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of Eta Carinae: an Application of the Fabry-Perot,
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of material. Most of this material is cur-

Summary Carinae starburst region. It has under-
gone numerous eruptions over the past
millennium. In 1841, a giant eruption

ejected several solar masses or more

rently in the dusty nebula denoted as
the “Homunculus”.
The Adaptive Optics Instrument of

Eta Carinae is an extremely massive
and highly evolved member of the

Figure 1: The Homunculus of ) Carinae (i.e., the bright double-lobed structure) as observed
with the WFPC2 of the Hubble Space Telescope. Data were obtained in a narrow-band filter
centred at the emission line of Ha. The dynamic range of elements visible in this image is
over one million. North is up, and the width of the image is about 45 arcseconds.
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the ESO 3.6-m telescope, ADONIS,
has been used in its Fabry-Perot inter-
ferometric mode to carry out observa-
tions of the nebula near the Brackettg
line at 2.16 nm. These observations

Figure 2: Three-Dimensional Representa -
tion of the Double-Flask Model® of the
Homunculus, derived from the astrometric
motion2 and the Doppler velocities® of the
clumps, and the assumption of rotational
symmetry. This has the same scale and ori -
entation as Figure 1.



Figure 3: This figure shows the four models
that have been published. The first is the
Double-Flask presented by Currie et.al. The
second is the double sphere that has been
the “standard” for many years. The third is
the Double-Egg proposed by Meaburn et
al”. The fourth is the Double-Cap proposed
by Allen and Hillier®>. The Double Flask is the
only model to satisfy both the requirements
of the HST astrometry and the Doppler ve -
locities in the Allen and Hillier® observations.
(see Currie and Dowling® 2).

have allowed probing the interior of the
major elements of the Homunculus
and, in particular, the back wall. These
elements were not visible in our WFPC
observations at visible wavelengths? 3,
The preliminary results of the analysis
of the ADONIS data have confirmed
the “Double-Flask” model of the
Homunculus; a model that we pro-
posed based upon the Hubble data3
and spectroscopic data* °. This ap-
proach can also determine the opacity
of the Homunculus walls, as well as
the total mass and the grain structure
of the dust. In the next issue of The
Messenger, we shall present an analy-
sis of small clumps of material ejected
at velocities almost 1% of the speed of
light!. These “bullets” and the material
following the bullets, the “contrails”,
called the “Spikes”, have been meas-
ured using the STARFINDER pro-
gramme. This analysis has discovered
about one hundred additional “Malin”
bullets.

The ADONIS data, as well as other
data taken in direct support of the
PAPAO programme® 10 (see June
2000 issue of The Messenger) pro-

vide new information on the structure
of the Homunculus. Inter-comparison of
the WFPC data and the ADONIS data
is an integral part of the PAPAQO pro-
gramme for the validation of diffuse-ob-
ject astrometry and deconvolution soft-
ware. Portions of these data will form
the database for general community
use for the calibration of different pro-
grammes.

General Astrophysical
Background

Eta Carinae is a star in the southern
sky at a distance of about 8,000 light
years. It is believed to be the most
massive (> 100 solar masses) and
most luminous object in our galaxy. In
1841, it underwent a cataclysmic erup-
tion, becoming the second brightest ex-
tra-solar object in the sky. In the
process, it ejected several solar mass-
es of its outer envelope. Over the years
the heavier elements of this ejected
gas have cooled and condensed into
an expanding dust cloud, resulting in
the nebula shown in Figure 1.

By the detailed analysis of a se-
guence of HST images like Figure 1,
we determined the motion of 178 indi-
vidual clumps of dust that lie in the
Homunculus. The analysis of these
motions has shown that all of the
clumps (i.e. the Homunculus, the NN
and NS knots, and the south bar) were
emitted by the central star in 18411.2.3,
8. By the analysis of the spectra of the
homunculus of Allen and Hillier 45, we
may essentially determine the Doppler
velocity of each of the clumps. Com-
bining these data sets, we can define a
three-dimensional model, at least for
that portion of the Homunculus that
we can see from earthl3, This
analysis has allowed the definition of
the Double-Flask
Model, indicated in
Figure 2, and the
rejection of the oth-
er models that
have been pro-
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back wall cannot penetrate the dust in
the front wall. We report here our pre-
liminary results on the motions of the
back wall.

Structure of the Homunculus

In order to observe the rear wall and
determine its structure and velocity, we
would need to observe in the infrared
wavelengths. Observing at these
wavelengths in the vicinity of the Brg
line, we see light that was emitted by
the central star and reflected from a
clump. Thus the observed brightness
of an element of the image would con-
sist of light originating near the central
star, reflecting from the back wall and
then proceeding toward the observer,
as indicated in Figure 4. Since all of
these clumps are moving radially away
from the central star, the light reflected
from the clumps is “red-shifted” with re-
spect to the wavelength of the light as
it leaves the central star. It is these
shifts in wavelength that we will use to
distinguish the light scattered from the
rear wall as compared to the front wall.

However, three additional problems
arise in attempting to accomplish these
observations. In the first place, we
need to have the angular resolution
which is similar to that provided by the
WFPC of HST to perceive the details of
the structure. At the time of these ob-
servations, there was no infrared cam-
era available on the HST. Even with the
later proper operation of the HST in-
frared camera — NICMOS — it does not
have the same resolution as our visible
images. This is due to the diffraction
limit of the relatively small aperture of
the HSTwhen used for observations at
the relatively long wavelengths of two
microns. For this reason, the ESO 3.6-
metre telescope, with its Adaptive

posed in the litera-
ture in the past.
The Double-Flask
Model has recent-
ly been confirmed
by polarisation mea-
surements made
with  WFPC2 on
the HST®. However,
there are still ques-
tions as to the hid-
den portions of the
Homunculus and
we are interested
in the structural
and velocity details
of the back wall.
The back wall is in-
visible to HST be-
cause the visible
radiation from the

Figure 4: This figure illustrates the paths and the Doppler shifts of
the Bry line-emission radiation that is emitted by the central star.
This light reflects from the clumps in the walls of the Homunculus,
experiencing a “double red shift”. The length of the green arrows is
proportional to the radial velocity of the dust clumps. Each clump
sees the arriving light as red-shifted by this radial velocity. Then
since the clump is also moving away from the observer, there is a
further red shift equal to the component of the velocity along the line
of sight. Thus the Bry line proceeding along the red arrows to the
observer has experienced a double Doppler shift of the wavelength
that can be detected by the Fabry-Perot Interferometer.
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Figure 5: This is the image of the Homunculus, as seen with the Fabry-Perot of the Adaptive
Optics System, ADONIS, attached to the ESO 3.6-m telescope. This is an average over the
13 individual images, each obtained at slightly different wavelengths. The disk in the centre
is the image of the coronographic spot blocking the central 2". Spectra are extracted at each
of the 8 white spots, with some additional extractions of larger spots to reduce the noise. As
an example of the type of spectra obtained at each patch in the image, we consider the patch
indicated by the white arrow and shown in Figure 6. In this image, north is approximately up
and the width of the image is about 25 arcseconds.

Optics System, ADONIS, is the only tel-
escope (on earth or in space) that
could satisfy the resolution require-
ments of this imaging.

However, this does not complete our
requirements. We must have some
method to distinguish between the ra-
diation from the front wall and the back
wall over the whole image. To this end,
we have used the Fabry Perot
Interferometer that is a part of the ADO-
NIS system. We used this to provide
images at different wavelengths in the
vicinity of Brg and with a spectral reso-
lution of 1000. This implies that we
have a velocity resolution of 300
km/sec, that is just enough to distin-
guish between the Doppler shift of the
reflected radiation from the two walls.
Finally, the central star is so bright that
if it were placed on the detector, the ar-
ray would be saturated. Therefore, we
need to block the light from the central
star. One could move the central star
off the detector array, but then we need
multiple exposures to cover the
Homunculus.

Fortunately, ADONIS also has a
coronographic occulting system. That
is, an opaque blocking spot in the re-
imaged focal plane. This spot blocks
the light of the central star, but allows
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the light from the Homunculus to pass
to the detector array.

Figure 6: Profile of

The Fabry-Perot can be used to
scan over the wavelengths near the hy-
drogen emission line Brg at 2.16 mi-
crons and obtain the line profile. The
light from this line originates from the
central star (or the stellar wind near the
central star), and reflects off the clumps
and then proceeds toward our tele-
scope. The relative motion of the clump
with respect to the source of the radia-
tion and with respect to the earth caus-
es Doppler shifts in the wavelengths.
Thus the front and back wall have dif-
ferent wavelengths, which we can de-
tect with the Fabry-Perot. The profile of
the Brgline of the patch shown with an
arrow in Figure 5 is plotted in Figure 6.

Although we have data for the entire
Homunculus, we here consider only
the data from the axis of symmetry, that
is, the plane that lies in the line of sight
and includes the symmetry axis of the
Homunculus. This is the most sensitive
discriminator between the models.

We now use the Double-Flask
Model to predict the position and ve-
locity of each of the clumps. For each
position in the Homunculus, we can
predict the apparent wavelength (or
shift in velocity) of the radiation sam-
pled by the Fabry Perot Interferom-
eter. For simplicity, we will consider
only the effects along the “symmetry
axis” of the Homunculus, along which
the 8 spots are aligned in Figure 5. The
red curve in Figure 7 shows the pre-
dicted velocities from the Double-Flask
Model, and the red points show the
measured offsets in the wavelength
of Brg

Thus we see that this preliminary
analysis yields a very good confirma-
tion of the values of the velocities of the

h Car nebula
-

the Bry line at the po - Gk
sition of the patch in - :
dicated with an ar -
row in Figure 5. The
peak at 2.167 mi -
crons (F) is the light
that comes from the
central star, reflects
off a clump in the
front wall and pro -
ceeds without further
obscuration to the
observer. The peak
at 2.175 microns (B)
represents the light
that is emitted by the
central star, and
goes to the back wall
and reflects toward
the observer, as dis -
cussed in Figure 4.
Since it then passes
through the front
wall, the intensity of
the light from the
back wall is muchre -
duced. However, be -

Intensity normalised to the mean of continuum values
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cause the two walls may not have the same irradiation, and because the reflection occurs at
different phase angles, we cannot directly interpret the ratio of the peak heights as the opac -

ity of the front wall.
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visible front wall that were derived from
other data. In addition, for the first time,
we can observe the structure and
measure the velocities of the invisible
back wall from the data obtained using
the Fabry-Perot Interferometer and the
coronographic spot of the ADONIS sys-
tem.

Figure 7: Velocity (in km s™1) as a function of
the distance to the central star, along the
symmetry axis. Comparison of the Fabry-
Perot Observations and the Double-Flask
Model. The red line illustrates the predicted
Doppler velocities for the Double-Flask
Model for the locally reflected Bry line. This
uses the published parameters (with no ad -
justable parameters) for the Double-Flask
model. The thick red line indicates that part
of the Homunculus that can be seen by an
observer. The red boxes are the observa -
tions of the Doppler velocities, that is, the
spectral peaks found in the set of 8 curves
similar to Figure 6, for each of 8 patches
along the symmetry axis of the Homunculus
in Figure 5 (2 peaks per spatial position, cor -
responding to the front and the back wall).

Conclusion

We have verified that the assump-
tion of rotational symmetry, which was
made in the earlier analysis® 8 is in-
deed correct. These data also illus-
trate that the Double-Flask Model is
strongly preferred over the Double-
Sphere and the Double-Cap models.
Finally, this analysis also confirms the
orientation of the symmetry axis with
respect to the line of sight of 40 + 2 de-
grees. Further analysis will address the
refinement of the Double-Flask param-
eters (rather than the discrimination
between different models).
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1. Summary

Sakurai's object (V4334 Sgr) was
discovered by Japanese amateur as-
tronomer Y. Sakurai in February 1996
and first classified as a slow nova.
Follow-up observations though imme-
diately showed this to be a very special
object indeed. It turned out to be a true
stellar chameleon, perhaps the most
rapidly evolving star ever witnessed.
Details of its discovery and early ob-
servations are found in Duerbeck et al.
(1996, 1997), Kerber et al. (1998) and
Clayton & de Marco (1997). We have
now used the combined power of
FORS/VLT in order to deepen our in-
sight into this object and its evolution.

Using FORS/VLT observations, we
have obtained the best spectrum of the

old PN surrounding Sakurai’'s object.
We have derived improved values for
the interstellar reddening and we have
been able to reliably measure addition-
al diagnostic lines. In particular, the
value found for the He 11 4686 line is in
excellent agreement with our earlier
model calculations. We thereby con-
firm the previous result that the star
was a hot, highly evolved PN nucleus
before the flash.

2. The Nature of Sakurai’s
Object

Today astronomers think that Saku-
rai's object is undergoing a final helium
flash. Helium (shell) flashes are com-
mon on the asymptotic giant branch
(AGB) when stars burn hydrogen and

helium intermittently. While hydrogen
burning can be gradually turned on, he-
lium ignites in a thermo-nuclear run-
away leading to a very abrupt increase
in brightness, hence the term flash or
thermal pulse. As a consequence of
this behaviour, stars lose a very sig-
nificant percentage of their mass within
a short period of time leaving only a
thin atmospheric layer on top of the for-
mer stellar core when it leaves the
AGB. The post-AGB star heats up
while shrinking physically and therefore
moves horizontally in the HRD. Upon
reaching 30,000 K, the matter lost pre-
viously (AGB wind) gets ionised and
becomes visible as a planetary nebula
(PN). This PN central star will quickly
(few 1000 to 10,000 years) exhaust the
remaining hydrogen fuel and then en-
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