3D Structure and Dynamics of the Homunculus of
Eta Carinae: an Application of the Fabry Perot,
ADONIS and AO Software

II. SPIKES AND BULLETS

D. CURRIE?, D. LE MIGNANTP®, B. SVENSSON?2, S. TORDO¢, D. BONACCINI 2

agEuropean Southern Observatory, Garching, Germany
bUniversita di Bologna, Dipartimento di Astronomia, Bologna, Italy
¢Osservatorio Astronomico di Bologna, Italy

1. Summary

Eta Carinae is an extremely massive
and highly evolved member of the
Carinae starburst region. It has under-
gone numerous eruptions over the past
millennium. In 1841, a giant eruption
ejected several solar masses or more
of material. Most of this material is cur-
rently in the dusty nebula denoted as
the “Homunculus”.

In an initial article (The Messenger
No. 101, September 2000, p. 24), we
presented results on the 3-dimensional
structure and dynamics of the nebula.
In addition to the smoothly distributed
light from the nebula, there are sharp
spikes or “jets” extending far beyond
the Homunculus and very small con-
densations or “bullets”.

This second article presents new re-
sults on these features obtained as an
application of two new software pack-
ages developed in the frame of the PA-
PAO programme (The Messenger No.
100, June 2000, p. 12).

The first is STARFINDER (The Mes -
senger No. 100, June 2000, p. 23) that
has been developed for use with AO
data (as well as other types of data) by
ESO and Emiliano Diolaiti of the
University of Bologna3. The second is
LINEPHOT developed at ESO by B.
Svensson® and S. Tordo. In order to
test the performance of these software
packages for astrometric applications,
we require observations in which there
is significant and known relative motion
of the objects in the field. In the short
life of the PAPAC? programme, the col-
lection of such data has not been feasi
ble. Therefore, we have conducted
these tests on observations of eta
Carinae obtained by WFPC2 IDT on
the Hubble Space Telescopel. We also
present results of observations ob-
tained by D. Currie with VLT FORSL1.

2. Spike (or “Jets”) and Bullets

David Malin obtained colour images
of eta Carinae and the surrounding
nebula using the Anglo-Australian
Telescope?. John Meaburn® noticed a
peculiar red Spike in this image, and
performed a series of spectroscopic

measurements on this “Spike”. The
Doppler velocities or red shifts of the
clumps in this “Spike” indicated very
high velocities. Later Weis et al.” again
observed the Spike and other similar
features about eta Carinae. The mo-
tions along the spikes have the remark-
able and unique property that the ve-
locities increase towards larger dis-
tances from the star’. At the time that
we measured the astrometric motion of
the Homunculus in the WFPC2 im-
ages?, it was difficult to measure the as-
trometric motion of Spike. However, a
later review of the images following
some special processing techniques
found that there were two very faint,
barely resolved objects at the head of
the Spikel. The astrometric measure-
ments on these two “Bullets” could be
performed and they were found to
be moving at almost 1% the speed of
light (i.,e. 3000 km/sec. This led to
the application of the special capa-
bilities of the STARFINDER pro-
gramme, that has been developed in a
joint programme between University of
Bologna and ESO? 3. The STARFIND-
ER programme is especially adapted to
perform astrometric and photometric
measurements on
adaptive optics ob-
servations of tar-
get fields in which
there is a large
contamination with
background radia-
tion. Using this pro-
gramme, we were
able to re-deter-
mine the earlier
measurement  of

Figure 1: HST im -
age of the southern
edge of the nebula
of Eta Carinae, the
Homunculus, with
Malin Spike #1 and
its 2 bullets at the
end. The 2 brighter
spikes are diffrac -
tion effects.

the astrometric motion of the two
Bullets, as well as measure the astro-
metric or Plane-of-the-Sky (PoS) mo-
tion of the individual knots or clumps
within Spikes. In addition, it was possi-
ble to measure the motion of the com-
ponents of the other Spikes and many
other such Bullets were discovered that
were moving at a velocity that implied
that they, like the original Bullets and
the clumps within the original Spike,
were emitted in 1841, at the same time
as the clumps that compose the
Homunculus. Most of the results pre-
sented here address the Spike #1 with
the 2 bullets at its tip (Fig. 1). Very de-
tailed results have also been obtained
on spike #2. As we shall discuss, the
diameters of these Bullets and the
Spikes are unresolved in the Planetary
Camera images, so they have a diam-
eter of less than the extended solar
system. Comparison with the diameter
of stellar images indicates that these di-
ameters (FWHM) are 100 AU or less in
the direction perpendicular to the long
axis of the Spike. By comparing the
plane-of-the-sky (PoS) velocity compo-
nent (i.e. the astrometric velocity) with
the line-of-sight (LoS) velocity compo-
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Figure 2: Astrometric motions (on the plane
of the sky) of knots and clumps which com -
pose spike #1. Abscissa: distance from cen -
tral star in arcsec. Ordinates: velocity, in pix -
el per year, divided by radial distance in arc -
sec. By combining the astrometric and spec -
troscopic data, one obtains a consistent pic -
ture in which all the clumps in the spike left
the star about 165 years ago, thatis in 1841.
The point at 28.4" is a (stationary) back -
ground star.

nent (i.e. the Doppler velocity) we can
determine that the angle from the line of
sight is about 65 degrees from the line
of sight.

The PoS motion was detected by us-
ing pairs of images of eta Carinae that
were recorded using the WFPC2 on the
HST in 1990, 1991, 1994, 1995 and
1997. Positional measurements of the
clumps or knots in these images, using
STARFINDER, have been used to de-
rive the astrometric velocities of the bul-
lets and of the clumps that compose the
Spikes. In Figure 2, the astrometric ve-
locity (PoS) measurements for Spike
#1 are plotted as a function of the dis-
tance to the central star (in the PoS). In
Figure 3, the Doppler velocities (i.e.
LoS) of Spikes #1 and #2, determined
by spectroscopic measurements of the
Spikes” 8, are plotted as a function of
the PoS distance from the central star.
The relatively uniform values of the
linear expansion rates (i.e. the veloci-
ties/distances) imply a relatively
smooth linear increase in the velocity
with distance. In addition, there is very
little spreading of the ejecta. The me-
chanics of the generation and propaga-
tion of such features is unknown.
Finally, this in turn implies that each of
the clumps was ejected from the central
star at the same time in different direc-
tions, again a phenomenon for which
the physics is not understood.

In the past, the direct analysis of
properties of width and straightness for
the Spikes have been confused by the
changes in brightness along the Spikes
and the existence of non-uniform nebu-
losity surrounding the Spike. To allow
the extraction of this information, we
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Figure 3: Line-of-sight velocity of the clumps
divided by the distance from the star plotted
as a function of the distance from the star.
The velocity increases with distance from
the star6. 7.

have developed a programme, LINE-
PHOT, to fit the peak intensity, the width
and central position of the Spike with a
Gaussian function along a line that is
orthogonal to the long dimension of the
Spike. We have separately estimated
the various parameters describing the
background nebulosity, in order to re-
duce their influence on the parameters
of the Spike?. The results of such an
analysis applied to our WFPC2 image
(HST Proposals 1138, 2887, 5239,
7253 by Westphal, and the IDT) is
shown in Figure 4. A similar analysis of
the FORS1 data from the VLT (VLT
Proposal 63.1-0619(A) by Currie, et. al.)
is shown in Figure 5. In both of these
figures, the uppermost plot shows the
total brightness of the Spike (peak in-
tensity times twice the Gaussian width).
The second plot shows the position of
the centroid of the Gaussian, more pre-
cisely, the component of the position
that is orthogonal to the Spike, illustrat-
ing the deviations from straight-line mo-
tion. Finally the last curve shows the
width of the Spike, where the width of a
stellar image in the same frame, ob-
tained with the same fitting programme,
is shown by the dashed line.

The HST and the FORS1 observa-
tions were conducted in narrow-band
filters at the wavelength of the Ha emis-
sion or slightly longward. In this region,
we are seeing primarily the 6583 local-
ly emitted, blue-shifted [NI1]6583 radia-
tion, with a small component (i.e. at the
edge of the filter band pass) of locally
emitted, blue-shifted Ha emission. In
addition, there would be expected to be
some components of the Ha radiation
emitted by the central star and scat-
tered by the dust contained in the
Spike. Recent observations on the
FORS1 instrument on the VLT at
Paranal, taken at the wavelength se-
lected for maximum sensitivity show
that the Bullets are indeed the leading

elements of the Spikes, with no compo-
nent beyond the Bullets. This starts to
give us information to address the
physics of the generation and dynamics
of these remarkable objects.

The similarly detected results ob-
tained for Spike #2 illustrate the con-
trast in the apparent and physical prop-
erties of the different Spikes that sur-
round eta Carinae. The lengths differ by
almost a factor of two. Spike #1 is
rather “knotty” while Spike #2 is rela-
tively smooth. Spike #1 shows a num-
ber of small bends, while Spike #2
shows a single large bend, and the rest
of the motion is straight. Spike #1 has a
leading bullet, while Spike #2 does not.
In both cases, the width of the Spike is
beyond the resolving power of the tele-
scope/camera/atmosphere at the time.

Finally we wish to address the width
of the original Spike (Spike #1) and
Spike #2. Discussion in the literature ei-
ther states or implies that these fea-
tures were well resolved. However, the
LINEPHOT programme allows a much
more quantitative consideration of this
issue. The major portions of the Spikes
are essentially unresolved by FORS1
and by the WF camera. In order to ob-
tain a better estimate for the width (or at
least a better upper limit), we apply the
LINEPHOT procedures to the images
obtained in the Planetary Camera of
HST. The result is that the Spikes are
essentially unresolved, with the resolu-
tion of the telescope empirically deter-
mined by the measurement of stellar
images, i.e., about 100 milli-arc-sec-
onds (mas). This value was determined
using a nearby star from the same
frame, and using our same LINEPHOT
programme. (Spike #2 is especially
smooth). That indicates a width of less
than 50 mas, or less than 120 AU. In
particular, the widths of the Spikes are
essentially unresolved from their emer-
gence out of the glare of the central star
to their tip. Thus the Spikes are very
thin features that have a (length)/
(width) ratio of over 600.

Analysis of the FORS1 images have
also resulted in the discovery of several
new Spikes that have a very high red-
shift, such that neither the locally emit-
ted nor the locally reflected radiation
was admitted by the Ha or the [NII]
filters on HST. The FORS1 images also
allow a rough red shift determination
and thus a classification of the Spikes,
as well as a guide for interpreting the
spectroscopic measurements. Data re-
duction and analysis is continuing on
the other Spikes, as well as the many
Bullets that have been found in the outer
regions beyond the Homunculus.

3. Conclusions: Adaptive Optics
Operation and Data
Reduction Techniques

In conclusion, we have demonstrated
that the very large velocities of the
Spikes and Bullets indeed represent
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Figure 4: Intensity, position and width of Spike #1 as obtained with
LINEPHOT applied to HST/WFPC2 images taken through an Ha fil -
ter, and all plotted as a function of distance from centre. Upper plot:
intensity (i.e. peak values times width); middle plot: position of the
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centroid as compared to a straight line, i.e. deviation from straight -
ness; lower plot: width (dashed line: width of a star). Date of the ob -

servations: 1997.

actual physical motions of clumps of
material. The individual clumps, both in
terms of the astrometric and spectro-
scopic velocities, move in a manner to
indicate that all of the elements of the
Spikes were emitted in 1841. We have
also shown that the Bullets are the lead-
ing elements of these strange structures,
that is, there is no fainter extension of
the Spike that lies beyond the bullets.
The width of the Spikes and the diame-
ter of the Bullets are less than 120 AU.
The astrophysical results presented
here and in article | have been made
possible by the combination of the
unique capabilities of ADONIS, the
WFPC2 of the Hubble Space Tele-
scope and the FORS1 instrument on
the VLT. This programme also shows
the importance of the auxiliary instru-
mentation on an AO system, specifical-
ly the Fabry-Perot Interferometer and
the Coronographic Occulting Spot.
The final point concerns the data re-
duction and analysis methods that are
used, and that are discussed in con-
siderably more detail in The Messenger
No. 100, p. 12, and in other papers? 3,
and references therein. Present meth-
ods of data reduction and analysis for

adaptive optics data have intrinsic pho-
tometric errors that are significantly
larger than the basic limitations im-
posed by the photon noise in the target,
the skirts or wings of nearby objects,
and the sky and the read noise. An un-
known portion of this is due to errors in
the flat fielding. Addressing and solving
these issues can either greatly improve
the science that can be obtained from
AO data, or can result in a significant
reduction in the telescope time re-
quired to achieve a given science goal.
As we proceed with the AO systems on
the 8-10-metre-class telescopes, this
will become an even more critical issue.
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at La Silla for support in the ADONIS
observations, the FORS1 team at
Paranal, and NASA and the Space
Telescope Institute for the HST Obser-
vations. We also wish to thank David
Malin for a high-resolution image of his
discovery image of the spikes and bul-
lets in eta Carinae.

References

1Currie, D.G. and D.M. Dowling. (1999)
“Astrometric  Motion and Doppler

>
)
-
)

10 12
arcsecands along spike

Figure 5: Same as Figure 4, but from LINEPHOT applied to Ho im -
ages taken with VLT/FORSL1. Date of the observations: 1999. The
small differences with Figure 4 are mostly due to the difference in an -
gular resolution and filter band-pass.

Velocity”. Eta Carinae at the Millennium,
ASP Conference Series, Vol. 179. 1999
J.A. Morse, R. M. Humphries, and A.
Damineli, eds.

2Currie, D.G.; E. Diolaiti; S. Tordo; K.
Naesgarde; J. Liwing; O. Bendinelli; G.
Parmeggiani; L. Close; D. Bonaccini.
(1999) “ESO Photometric and Astrometric
Analysis Program for Adaptive Optics”
Astronomical Data Analysis Software and
Systems - IX 3-6 October 1999.

3Diolaiti, E.; D.G. Currie; S. Tordo; K.
Naesgarde; J. Liwing; O. Bendinelli; G.
Parmeggiani; L. Close; D. Bonaccini.
“ESO Photometric and Astrometric
Analysis Program for Adaptive Optics”,
Astronomical Data Analysis Software and
Systems - 1X 3-6 October 1999.

4http://www.aao.gov.au/AAO/local/www/dfm
/aat032.html (David Malin Image Showing
Spike).

5Svensson, B. (2000) “3-D Structure of the
eta Carinae Nebula and the Configuration
of the Hyper-Velocity Jets”, Masters
Thesis, Lulea University of Technology,
Sweden.

6Meaburn, J; P. Boumis, J.R. Walsh et. al.
1966 MNRAS 282, 1313.

"Weis, K.; W. Duschl and Y-H. Chu (1999)
A&A 349, 467.

27



