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Abstract. We present the results of high angular resolution ob-
servations of the Red Rectangle nebula in the K(2.2µm), L’(3.87
µm), M(4.75µm) infrared bands and in the unidentified infrared
(UIR) emission feature at 3.3µm. The results confirm earlier
near-infrared observations and show, with a better spatial res-
olution, that the bipolar structure of the object is still present
very close to the core of the system at these wavelengths. The
core of nebula is partially resolved in the K band and at 3.3µm.
We find that the UIR emission at 3.3µm is enhanced along the
cone walls. The images clearly show that the observed nebula is
produced by a compact equatorial disk of dust slightly inclined
with respect to the line of sight. Large particles are present in
the circumstellar environment, probably both in the disk and in
the lobes.
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1. Introduction

The Red Rectangle is a remarkable bipolar nebula associated
with the 9th magnitude visible star HD 44179. The nebula has
a rectangular aspect with a marked X-shaped morphology best
seen in the red. It has attracted attention ever since it was first
studied extensively by Cohen et al. (1975). HD 44179, the cen-
tral star of the nebula, has been classified as a B9 to A0 III by
Cohen et al. (1975), while Kelly & Latter (1995) identified its
spectrum as that of an A1 III star.

The nature of the nebula and its central star HD 44179 are
not well understood. Zuckerman et al. (1976) argue that the Red
Rectangle is a proto-planetary nebula because of its unusual
morphology, its carbon-rich nature, and the lack of interstel-
lar material in the region. This interpretation is supported by
polarization maps (Perkins et al. 1981) and by radiative trans-
fer simulations (Yusef-Zadeh et al. 1984; Lopez et al. 1995,
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1997). The possibility that HD 44179 is in a pre-main-sequence
phase was first proposed by Cohen et al. (1975). This interpreta-
tion is consistent with the strong PAH emissions, also observed
in pre-main-sequence stars (Brooke et al. 1993). On the other
hand Waelkens et al. (1992) propose that the Red Rectangle
is a post-main-sequence star because helium and/or carbon are
over-abundant in HD 44179 relative to the solar values. How-
ever, the gas and dust in the circumstellar environment of the
Red Rectangle are different from what they are around most
carbon-rich red giants which are losing mass.

The Red Rectangle nebula is a powerful infrared source.
Its infrared spectrum shows a smooth continuum much broader
than that of a blackbody. It is featureless between 1.5 and 2.2µm
(Thronson 1982) and contains the entire family of the so-called
unidentified infrared (UIR) emission features at 3.3, 6.2, 7.7,
8.6, and 11.3µm (Russell et al. 1978). The width of the strong
3.3 µm feature is narrow near the central star (<2.7 arcsec)
but then further away it becomes twice as wide (Geballe et al.
1989). A large variety of amorphous carbon and hydrocarbon
solids have been proposed to explain the origin of UIR carriers
but no identification definitely matches the observed spectra.
This emission band is believed to be the result of absorption
of ultraviolet photons followed by vibrational non-equilibrium
excitation in the infrared.

High angular resolution speckle techniques have been many
times applied to the Red Rectangle. These observations, per-
formed in the infrared using either one-dimensional scans (Low
1979; Dyck et al. 1984; Dainty et al. 1985; Leinert & Haas
1989) or two-dimensional data (Christou et al. 1990; Tessier et
al. 1990; Cruzal̀ebes et al. 1996), show the Red Rectangle to
be a clearly extended source in the north-south direction. Dyck
et al. (1984) observed in the near-infrared (1.65-4.8µm) and
resolved the central source into two components: an extended
(0.9 arcsec) component and a compact one. Dainty et al. (1985)
found that the extended emission is elongated (1.05 arcsec) in
the north-south direction (vs 0.4 arcsec in the east-west direc-
tion) in K, L and M bands. Leinert and Haas (1989) performed a
tomographic image reconstruction at K. They resolved the cen-
tral compact source into two components: a 0.2 arcsec source
and an unresolved component offset by 0.15 arcsec to the south,
which they identified with the star HD 44179. The K image ob-
tained by Christou et al. (1990) clearly shows two sources with
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a 0.15 arcsec separation at a position angle of 13o. Using an
adaptive optics technique Roddier et al. (1995) show that the
Red Rectangle has an X-shaped morphology within 0.1 arcsec
of the central region of the system at 1.65µm. Recently Oster-
bart et al. (1997) performed high resolution images at 0.656µm
and at 0.80µm of the nebula. They have resolved the central
part of the nebula into two main lobes, which appear separated
by about 0.15 arcsec. Cruzalèbes et al. (1996) found some east-
west components in K and M. In addition, Bregman et al. (1993)
obtained images of the Red Rectangle in the 3.3 and 11.3µm
UIR emission bands. These images show two different spatial
distributions: the 3.3µm image is slightly extended in the north-
south direction and centrally peaked, while the 11.3µm image
shows a north-south bipolar shape with no central peak. Geballe
et al. (1989) detected 3.3µm UIR emission in a 5 arcsec beam
centered north of HD 44179. Sloan et al. (1993) showed that the
object is spatially extended at the wavelengths of all four UIR
features detected between 7 and 14µm and found that no UIR
emission arises in the innermost regions of the source. Images of
the Red Rectangle were obtained at UIR emission features and
at several continuum wavelengths in the 10µm and 20µm at-
mospheric windows by Hora et al. (1996). The nebula was seen
to follow the optical morphology. The “spikes”, or brightness
enhancements, that give the nebula its rectangular appearance
have also been observed at 10µm. The mid infrared emission
appears to be trace material in the bipolar outflow regions of the
nebula. Knapp et al. (1995) found an unresolved (<3 arcsec) CO
emission associated with the central star which they attribute to
ionized gas corresponding to a star earlier than B3. Recently
Jura et al. (1997) performed radio VLA observations at 3.6 cm,
2 cm and 1.3 cm of the Red Rectangle. Emission was detected
in all three radio wavelengths, and the source was resolved at 2
cm and 1.3 cm. They suggest that the radio emission is produced
by large particles confined to a long-lived gravitationally bound
disk.

There have been many discussions about the nature of the
binarity of the central star of the nebula which has long been
considered as a visual binary. Meaburn et al. (1983) estimated
the separation to be 0.29 arcsec while Heintz (1990) measured a
separation of only 0.14 arcsec. Radial velocity (Van Winckel et
al. 1995) and photometric measurements (Waelkens et al. 1996)
show that HD 44179 is a spectroscopic binary while adaptive
optics measurements (Roddier et al. 1995) provide indirect ev-
idence that the source is a binary star. It seems more probable
that the claimed companion seen in visual observations is re-
flected light of the nebula, as already proposed by Cohen et al.
(1975) and by Roddier et al. (1995).

In order to probe the geometry of the circumstellar material
in the close environment of the Red Rectangle we have obtained
high resolution infrared images at K (2.22µm), L’ (3.87 µm),
M (4.75µm) bands and in the 3.3µm UIR emission band. The
primary goals of this study are to investigate the nature of the
circumstellar dust grains and to develop a better understanding
of the formation and structure of this source. In Sect. 2, we
describe the observations and the data processing. In Sect. 3,
we present the results. In Sect. 4 we discuss the intensity and

the morphology we have derived from observations and finally,
we summarize our conclusions in Sect. 5.

2. Observations and data reduction

The observations presented here were carried out at the 3.6m
CFHT (Canada-France-Hawaii Telescope) on 19 and 20 April
1995 in good seeing conditions (between 0.3 and 0.6 arcsec
FWHM in the visible) with the INSU-OPM (Institut National
des Sciences de l’Univers, Observatoire de Paris-Meudon)
infrared camera CIRCUS. The CIRCUS camera included a
128 × 128 InSb array detector which was optimized for the
thermal infrared bands (λ ≥ 3 µm). The camera was used in
speckle mode data acquisition i.e. single exposures were kept
relatively short. Measurements were made in the K(λo=2.22
µm,∆λ=0.36µm), L’(λo=3.87µm,∆λ=0.61µm), M(λo=4.75
µm,∆λ=0.43µm) bands and in the UIR emission band (λo=3.3
µm, ∆λ=0.16µm).

The speckle data include a set of short exposure images
of the source, an unresolved reference star and their adjoining
sky backgrounds. The nearby star SAO 133091 was used as
a point source to determine the point spread function (PSF).
We switched every few minutes between the object and the
reference star in order to sample the temporal seeing variations
so as to minimize seeing effects during the reduction process.
The reference star was chosen to have brightness similar to that
of the source. Proximity in the sky and similarity in brightness of
the reference was chosen in order to prevent non-linear effects
due to the detector defects or to the variation of the optical
transfer function.

During the observations, we used a64×64 sub-array of the
detector selected for its best performances. The magnification
was0.109 arcsec per pixel whitch gave a field of view of 6.4
× 6.4 arcsec2. The integration time was selected to achieve the
best resolution with a sufficiently large signal-to-noise ratio. We
made images with exposure time of 147 ms in K and L’, 183.9
ms in the M band and 294.6 ms at 3.28µm. In order to estimate
the contribution of the detector and of the sky we used the same
integration time for the sky close to the source (typically 40
arcsec away) and reference frames for each bandwidth. The
journal of observations is given in Table 1.

Data were analyzed using the package developed by Tessier
(1993) within IRAF by the following procedure. Each image
first had the background subtracted and was interpolated over
bad pixels. The best images of the source were then co-added us-
ing the shift-and-add (SAA) technique. The SAA images were
therefore deconvolved using PSF’s derived from similar data for
the reference star. We used the IRAF Lucy algorithm to decon-
volve images. The angular resolution after image reconstruction
is of ∼ 0.2 arcsec at K, L’ and 3.3µm, and∼ 0.3 arcsec at M.

The spatial calibration was determined from the binary starδ
Ser giving an absolute spatial scale better than 1% and a position
angle (PA) less than 1 degree. No photometric calibrations have
been done.

Our 3.3µm UIR image is obtained through a so-called PAH
filter centered at 3.28µm with a spectral width of 0.16µm.
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Table 1.Journal of observations

Date λ(µm) ∆λ(µm) Number of frames Total exposure time (s)

1995 April 19 2.22 0.36 640 94

1995 April 19 3.28 0.16 384 113

1995 April 20 3.87 0.61 640 94

1995 April 20 4.75 0.43 384 70

The filter contains not only the UIR feature but also a contin-
uum which was not subtracted. From Geballe et al. (1989), we
estimate the contribution from the continuum in this filter at
approximatively 60% of the PAH emission.

3. Results

Fig. 1 shows contour plots for the resulting images of the Red
Rectangle. The plots appear to be similar at a first look but
provide several detailed features that we describe briefly:

1. The central region (0.5 arcsec) of the nebula is elongated
along a nearly north-south direction. L’ and M images are
similar while the one at 3.3µm is more elongated and the
K image is more symmetric.

2. In K band and at 3.3µm the core of the nebula is partially
resolved into two sources with an angular separation less
than 0.2 arcsec. In Fig. 2, we display the east-west photo-
metric profiles through the maximum along the north-south
direction of each image (the maxima have been normalized
to the same value). The L’ and 3.3µm images have relatively
brighter cores (with respect to the extended component) than
the K and M images.

3. The X shape of the nebula already seen at small scales (0.1
arcsec) at 0.85µm and 1.65µm (Roddier et al. 1995) is
clearly visible in our images. The axis of the cone is oriented
with a P.A. of 13o. The opening angle of the cone increases
with wavelength. The cone is less open (∼60o) in the K
image than in the M image (∼80o). This is shown in detail
in Fig. 3 where low values of the intensities close to the
core are plotted. The image at 3.3µm shows that the UIR
emission is more prominent along the walls of the bicone
than the continuum. This confirms the mid-infrared UIR
observations of Hora et al. (1996) and is the first observation
of this structure at a wavelength of 3.3µm.

4. The nebula is not axisymmetric. All images present an asym-
metry of the inner lobes, with the southern lobe being about
50% brighter than the northern one. These images favour a
geometry where the system is tilted a few degrees out of the
plane of the sky causing the northern lobe to be obscured
by dust in the equatorial disk. Table 2 gives estimates of
the relative contribution of the total flux at each wavelength
in the core and the north and south lobes. Fig. 4 shows the
geometry used to calculate these flux contributions.

5. No stellar binarity appears in any image.

Table 2. Relative flux contributions in the Core, the South and the
North lobe of the total flux in K, L’, M and at 3.3µm. See Fig. 2 for the
geometry description of the extension of the core and the two lobes.

K L’ M 3.3µm

Core 24% 30% 28% 26%

North lobe 22% 21% 24% 21%

South lobe 54% 49% 48% 53%

6. A structure extending to about 0.5 arcsec from the core of
the nebula is present in the eastern direction of the K image.
This structure is also present in the K image of Cruzalèbes
et al. (1996) and in the H image of Roddier et al. (1995). On
the other hand there are no significant east-west features in
our L’ & M images.

4. Discussion

The bipolar structure of the Red Rectangle is located very close
to the core of the system. This structure suggests the existence
of an equatorial disk and is consistent with the current model of
a carbon-rich post-AGB star evolving into the planetary nebula
phase (Van Winckel et al. 1995; Roddier et al. 1995; Lopez et
al. 1995, 1997). Our results reveal clear similarities between
images taken at 2.2µm and at 3.3µm UIR on the one hand,
and between L’ and M images on the other hand. In addition,
our K image is similar to the H image of Roddier et al. (1995).
There is also good correlation between our 3.3µm UIR image
and UIR mid-infrared images of Hora et al. (1996). The north-
south extension of the nebula is largest at shorter wavelengths
(H, K) and smallest at longer wavelengths (L’, M & N). The
“spikes” which are so striking at H become progressively less
apparent as the wavelength is increased. However, all infrared
images of the nebula are north-south elongated. This could be
an indication that scattering is more efficient in the polar direc-
tion. We assume that at shorter wavelengths the overall feature is
dominated by scattering whereas long wavelength images dis-
play both scattering and dust emission. The scattering begins
to be quite efficient in the near infrared when the grain size
distribution function contains particles greater than 1µm while
larger particles are needed to explain the scattering efficiency
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Fig. 1. Contour plots of the intensity of the
K (2.22µm), L’ (3.87µm), M (4.75µm) and
3.3µm UIR feature deconvolved images of
the Red Rectangle. North is at the top and
East is on the left. Contour levels are 2, 1,
0.4, 0.2, 0.1, 0.04 and 0.012% of the total
power for each image. Lowest contours are
five times the standard deviation of the noise,
measured in regions external to the nebula.

observed at longer wavelengths. The main issue of the physical
interpretation of these results is what causes the apparent X-
shaped morphology or at least the rectangular shape present in
infrared images of the nebula. Is it due to the spatial distribution
of the dust density and/or of the size distribution of the grains
or is it due to other physical conditions? We suggest that the
observed X-shaped morphology is produced by the scattering
of dust grains in a compact equatorial thick disk with evacuated
polar regions. Large grains are present not only in the equatorial
plane (as proposed by Cohen et al. 1975; Jura et al. 1995,1997
and by Lopez et al. 1995, 1997) but also in the lobes. The in-
crease of the opening angle with wavelength seen in our images
could indicate that large grains are mostly located at the outer
edges of the cavity walls and supports the scenario proposed
by Jura et al. (1997). In fact, according to Jura et al. (1997)
large carbon particles up to 0.02 cm in diameter are confined
in a long-lived disk around the star. In such an orbiting disk,
grain-grain collisions create and eject a whole range of possi-
ble species including small and large particles. The X-shaped
structure, observed close to the core of the system, could be
produced by the dust that is pushed outwards by expanding gas.
Material ejected in the outflow or formed by interaction of the
outflow with the dust may condense along the cone walls giving
the observed lobes (Roddier et al. 1995).

Our 3.3µm UIR image is elongated along the cone walls of
the nebula while Bregman et al. (1993), who performed imag-

ing at 3.3µm and at 11.2µm, found the 3.3µm image to be
centrally peaked. However, the lower resolution of their 3.3µm
image did not allow them to detect the morphological features
present in our image. UIR images obtained by Hora et al. (1996)
at 8.0µm, 8.6µm and 11.2µm display a shape similar to our 3.3
µm image and are more elongated than the mid-infrared contin-
uum emission. According to Hora et al. (1996), the mid-infrared
emission appears to be trace material in the bipolar outflow re-
gions, rather than in an equatorial density enhancement.

The hypothesis of a compact equatorial disk with a polar
free cavity which collimates a mass outflow driven by radiation
is consistent with our 3.3µm image. Hence, if the dust grains
causing the scattering are different from the UIR particles, then
UIR images may will be the result of the excitation of these
particles by the ultraviolet radiation of the central star.

No binarity in the system is seen in our data. It is more
likely that the inner structure of the bipolar lobes of the nebula
has been misinterpreted by visual observers as a double star (see
Roddier et al. 1995). The hypothesis that the bipolar nebula was
created from a binary system by tidal interaction between the
secondary and the expanding red giant primary was proposed
by Morris (1981) and Roddier et al. (1995) while Yusef-Zadeh
et al. (1984) and Lopez et al. (1995, 1997) proposed a model
where a single star is surrounded by an axisymmetric dust shell.
Models of the Red Rectangle obtained by Lopez et al. (1997)
which use radiative transfer simulations, reproduce the spectral
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Fig. 2. Photometric profiles of the deconvolved images of the core of
the Red Rectangle nebula in the direction of the side lobes (PA = 13o).
The vertical intensity scale is arbitrary. Profiles have been normalized
to the same maximum intensity. North is on the right hand side. Full
line: K image; dash: L’ image; dash-dot: M image; dot: 3.3µm image.
Both lobes are partially resolved in K and at 3.3µm.

energy distribution and both visible (on scales of some arcsec)
and 2.2µm images of the nebula quite well. However Lopez et
al. (1997) have difficulty in fitting both the visible and infrared
shapes with the same set of model parameters. The main result of
their study is the presence of large particles in the circumstellar
environment of the nebula, with sizes greater than or equal to
1.2µm.

5. Conclusion

High angular resolution images of the Red Rectangle nebula
have been obtained in the near infrared K, L’, M bands and
in the unidentified infrared (UIR) emission feature at 3.3µm.
These images show, for the first time at these wavelengths, that
the spikes or brightness enhancements are present very close to
the core of the system. All images are slightly elongated along a
nearly north-south direction and generally have a similar aspect.
The K image presents a symmetrical aspect while the L’ and M
images are less north-south extended. The 3.3µm UIR image
is more elongated than the K, L’ and M images. The core of
the nebula is partially resolved in K and at 3.3µm. No binary
structure is present in our data.

Our results confirm earlier near-infrared observations and
are consistent with a model of the nebula in which a central star
is surrounded by a compact and thick equatorial disk of dust
with evacuated polar regions. The disk is probably a long-lived
disk, slightly tilted away from the line of sight, with large grains
as proposed by Jura et al. (1995, 1997). We suggest that large

Fig. 3.Contour plot of the intensity in the core of the K and M images
of the Red Rectangle. North is at the top, east is on the left. In K, the
cone seems less open (with a total angle of∼60◦) than in M (∼80◦).
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Fig. 4.Geometry used to calculate the relative flux contributions of the
core and of the South and North lobes to the total flux. The central
core is 0.21 arcsec in diameter while the two lobes cover an area of
approximately 1.5× 1.5 arcsec2.

grains are also present in bipolar outflow regions. However, it is
clear that a detailed interpretation requires high angular resolu-
tion observations as well as a consistent treatment of radiative
transfer.
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