this object. We also find [OI] and
[CII] lines, indicating low density gas. The off source spectrum
suggests that the [CII] line is largely interstellar, although a cir-
cumstellar contribution (up to 25% in peak strength) may still
be present. The [OI] line seems to be interstellar. After sub-
traction of the off source spectrum, in which the [OI] line is
clearly seen, there is no clear evidence for a residual circum-
stellar component.

Figure 2 shows part of the continuum subtracted spec-
trum of IRAS 16342 in more detail, together with the mass
absorption coefficients for forsterite, clino-enstatite and diop-
side (Koike et al. 1999). Also shown is the absorbance of crys-
talline water ice measured at 50 K (Smith et al. 1994). The
wavelength positions of the identified forsterite, diopside and
crystalline water ice features are indicated with short vertical
lines. We also indicate the positions of clino-enstatite bands.
Due to blending with forsterite, and given that the bands are
fairly weak, we cannot be certain that clino-enstatite is present.
However, in most evolved stars both forsterite and enstatite are
found together (Molster et al. 2002a), and we suggest this is
also the case in IRAS 16342. The 18.5 yum amorphous silicate
feature, the [OI] line and the unidentified 48 um feature (e.g.
Molster et al. 2002a) are also indicated.
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Fig.1. The 2-200 um ISO spectra of IRAS 16342-3814 (top panel), the OH/IR star AFGL 5379 (second panel) and the post-AGB star
HD 161796 (third panel). Adopted continua for the spectra are given (smooth solid lines). The lower panel shows the continuum subtracted
spectra of IRAS 16342 (solid line) and HD 161796 (dashed line). For a discussion on see Sect. 3.1.

The solid state materials found in the circumstellar environ-
ment of IRAS 16342 are also found around other (high mass-
loss), oxygen rich, evolved stars (e.g. Koike et al. 2000; Molster
et al. 2002a). The very red ISO spectrum suggests that the bulk
of the material around IRAS 16342 must be cold. A low tem-
perature may also be implied by the 69 pm feature of forsterite.
This intrinsically weak feature is detected either when the
forsterite is cold or very abundant. The feature at 48 um has
been found in the spectra of many sources (e.g. Molster et al.
2002a). Its nature is unclear at this time. FeSi has been pro-
posed as a possible carrier (Ferrarotti et al. 2000), but this iden-
tification remains debatable (Molster et al. 2002a). The 48 um
feature is seen in emission, superposed on the 45 um feature of
crystalline water ice, which is in absorption. If real, this sug-
gests that the carrier of the feature has a different spatial distri-
bution than the crystalline water ice, otherwise both materials
would be seen in absorption. An alternative explanation is that
the feature is an artifact in the responsivity function of the ISO
LWS detector. More study will be needed to explore this issue.

3.3. The mass-loss history of IRAS 16342

No other OH/IR star known to us displays a spectrum reddened
to the extent as is seen in IRAS 16342. Also, no other OH/IR
star is known to have crystalline silicate features in absorption
at wavelengths up to 45 um. Though Sylvester et al. (1999)
showed that crystalline silicate absorption features are present
in OH/IR stars, they did not detect them longwards of 25 um.
The behaviour of the spectrum and the crystalline features in it
is the result of a very high optical depth in the dust shell, which
suggests that the star must have an extremely large mass-loss
rate.

We modeled the spectrum of IRAS 16342 using the ra-
diative transfer programme mopust (Bouwman 2001). We did
not try to make a detailed fit of the spectrum, but rather
wanted to get an order of magnitude estimate on the mass-loss
rate. We assumed an MIIII AGB central star (T ~ 2670 K
and R, = 372 Ry) surrounded by a spherical circumstellar
envelope (composed of olivine and iron particles, following
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Fig.2. The 15-55 ym and 40-100 ym continuum subtracted spec-
trum of IRAS 16342 together with the materials identified in it. The
mass absorption coefficients for forsterite (F), clino-enstatite (E) and
diopside (D), together with the absorbance spectrum of crystalline wa-
ter ice (H20) are also shown. The continuum in the mass absorption
coefficient and absorbance curves has been subtracted in order to en-
hance the spectral features of the materials. Identifications of spectral
features are given where possible. Note that arbitrary scaling and off-
set values have been applied to the laboratory data in order to reveal
the spectral structures in it as good as possible. For a given material,
the values are not necessarily the same in both panels.

Kemper et al. 2002) created by mass-loss from the central
star. We derived M ~ 107 Mg yr!. In this case the best
match between the peak position of the synthetic spectrum and
that of the data was obtained. Also, the lack of near infrared
(2—10 um) flux was best modeled in this case.

The crystalline silicate absorption features in the ISO
spectrum require that the envelope is optically thick up to
about 45 um. This implies that the lack of near infrared flux
must be due to a large opacity towards the central star, con-
trary to other post-AGB objects where the lack of near in-
frared flux is due to the lack of dust close to the star (e.g.
Hoogzaad et al. 2002). The high mass-loss rate suggested by
our preliminary model is consistent with this large opacity, and
can thus explain the lack of near infrared flux. However, more
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Table 2. A list of the wavelength positions of the spectral features
found in the 2—-200 um spectrum of IRAS 16342-3814. Where avail-
able an identification of a feature is given. Note that the amorphous
silicates are positioned at approximately 10.9 um, which is at a longer
wavelength than the normal 9.7 um. This difference is probably due to
saturation of the spectrum in the 10 um region, making it difficult to
determine a suitable continuum in this region and affecting the shape
and position of the feature in the continuum subtracted spectrum.

A (um) Identification Remarks
109 +0.4  Amorphous Silicates absorption
18.5+0.1  Amorphous Silicates+ absorption
Forsterite+Clino-Enstatite’(?) absorption
235+0.1 Forsterite+Clino-Enstatite’(?) absorption
27.6 £0.1 Forsterite+Clino-Enstatite’(?) absorption
29.8 +0.1 Diopside(?) absorption
30.6 £0.1 ? (Unidentified) absorption
33.6 £ 0.1  Forsterite absorption
36.1 £0.1 ? (Unidentified) absorption
36.9+0.1 ? (Unidentified) absorption
453 +£0.5  Crystalline Water Ice+ absorption
Crystalline Silicates(?)
48.0+0.1 ? (Unidentified/Artifact?) emission
62.7+0.3  Crystalline Water Ice+ emission
Diopside broad
63.1 £0.1 [O1] emission
68.8 0.1  Forsterite emission
158.0+0.1 [CII] emission

T By analogy with HD 161796 we tentatively identify clino-enstatite
in the spectrum of IRAS 16342.

detailed modelling in the form of 2D radiative transfer calcula-
tions is needed in order to properly constrain the mass-loss rate
of IRAS 16342.

The high mass-loss discussed above is only expected to oc-
cur during the SW phase of the AGB. Combined with the proto-
PN nature of IRAS 16342, we conclude that IRAS 16342 must
be a very young proto-PN, perhaps the youngest one observed
so far. The star seems to be right at the transition point be-
tween the AGB phase (which explains its extreme OH/IR type
spectrum) and the proto-PN phase. This makes IRAS 16342 a
very interesting object for the study of the transition between
OH/IR type AGB stars and proto-PN or post-AGB stars. The
young proto-PN nature of IRAS 16342 is in agreement with
SAH99. Still, the possibility of a more evolved central star can
not be excluded, since the H,O maser velocities in the lobes
(see Sect. 1) are more in favour of an A or late type B star. It
is difficult to understand how a later type star can drive such a
fast wind.

4. The infrared images
4.1. Description of the images

In Fig. 3 we present the deconvolved ISAAC and TIMMI2 im-
ages of IRAS 16342. The images were taken in the L, N7.9,
N9.8, N2 and Q bands. The central wavelengths of these
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Fig. 3. The deconvolved L band (ISAAC) and N7.9, N9.8, N2 and Q band (TIMMI2) images of IRAS 16342. The lower right image shows
the division of the N2 band image by the Q band image. Each image measures 8" X 8”, with north is down and east is right. The contours
indicate levels of equal surface brightness. No attempts were made to give absolute flux values (also see Sects. 2.3 and 4). In order to enhance
the contrast of the images they were multiplied with a power law (of power 4). More details and a discussion of the images are given in Sect. 4.

Table 3. Size d and position angle PA of the bipolar nebula in
IRAS 16342 for different bands/wavelengths. As a function of wave-
length, the size remains approximately the same, while the position
angle increases. For completeness we have also listed the V band val-
ues, taken from SAH99.

Band Ao (um) d(”) PA (°)
14 0.55 26+03 712
L 3.78 32+02 641
N9 19 13+03 74:

N9S 98 18+03 76+2
N2 10.6 1403 512
0 20.0 14+03 512

bands, Ay, are given in Table 3. The lower right image shows
the division of the N2 band image by the Q band image.

IRAS 16342 reveals a bipolar morphology in the L band.
The bipolar nature is similar to that seen in the optical im-
ages taken with the HST by SAH99. In both cases we see two
lobes, surrounded by a faint halo that follows the contours of
the lobes. The TIMMI2 images reveal an ellipsoidal morphol-
ogy, which may represent the bipolar nebula in the ISAAC and
HST images, but at lower spatial resolution. Some caution is
needed here however. The optical seeing during the observa-
tions with ISAAC and TIMMI2 were 1.2-2.0" and 0.9-2.0"

respectively (see Sects. 2.2 and 2.3). In general, the seeing is
better at longer wavelengths under the same optical seeing.
Therefore we might also expect the TIMMI2 images to have an
equal or even better spatial resolution than the ISAAC image, in
which case differences seen between the images are intrinsic to
IRAS 16342.

For each image, the size d of the nebula along its major
axis is listed in Table 3, together with PA, its position angle.
We define the position angle as the angle between the major
axis of the bipolar nebula and the north-south line, where 0°
represents north and 90° represents east. Contrary to the size
of the nebula, PA changes significantly as a function of wave-
length, showing a decrease with increasing wavelength. For the
TIMMI2 images, both d and PA were measured by fitting two
dimensional Gaussians to the images. The Full Width at Half
Maximum (FWHM) of the Gaussian along its major axis and
its tilt angle (i.e. PA — 90°), were used to obtain d and PA re-
spectively. For the ISAAC image we estimated d and PA by
eye, while for the HST image we either used values given by
SAH99 or derived these values from their data.

The N7.9 band and the Q band reveal (sub)structure ad-
ditional to the ellipsoidal structure mentioned in the previous
paragraph. The N7.9 band shows some extra extended emission
in the north-east direction. Also, compared to the other bands,
the morphology in the N7.9 band seems to be less smooth,
with more spatial brightness variations. However, due to the
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low signal-to-noise quality of the data it is difficult to deter-
mine if the structures are real. Therefore, they should be treated
with caution. The Q band image reveals extended emission,
or a halo, surrounding the central ellips. The halo is roughly
spherically symmetric, with a gap in the north eastern direc-
tion, and approximately 6” in diameter, i.e. twice the size of
the bipolar nebula. The halo can also be seen in the lower right
part of Fig. 3, displaying the division of the N2 band and the
QO band images. The division shows that the halo is not uni-
formly bright.

In general our infrared images nicely agree with those made
by Meixner et al. (1999) (also see Sect. 1). The halo we claim to
see at 20.0 um has not been reported by Meixner et al. (1999)
however. It will therefore be interesting to make additional ob-
servations at 20.0 um in the future.

4.2. The morphology of IRAS 16342
4.2.1. The lobes

Given the similarities with the HST image, it seems natural to
explain the bipolar nebula in the L band as due to reflection as
well. Using this assumption, we will show in Sect. 4.3 that the
dust particles in the lobes must be small (<0.1 um). If scatter-
ing by small particles is indeed responsible for the presence of
the bipolar nebula in the ISAAC image at 3.78 um, a very red
bright source is needed to illuminate the nebula, since small
dust particles usually scatter poorly at wavelengths large com-
pared to their radii. This very red source may either be the cen-
tral star of IRAS 16342 or the inner regions of the torus. If it is
the central star, this suggests that IRAS 16342 only recently en-
tered the post-AGB phase, in agreement with our results from
Sect. 3.3.

An alternative to the scattering scenario in the L band might
be that the observed light is caused by thermal dust emission.
This is unlikely however. The dust temperature in the lobes at
a distance r from the central star, T4, may be represented by
Ty = Te(r/Ry)™"*. This expression assumes that the lobes are
optically thin for photospheric radiation and that the dust emis-
sion efficiency scales as Q(1) o« 17!, Using Wiens law, we need
T4 ~ 650 K to emit efficiently at 3.78 um. With Tz ~ 2670 K
and R, = 372 R, (also see Sect. 3.3) we find that the radius of
the region that can be heated to this temperature is r ~ 60 AU.
Using the distance of 2 kpc given by SAH99 and an angular di-
ameter of 3, the observed radius of the lobes is 3000 AU. This
is 50 times larger than the expected typical size of the emit-
ting region derived above. We therefore exclude thermal dust
emission as the source of radiation in the ISAAC image. Non
equilibrium emission from small grains is also unlikely, since
this requires the presence of UV photons (Andriesse 1978) and
these are not likely to be present in the system. However, it can
not be ruled out completely.

The behaviour of PA as a function of wavelength suggests
that (as expected) the dominant source of radiation changes
from scattering to thermal emission. At the shortest wave-
lengths the source is closely aligned in the direction of the bipo-
lar scattering nebulae seen in the HST images; at longer wave-
lengths the source tends to align more with the torus described
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in Sect. 1, which is expected to be dominated by thermal emis-
sion. Still, even up to 20 um the elongation is approximately
along the major axis of the nebula seen with HST and ISAAC,
suggesting that the torus must be very cold (<150 K). This is
in agreement with the very red ISO spectrum, which is most
likely dominated by thermal emission from the material in the
torus.

4.2.2. The halo

We expect the halo in the Q band image to be due to a previous,
more spherical, episode of mass-loss on the AGB. Given the
size of the halo (6”") and the bipolar nebula (3"") and assuming
an outflow velocity of 15 km s~! during the AGB phase, and a
distance of 2 kpc (SAH99), we find that the mass in the halo
was ejected between approximately 950 and 1900 years ago.
The Q band image therefore suggests that the transition from a
(more) spherical to a more axial symmetric form of mass-loss
for IRAS 16342 only occured near the very end of the AGB.
We speculate that the non uniform brightness distribution may
indicate that there are density enhancements in the halo, but
this remains questionable. More observations are required to
investigate this possibility.

4.3. Limits on grain sizes

Using a simple model, we can put constraints on the particle
size of the dust in both the torus and the lobes. Now we will
explain the model in detail and discuss its results. We will show
that there are two independent methods that allow us to derive
the optical depth in the torus along the line-of-sight towards the
eastern lobe. The first method depends on the dust particle size
in the lobes, while the second method depends on the parti-
cle size in the torus. Both methods must yield the same optical
depth for a given wavelength. Applying this constraint and cal-
culating the optical depth with both methods for three different
wavelengths, yields the particle size in both the lobes and the
torus.

Our model makes use of the following assumptions. The
eastern lobe in the HST and ISAAC images is significantly
redder than the western lobe. In order to explain this additional
reddening, we assume the eastern lobe to be located completely
behind the torus, and the western lobe to be positioned com-
pletely in front of the torus (see Fig. 4). The torus acts as a
screen that causes additional reddening of the eastern lobe with
respect to the western lobe. We assume that scattering is the
dominant source of emission in the lobes, and that both scatter-
ing lobes are intrinsically equally bright. Even in the absence
of the (extinction due to the) torus, the lobes will not appear
equally bright as seen from Earth, due to the orientation of the
system. The orientation causes the eastern lobe to be dominated
by back scattering, while the western lobe is dominated by for-
ward scattering. As a result, the eastern lobe will appear less
bright than the western lobe. Interstellar reddening is assumed
to be the same for both lobes, and scattering of stellar radiation
within the torus is assumed to be unimportant (due to its large
radial optical depth).
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Ioa= IoG (180 — i, a))e™

v Direction to Earth
L, = 1Gi(i,ar)

Fig. 4. The assumed morphology for IRAS 16342 used to determine
the dust particle sizes in both the torus and the lobes. For details and a
discussion see Sect. 4.3.

In the first method to derive the optical depth in the torus
we measure the intensities of the eastern and western lobes, /. ;
and [, 4, as seen from Earth (see Fig. 4). These are given by

Iea = 10G (180 — i, a)e™™ (1)
Iy = 1Ga(i, ar) 2)

respectively, where I is the intrinsic intensity of each lobe. a; is
the characteristic particle size in the lobes, while G,(60, a) is the
scattering phase function of a particle with radius ¢, irradiated
at wavelength A and scattering at an angle 6. The phase function
was calculated for size distributions of spherical grains using
Mie theory (Bohren & Huffman 1983). Finally, i is the incli-
nation angle of the system, defined as the angle between the
major axis of the nebula and the line-of-sight. We take i = 40°
(SAH99). 7, is the optical depth of the torus along the line-of-
sight towards the eastern lobe. From Eqs. (1) and (2) we find

Iy 2GA(180 — i, ay)
T, =In - .
I 2Ga(i, ar)

3)

This yields 7, for different values of q;.
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Fig. 5. :g;f) against % for different particle sizes in the torus (labeled
with “Q-ratios”) and different particle sizes in the lobes (labeled with
“[-ratios”) of IRAS 16342. Also shown are the positions for the ISM
(based on Savage & Mathis 1979) and a grey absorber (indicated by
stars). The arrows indicate directions of increasing particle sizes. For
some points (indicated by diamonds) the maximum particle size of the
used size distribution is shown (in gm). For a detailed explanation and
discussion of this figure see Sect. 4.3.

The intensity ratio I /1. » was determined from the mag-
nitude difference between the lobes, Am, which was either
given by SAH99 or we measured it ourselves. This implies that
we replaced the intensity ratios by flux ratios. The values for
the magnitude differences are listed in Table 4, together with
the corresponding intensity ratios.

We describe the grain size distribution used in the calcula-
tion of G (8, a;) by a power law n(a)oca™ with m = —3. This
value was chosen for calculation conveniences. Differences
with models using the more generally adopted ISM value
of —3.5 (e.g. Mathis et al. 1977) are expected to be small.
The effective width of the size distribution was kept fixed. The
grains in the lobes were assumed to be composed of silicates,
for which we used the optical constants of “cold” silicates de-
rived by Suh (1999). Using the optical constants of “warm”
silicates derived by Suh (1999) yields very similar results (not
shown).

In the second method we derive 7, from the well known
relation

71 = ngmat Q$ (a,)L “4)

where nq is the dust particle number density in a dust column
of length L along the line-of-sight; a; and Q*'(ay) are the char-
acteristic radius and extinction efficiency of the particles in the
torus. For the calculation of the extinction efficiency we adopt
the same dust properties as those assumed above for the calcu-
lation of the scattering phase functions.

Equations (3) and (4) should yield the same result for 7, at
a given wavelength. Ratios between optical depths are indepen-
dent of ng and L and therefore allow a relatively easy derivation
of the particle sizes in the lobes and the torus.

Using Eq. (3) and the appropriate intensity ratios (see
Table 4) and phase functions, we measured 7, at 0.55, 0.79
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Table 4. The intensity ratios, Iy ./l.,, at given wavelengths. This
quantity is relevant for the calculation of 7, in Eq. (3). Listed are the
wavelength; the magnitude difference between the lobes; the inten-
sity ratios. The adopted errors on the magnitudes are expected upper
limits.

Ao (um) Am ’,—;
0.55 28+0.1 13205
0.79 22+0.1  7.6+03
378  0.64+0.1 1.80=0.07

and 3.78 um for different assumptions for the characteristic
particle size in the lobes, a;. In Fig. 5 T"Z; is plotted versus 14
with a; as a free parameter (see line indicated with “I- ratlos”)
We also calculated Q5'(a,) at the above wavelengths for dif-
ferent values of the characteristic particle size in the torus, .
Since 740cQ5"(ay), we must have

t
To_55 _ (e)x55(al) 5
= et ®)
T0.80 bs0(@)
and

t
T()_g() _ (e)xgo(al) 6

et (6)

T3.78 3.78 (al)

independent of nq and L. In Fig. 5 we again plot T“ﬁ versus
:3 % this time with a, as a free parameter (see line indicated
w1th ‘Q-ratios”). The intersection of the two curves provides a
consistent set for a; and a;.

For the lobes we find that we have a size distribution with
a maximum particle size " = 0.09 + 0.02 um, while for the
torus we find "™ = 1.3 + 0 2 um. Both values are independent
of the adopted effective width of the size distribution, which we
take to be the same for particles in both the torus and the lobes.
A test with amorphous olivines instead of the cold “Suh” sili-
cates yielded a similar result. The errors on the particle sizes are
derived from an error analysis on Eq. (3) taking the errors on
Am and I, ;/I. ) into account for each wavelength (see Table 4).
We are interested in the maximum particle size of the distribu-
tion instead of the typical (i.e. effective) particle size. This is
because we want to set upper limits on the particle sizes found
in the lobes and torus. The typical size simply scales linearly
with the maximum particle size.

We thus derive that the maximum particle size in the torus
is about an order of magnitude larger than the maximum parti-
cle size in the lobes. In an AGB outflow, the particle size of the
grains formed in the outflow is proportional to the density of
the envelope at the dust condensation radius (Dominik 1992).
Larger densities provide larger grains. The spatial distribution
of large particles in a torus geometry suggests that this mate-
rial is expelled from the AGB star in an aspherical high den-
sity wind. In a natural way, this accounts for the presence of
large grains in the torus and small grains in the lobes. However,
the bipolar morphology of IRAS 16342 may also have origi-
nated from a later phase, i.e. after the AGB. In this case, the
AGB wind may have been spherical, but due to the interac-
tion of this wind with the (more recent) fast bipolar molecular

1045

outflow, the morphology may have changed into the observed
torus like spatial distribution. The interaction of these two flows
may have caused a shattering of the dust particles in the lobes
into smaller ones, while leaving the grains in the torus intact.
Regardless of the correct scenario, the presence of the bipo-
lar nebula in IRAS 16342 at optical wavelengths suggests that
the mass-loss rate near the central star very recently must have
dropped, otherwise the optical photons in this nebula would not
be able to escape. Obviously the star has already managed to
create a bipolar cavity while the optical depth of the dust shell
in the equatorial torus is still huge.

The derived particle size for the torus is large compared to
the typical ISM values, which are of the order of a ~ 0.01 to
~0.2 um (e.g. Mathis et al. 1977), but in agreement with other
objects for which large mass-loss rates are expected. Examples
of such sources are the binary system AFGL 4106 (Molster
et al. 1999) and the post-AGB star HD 161796 (Hoogzaad
et al. 2002). The large grain size in the torus explains why the
dust particles in the torus of IRAS 16342 are grey compared to
the ISM.

We finally note that when the emission in the ISAAC image
at 3.78 um is caused by non equilibrium emission from small
dust grains, as was considered in Sect. 4.2.1, the resulting par-
ticle sizes in the lobes and torus are very similar to those de-
rived above. The possibility of non equilibrium emission by
small grains at 3.78 um can simply be modeled by leaving
F378(180 — i, a;) and F373(i, a) out of Eq. (3) for 1373, i.e. by
assuming that at 3.78 um there is no scattering.

5. Conclusions

The results of our study can be summarised as follows:

1. The ISO spectrum of IRAS 16342 is that of an extremely
reddened OH/IR star. In addition to amorphous silicate ab-
sorption features at 10 and 20 um, the spectrum shows
crystalline silicate features in absorption at wavelengths
up to 45 um. Only at longer wavelengths the crystalline
features are in emission. No other OH/IR star is known
to show this behaviour. We estimate the mass-loss rate of
IRAS 16342 may be as large as 107> Mg, yr~'. This high
rate explains the lack of flux in the near-IR as well as the
peak wavelength in the SED.

2. We identify forsterite (Mg,;SiO4), diopside (MgCaSi,;Og),
and possibly clino-enstatite (MgSiO3) in the spectrum.
Besides these crystalline silicates, also crystalline water ice
is detected. All these materials are also found around other
(high M), oxygen rich, evolved stars. At 48 ym a (to date)
unidentified feature is seen.

3. IRAS 16342 must be a very young proto-PN, perhaps the
youngest one observed until present. The central star seems
to be right at the transition point between the AGB phase
and the proto-PN phase.

4. The deconvolved L band ISAAC image of IRAS 16342 at
3.78 um reveals a bipolar scattering nebula. Both lobes of
the nebula are separated by a dark equatorial waist, or torus.
This morphology is consistent with that found in HST im-
ages. The presence of the scattering nebula in the L band
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suggests that the central star of IRAS 16342 may be very
red, which would be in agreement with the young proto-PN
nature of the system. The TIMMI2 Q band image reveals
thermal emission from an extended, roughly spherical halo
of ~6” in diameter. We expect the halo to be due to a previ-
ous, more spherical, phase of mass-loss on the AGB. This
halo material was ejected between approximately 950 and
1900 years ago.

5. TIMMI2 images at wavelengths intermediate to the L and
0 band reveal an ellipsoidal morphology, which may repre-
sent the bipolar nebula but at lower spatial resolution. The
position angle of the nebula changes as a function of wave-
length, suggesting that the nature of the radiation changes
from scattered light to thermal emission (by cold material).
Still, even up to 20 um the elongation is approximately
along the major axis of the nebula seen in the optical and
near-IR, suggesting that the equatorial torus must be very
cold. This is in agreement with the very red ISO spectrum,
which is most likely dominated by thermal emission from
this torus.

6. Using a simple model for the geometry of IRAS 16342, we
calculate the dust particle sizes in both the torus and the
lobes. The grains in the lobes have a maximum particle size
a™ = 0.09 um, while for the torus we find ¢ = 1.3 um.
The relatively large torus grains suggest that the bipolar
morphology of IRAS 16342 may already have been created
during the AGB phase.
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