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RESUMEN

En busca de desviacionesde una expansbn homologa en nebulosasplane-
tarias presenamos un modelo 3D morfo-cinematico de NGC 7009. El modelo ha
sido construido con Shape basadoen diagramas posicion-velocidad de la literatura
e imagenesdel HST. Encontramos que los datos son congruertes con un per| de
velocidad radial con un gradiente mayor a latitudes comparadocon el de la region
ecuatorial (Modelo 1). En un segundomodelo supusimosuna componerte de ve-
locidad radial que aumenta de maneralineal con una componerte poloidal adicional
del orden de 10 km s ! a latitudes alrededor de 70 . El verdaderocampo de ve-
locidad probablemerte esintermedio erntre estoscasosl mites. Encontramos que la
expansbn de los ansaeno esradial con respecto a la estrella certral. Su campo de
velocidad pareceapuntar en una direccion cercanaal punto de salida de la cascara
principal. Predecimosun patron para los movimientos propios en el Modelo 2.

ABSTRACT

In seard for deviations from homologous expansion in planetary nebulae
we presert a 3D morphokinematical model of NGC 7009. The model has been
constructed with Shape basedon PV diagramsfrom the literature and HST images.
We nd that the data are consistert with a radial velocity eld with increased
gradiert at high latitudes comparedto the equatorial region (Model 1). In a second
model we assumea linearly increasing radial velocity componert with an added
poloidal componert of order 10 km s * at latitudes around 70 . The true velocity
eld is likely to be in between these two limiting cases. We also nd that the
expansionof the ansaeis non-radial with referenceto the certral star. Their velocity
eld is focusednear the apparert exit points from the main shell. We predict the
proper motion pattern for the model with a non-zeropoloidal velocity componert.

Key Words: ISM: jets and outo ws | planetary nebulae: individual (NGC 7009)
| stars: AGB and post-AGB | stars: massloss

1. INTR ODUCTION

In recert yearsit has becomeclear that a com-
plex three-dimensional (3D) structure of a planetary
nebula (PN) posesa major challengeto the interpre-
tation of its formation process. As has beenshown
for NGC 7009 by Goncalves et al. (2006), even
the interpretation of spectroscopicmeasuremets for
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abundancedeterminations may be seriously a ected
by the 3D structure of an object. Furthermore ex-
pansion parallax determinations of badly neededim-
proved distancesto PNe are dependert on the ac-
curacy of 3D models of their structure and velocity
eld (e.g. Terzian1997;0'Dell, Henney & Sabbadin
2009). It is well known that orientation e ects are
a problem for any structural classi cation schemeor
statistical studies of planetary nebulae (e.g. Balick
& Frank 2002). It is therefore crucial to obtain 3D
morphokinematical information and reconstructions.

NGC 7009 is a planetary nebula with seweral
morphological and kinematical sub-systems with
multiple shells, a halo, jet-lik e streams, ansaeand
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small-scale laments and knots. Sabbadin et al.
(2004; STCO4, for short) have produced a tomo-
graphic 3D-reconstruction of NGC 7009 based on
long-slit obsenations at the ESO NTT telescope
with the EMMI instrument. Their reconstruction
is based on the assumption of a linear and radial,
i.e. homologous,velocity eld.

Homologous expansion is evidencedin axisym-
metric objects that shawv the same structure in di-
rect imagesand in their edhellograms (or position-
velocity, P-V, diagram). The P-V diagrams encale
the velocity along the line of sight due to Doppler-
shift of the spectral line. In homologousexpansion
the Doppler-shift corresponds directly to the posi-
tion along the line of sight, except for a constarn
factor. In axisymmetric objects this factor can be
determined by tting an axisymmetric morphokine-
matic model simultaneously to the image and PV
diagrams. If such a constart factor can not be found
to t the whole image and PV diagrams, then de-
viations from a homologousexpansion are presen.
These might be in the form of a non-linear depen-
denceof the radial velocity (radially outward) as a
function of distance from the certral star or a non-
zero poloidal velocity componert. Deviations from
a linear correspondencebetweenimage and PV di-
agram may, howewer, also be due to structural de-
viations from axisymmetry. In such a case,if the
velocity eld is known and monotonousin its com-
ponerts, the 3D emissionstructure can be inferred
unambiguously from the image and P-V diagrams.
However, if the velocity eld is not well known and
the object is intrinsically 3D, then ambiguities arise
in the determination of the true 3D structure.

Hydrodynamical simulations show that in wind-
driven ellipsoidal and bipolar nebulae, deviations
from a homologous expansion may introduce sub-
stantial distortions in reconstructions of the 3D
structure that assumehomologousexpansion (Stef-
fen, Garc a-Segura, & Koning 2009). We are there-
fore undertaking a study of well-resolved planetary
nebulae with detailed imaging and internal velocity
measuremets (using Doppler-e ect and/or internal
proper motion) in order obtain 3D reconstructions
that take into accourt sud deviations. In this pa-
per we analyze the well-obsened nebula NGC 7009
in seart of morphokinematical solutions that might
provide information about the dynamical state of the
nebula.

STCO04 nd that the large scalestructure of the
main shell is best described as a triaxial ellipsoid.
Guerrero, Gruendl, & Chu (2002) nd extended X-
ray emission which precisely lls the main shell.

Since the shocked fast stellar wind is expected to

produce such x-ray emission, this obsenation sup-
ports the existenceof a wind or at least a high pres-
sure bubble that drivesthe expansion. Ste en et al.

(2009) shawved that morphokinematical reconstruc-
tions of such nebulae, when basedon a homologous
expansionlaw, lead to an overestimation of the bub-

ble crosssectionalongthe line of sight at mid to high

latitudes. In the reconstructions by STCO04, such a
di erence in the crosssectionsalong the line of sight

and in the plane of the sky is clearly presen.

In this paper we therefore estimate the deviations
from homologousexpansionthat are still consisten
with the current imaging and kinematical data while
maintaining approximately the samecrosssection of
the main shell in the plane of the sky and along the
line of sight. We construct a model with purely ra-
dial velocities but increasing velocity gradient with
distance (Model 1) and a linearly increasing radial
componert with an additional poloidal componert.
With these boundary conditions the models should
provide upper limits for these velocity componerts.
In order to allow testing of these results we predict
internal proper motion patterns to be comparedwith
future obsenations.

Fernandez,Monteiro, & Schwarz (2004) provided
proper motion measuremets of the easternansain
NGC 7009that revisedthe valuesobtained by Liller
(1965). They also detected expansion of the main
shell, but did not quartify it, sincethey suggested
that it might be a moving ionization front, which
doesnot provide the velocity of the bulk motion of
the gas. However, STC04 nd that the nebula is
fully ionized, except possibly in the ansaeand the
caps, such that the concern about a misinterpreta-
tion of the measuredvelocities might not be justi ed.
Rodr guez& Gomez(2007) have recenlly usedradio
obsenations with the Very Large Array (VLA) to
determine the tangertial velocity of ansaeand nd
that the westernansamight be faster than the east-
ern oneby a factor of 1.5. Howe\er, the error bounds
of the two valuesoverlap, and hencea similar veloc-
ity for both is not excluded (especially considering
the fact that their distanceto the certral star diers
by lessthan ten percen). Basedon our models we
predict proper motion patterns of the main shelland
the ansae,which are crucial to eliminate or reduce
ambiguities in future models.

The tomographic reconstruction by STC04 uses
ground-based position-velocity diagrams at regular
intervals of 12 position angles. Although these are
of excellent quality, the coverageof the object is not
completeand there are gapsbetweenslits which had
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Fig. 1. The rst and secondimage of NGC 7009 are
HST imagesin H and [NII] adapted from Sabbadin et
al. (2004). The third and fourth image are our Shape
model basedon [NII] position-velocity diagrams from the
same paper and HST images (seeFigures 3 and 4). The
bottom image has beenrendered with red and blue color
coding according to the Doppler-shift. The spatial reso-
lution in the model imagesis 0.5 arcsec.

to be interpolated. Furthermore, the spatial reso-
lution is seeing-limited. In this work we therefore
intend to improve the spatial resolution and Il in
gapshby taking into accourt high-resolution imaging

Fig. 2. The mesh represertation of our 3D-model of
NGC 7009. These meshesenclosethe volumes that cor-
respond to the various features of the Shape-model. The
volumes are sampled with randomly distributed parti-
cles. Highly tunable 3D-functions are then usedto quan-
tify the relative emission and velocity elds.

information from the Hubble SpaceTelesco in a
new, manual, reconstruction with our morphokine-
matic modeling padkage Shape.

The layout of our paper is as follows. In x 2 we
describe the modeling proceduresand x 3 corntains
the results and discussionsfor the main structures
of NGC 7009. In x 4 we summarize our conclusions.

2. MORPHOKINEMA TIC MODELING WITH
SHAPE

We have modeled the morphokinematical struc-
ture of NGC 7009with the Shape software (version
2.7)which is arather newapproac to reconstructing
the 3D structure of astrophysical objects from image
and Doppler-data (Ste en & Lopez 2006; Ste en et
al. 2009). The model consists of a mesh-structure
for ead signi cant large-scaleand small-scalestruc-
ture that hasbeenidenti ed in the image data (Fig-
ure 1). The mesheshave beenconstructed with the
modeling tools that Shape provides for this purpose.
Figure 2 shows the resulting 3D meshwith the ori-
entation that correspondsto Figure 1.

Note that the reconstruction of the 3D structure
basedon 2D imagesand PV diagramsis not a unique
processand relies on assumptionsthat allow us to
map the Doppler-velocity to a spatial position along
the line of sight. The assumptionscan involve the
structure of the object, the velocity eld or both.
Often somekind of symmetry is assumedto reduce
ambiguities. Magnor et al. (2005) have deweloped
an algorithm to reconstruct nebulaewith a cylindri-
cal symmetry that relies on 2D imagesonly. The
assumption of a homologousexpansion,i.e. a veloc-
ity vector that is proportional to the position vector,
allows limited reconstruction of arbitrary spatial dis-
tributions basedon Doppler velocity measuremeis
to within a constart of proportionalit y alongthe line
of sight. If the extent of the object along the line of
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sight can be inferred from other sources,e.g. large
scale symmetry, then this reconstruction is unique.
The reconstruction of NGC 7009by STCO04 is of this
type.

Many planetary nebulae appear to show a ho-
mologousexpansionasevidencedby the similarity of
structures in their imagesand PV diagrams. How-
ever, we would like to point out that caution has
to be exercisedwhen relating the homologous ex-
pansion of a highly non-sphericalshell-like structure
with velocity elds in hydrodynamical simulations.
The high density shellsrepresent the samehydrody-
namical or ionization feature in di erent directions
asseenfrom the certral star. Sud afeature could be
an ionization front or the cooling shock region caused
by the fast stellar wind impacting on the slov AGB-
wind. In a spherically symmetric object we then see
a spherical shell. This shell is of course not empty
inside and is surroundedby external material. Along
ead direction from the certral star we then have a
velocity pro le asa function of distance. As shown
in detail by hydrodynamical simulations, the veloc-
ity prole along sudch a\ray" may be very complex
and usually is far from linear (e.g. Schenberner et
al. 2007), i.e. along a single ray, the expansionis
non-homologous.

Howe\er, the story is very di erent when we con-
sider the same hydrodynamical feature in dierent
directions. Usually, due to varying ambient densi-
ties in dierent directions, the expansion speed of
the same hydrodynamical feature changeswith di-
rection. This is the main reasonfor the non-spherical
shapesof planetary nebulaein the generalizedinter-
acting stellar wind model (Kahn & West 1985; Bal-
ick 1987). In a rst approximation, the expansion
along eadh direction is independent from the other
directions and featuresare\sorted" in a similar fash-
ion as in a ballistic expansion: the faster, the fur-
ther away, sudc that a near-homologousrelocity eld
arisesfor each hydrodynamical or ionization feature.
This meansthat o w problem admits a similarity so-
lution (e.g. Kahn & West 1985). Howewer, the pres-
sure is not exactly constart along surfacesof these
strati ed shells. Therefore non-radial velocity com-
ponerts and deviations from the homologousradial
expansionmay arise. Two- or three-dimensionalnu-
merical hydrodynamical simulations show such devi-
ations from radial motion (e.g. Mellema, Eulderink,
& Icke 1991; Ste en et al. 2009). The simulations
exhibit deviations from a linear variation of the ra-
dial velocity componert with distanceaswell asnon-
zero poloidal velocity componerts. Fortunately, ex-
cept for local small-scaledeviations, the radial com-

ponert increasesmonotonically with distance and
the poloidal componert varies rather smoothly with
poloidal angle. This behavior reducesconsiderably
the ambiguities inherernt in the general problem of
mapping the Doppler-velocity to a position alongthe
line of sight.

The classi cation and characterization of the ve-
locity eld of obsened planetary nebulaeis usually
done based on such hydrodynamical or ionization
shells. In order to judge with any degree of reli-
ability, whether the velocity eld is homologousor
not, only such coherent structures can be used to
comparetheir structure in imagesand PV diagrams
of a single emissionline.

In contrast, to obtain a velocity eld that canbe
comparedwith one-dimensionalsimulations, the ve-
locity eld acrosssud shellshasto be determined.
To some extend this can be achieved considering
dierent ionic specieswhich trace dierent regions
along any given direction. This type of analysis
has been done, for example, by Wilson (1950) and
recertly by Sabbadin et al. (2004, and references
therein).

An important fact to take into accourt here is
that the velocity asa function of distance (measured
in di erent directions) of a single non-sphericalshell-
like feature is expectedto di er from that measured
along a single radial direction (which crossesall hy-
drodynamical structures). Hence, the 3D velocity
elds for dierent shellsmay also be very dierent
from ead other. If dierent ionic speciesoccupy
distinct spatial regions, their velocity elds with dis-
tance and poloidal angle can not be assumedto be
the same. For a reliable 3D reconstruction of an ob-
ject it is thereforevery important to distinguish these
di erent shellsand reconstruct or model them inde-
pendenly. Shape is excellertly suited for this kind of
analysis, sinceit allows the userto judge which fea-
tures to reconstruct independertly, even in a single
line obsenation.

Our main aim is to obtain information on the
deviations of the velocity eld from homologousex-
pansion within thesecoherert shell structures.

Instead of making a strong assumptionabout the
velocity eld, we make an assumption about the
structure along the line of sight. The main assump-
tion is that the crosssection along the line of sight
should be the sameor very similar to the crosssec-
tion in the plane of the sky at the sameposition along
the axis of the main shell. A secondary but useful
constraint is that the streamsshould touch the tips
of the main shell, both in the plane of the sky aswell
as along the line of sight.
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Fig. 3. The middle column shows [NII] position-velocity
diagrams of NGC 7009at 6 di eren t position anglessep-
arated by 15 from ead other (adapted from Sabbadin
et al. 2004). The corresponding model PV diagrams are
shown to the left (Model 1) and right (Model 2). Note
that the grayscale of the obsenations is logarithmic and
that of the obsenations is square-root (see main text).

The spatial resolution in the PV diagrams is 0.5 arcsec
and the velocity resolution is 5km s 1.

In our model, velocity componerts are separable,
i.e. the poloidal velocity is only dependert on the
\latitude" and the radial velocity is only dependen

Fig. 4. Sameas Figure 3, but for six additional position
angles.

on distance. This introduces a further constraint
by reducing the degreesof freedom but relaxesthe
constraint of a homologousexpansion.

The kinematics of the outer shell indicate a sys-
tematic blue-shift by approximately 2{3 km s * with
respect to the main shell. The origin of suc a shift
can be either structural, i.e. it is closerto the ob-
sener. It could betruly slower, due interaction with
a density gradient or proper motion in the ambient
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Fig. 5. The relativ e emissivity distribution as a function
of azimuthal angle around the axis of the object for
the north-w estern (solid line) and south-eastern (dashed
line) ring and the oblique equatorial ring (dotted line).
Emissivities are normalized to their maximum value for
eac componert.

medium. The e ect is small and has beenneglected
in our model, which is concerned mostly with the
kinematics of the main shell. Any e ects on the main
shell would be unnoticeable.

We presert two solutions that are qualitativ ely
dierent in terms of their velocity eld. In Model 1
we have a radial velocity eld with a monotonous
non-linearly increasing velocity magnitude. In
Model 2 a linearly increasingradial velocity compo-
nernt and a non-zeropoloidal componert are applied.
The azimuthal componert is always assumedto be
zero. These assumptions are based on the results
from our recert study of the velocity elds in hydro-
dynamical simulations of typical ellipsoidal and bip o-
lar planetary nebulae (Ste en et al. 2009), where
a single dense hydrodynamical shell has been ex-
tracted and analyzed. The simulations always shov
both an increasing gradient for the radial compo-
nert and a non-zeropoloidal componert at mid lati-
tudes. Cylindrical and mirror symmetry in the sim-
ulations demand that the poloidal velocity be zero
at the equator and at the axis.

We start with an ellipsoidal structure along the
line of sight that is the sameasthat of the imageout-
line in the plane of the sky. This structure and the
velocity eld arethen iterativ ely adjusted to conform
to the obsened PV diagrams. While this procedure
doesnot provide a unique solution, it is expectedto
provide estimatesfor the deviations from a homolo-
gous expansion. Basedon the results we then make
predictions for the expansionin the plane of the sky,
which canbeveri ed with future proper motion mea-
suremerts of nebular features.

Fig. 6. Images of the Shape-model as seenfrom selected
viewpoints. In the top row the obserer's point of view is
rotated around the horizontal axis by the labeled angles.
In the bottom row the viewpoint is rotated around the
vertical axis by the speci ed angle. The spatial resolution
in theseimagesis 0.5 arcsec.

Our modeling of NGC 7009 is based on im-
agesfrom the Hubble Space Telescog (HST) and
position-velocity (PV) diagramsfrom STC04. Please
refer to this paper for details on the obsenations.
Figure 1 shaws the HST [NII] image and our corre-
sponding model image. Although, for consistency
the imagesand PV diagrams of additional spectral
lines have been consulted, we concerrate on the
modeling of the [NI1] emission. [NI1] shows the high-
est corntrast between features and is more likely to
be concerrated along surfacesor in discrete knotty
structures. These properties provide a lessambigu-
ous mapping betweenimaging and spectral features.
Note that the gures in STCO04 are displayed with a
logarithmic grayscale,i.e. the contrast betweenfea-
tures is greatly reduced. In our work we focuson the
relative positions and velocities of the structures in
NGC 7009, rather than their relative brightness, so
that the key information is in the outlines and posi-
tions of the features. Currently, Shage cannot repro-
ducethesehigh contrast structures and therefore the
relative brightness should be taken to be only qual-
itativ e, intended for identi cation of the individual
featuresand for visualization purposes.

The generalmodeling strategy is asfollows. From
the overall characteristics of the images (Figure 1)
and PV diagrams (Figures 3 and 4, adapted from
STCO04), as well as previous models and reconstruc-
tions, a rst approximation of the model is cre-
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Fig. 7. The radial velocity component is showvn as a
function of distance from the certral star. The contin-
uous line is for the main shell in Model 1. The dashed
line is that of Model 2, which has a poloidal velocity
component as show in Figure 8. The sameradial veloc-
ity law (dashed line) has been adopted for the streams
and ansae (4.1 km s ! arcsec '). The dot-dashed line
is the velocity law adopted for the envelope, caps and
equatorial rings (3.6 km s ! arcsec 1).
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Fig. 8. The poloidal velocity componert of the main shell

is shown as a function of latitude (with the equator at

90 . The easterntip of the main shell is at 0 and the
western tip is at 180 .

ated by interactively constructing the mesh struc-
ture. This mesh structure is lled with a random
distribution of particles (seebelow). Initially , a ho-
mologousexpansionis assumedfor the velocity eld,

accordingto the results from STC04. Then the gen-
eral orientation of these structures is changedto t

the tilt of the PV diagrams. For the main and the
outer shell we rst assumethat the cross-section
perpendicular to the axis is circular. We then ap-
ply large scale rst order corrections to the shape

1.2
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Fig. 9. The model's relative emissivity of the main shell
is plotted as a function of the distance along the axis z
(top) and as a function of azimuthal angle (bottom).
The distribution in angle is dierent for the northern
(contin uousline) and the southern half (dashedline) with
peaksat nearly opposite angles. Negative z-valuesin the
top graph are toward the East.

and velocity eld. Thesecorrectionsinclude triaxial
structure, bending and rotation around the axis. For
the velocity eld we then include a deviation from a
linear radial velocity componert (Model 1) or a non-
zero poloidal componert accordingto Ste en et al.
(2009) (Model 2). We then make second-ordercor-
rections for the structure of the main shellto t the
outline of the HST images. After these, similar ad-
justments are made to the structure along the line
of sight and in the velocity eld in order to t the
small scalestructure of the P-V diagrams. Adjust-
mernts are then made to small-scalefeaturesin the
brightnessdistribution. This processis iterated until
a satisfactory model is obtained.

A random distribution of particles is located ei-
ther on the surface or in the volume of the mesh.
They are the points where 3D spaceis sampled.
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The local average density of the particles is con-
stant on the surface or in the volume distribution.

The stochastic character of particle distribution in-
troduces local noise in the brightness distribution

which can be controlled by the number of parti-

cles used. With the appropriate particle density,
this noise simulates the small-scaleemissivity vari-
ations. Thus, the preciselocation of thesevariations
is modeled only statistically. Some small-scalefea-
tures have beenincluded adding or deleting particles
locally with a special tool for that purpose. The dis-
tribution of sampling points is the rst spatial selec-
tion of the sub-structure that constitutes the whole
object. A secondselection is obtained via the as-
signmert of a relative emissivity, which may be zero
to exclude emissionfrom certain meshregions. The
emissivity is given as a function of spatial coordi-
nates. This function can either be analytic or set by
an interactive graph. Similarly, the velocity vector
is assignedas an analytical function of coordinates
or an interactive graph in eat coordinate (Ste en

et al. 2009).

The interactive graphical represeration of these
quartities allows for very detailed and complex
structures to be reproduced. For instance, Figure 5
shows the relative emissivity distribution e () on
the equatorial ring structure as a function of az-
imuthal angle in spherical coordinates. The distri-
bution in ead coordinate is then multiplied to the
distribution in other coordinatese, (r) ande ( ), i.e.
e(r;; )=e e () e(r) e () (ie. the distribu-
tions are assumedto be separablein their coordi-
nates). ey is a total scaling factor.

After the obsenational parameters have been
set (lik e orientation, spectrograph slit position and
width, seeingand velocity resolution) the emissiv-
ity distribution is integrated along the line of sight
and rendered as an image and PV diagram. In this
model, we assumethat the object is optically thin.
Currently, the dynamic range of brightness model-
ing in Shape does not readc that of the featuresin
NGC 7009, which in somecasesare only clearly vis-
ible on a logarithmic scale. Sincethe preciserelative
brightnessof large and small-scalefeaturesis not the
main concern of this work, rather than the location
and kinematics of structure in 3D space,this limita-
tion is not important for our modeling. The model-
ing of relative brightness betweenfeatures has been
adjusted using only visual inspection. The images
and PV diagrams have been displayed in a square
root grayscale.

The comparisonbetween model and obsenation
is done by superimposing them with variable trans-

parency directly in Shape. This allows a very accu-
rate visual comparison of positions and outlines in
the imagesand PV diagrams.

For NGC 7009, all structures, except the main
shell, have been modeled as volume distributions.
The main shell is thought to be the thin, swept-up
shell around the fast wind and is much thinner than
its size. The outer shell is approximated as a lled
triaxial ellipsoid that is limited on the inside by the
main shell; this shell has beensampled betweenthe
outer ellipsoidal structure and the inner main shell.
Other structures have beensampledthroughout the
volumethat is setby their mesh. Note that this does
not necessarilymean that emissioncomesfrom the
full sampled region, becausethe relative emissivity
distribution may limit the emissionto only part of
this volume.

3. RESULTS AND DISCUSSION

The full model structure of NGC 7009is shown
in Figure 6, where the viewpoint has been rotated
around the horizontal axis (top row) and the vertical
axis (bottom row). Model 1 and 2 have the same3D
structure, but dierent velocity elds, and only one
set of imageshas beenshawvn. The position-velocity
diagrams for both models can be compared to the
obsened data in Figures 3 and 4.

3.1 Main shel

We nd that the data usedin this work are con-
sistert with a bent structure of the main shell, both
in the plane of the sky and along the line of sight
(Figure 6).

Model 1 hasa purely radial velocity eld with an
outward increasingvelocity gradient (Figure 7, solid
line). Model 2 hasa linear radial velocity componert
(Figure 7, dashedline) and a poloidal componert as
shown in Figure 8.

Sincethe purely radial velocity eld is spherically
symmetric, any di erences betweenthe western and
eastern hemispheresin the PV diagrams have to be
accourted for by structure along the line of sight.
Although the increasing velocity gradient in Model
1 reducesthe dierence in the cross section of the
main shell along the line of sight comparedto that in
the plane of the sky (at high latitudes), the western
tip is still much wider along the line of sight than
in the plane of the sky. This is due to the fact that
in the PV diagramsthe western and the easterntip
have a similar thickness,but there is a considerable
di erence betweenthe easternand westerntip in the
image (while the radial velocity eld is symmetric).

We have explored a model with the sameradial
velocity structure as Model 1, but with an unbert
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structure, adjusting the cross section of the main
shell along the line of sight. Excellent agreemen
with the PV diagram along the main axis can be
achieved. However, this solution cannot be brought
into agreemenm with PV diagramsfrom intermediate
position anglesand hastherefore beenomitted. This
implies that the bendingis at an angleto the plane
of the sky and the plane marked by the main axis of
the object and the line of sight.

The fact that X-ray emissionhas beenobsened
that is constrained by the main shell (Guerrero et
al. 2002), makesit likely that it is still drivenby the
stellar wind or at least an over-pressuredhot bub-
ble. Following Ste en et al. (2009), in Model 2 we
have tted a non-zero poloidal velocity eld. Fig-
ure 8 shaows the poloidal velocity as a function of
latitude (with 90° being the equator). In addition
to the featuresin the PV diagrams, the main con-
straint for this velocity distribution was to have a
main shell with a cross-sectionthat was as circular
aspossible. As can be seenin Figure 6, top row, the
crosssectionis non-circular. This is required by the
structure of slits that are approximately perpendic-
ular to the main axis of NGC 7009. The adopted
relative emissivity distribution of the main shell is
plotted in Figure 9.

In Figures 3 and 4 we compare Models 1 and 2
with the obsened [NI1] PV diagrams from STCO04.
Overall, the agreemem with the data is very good.
Howevwer, there are subtle deviations in Model 1
which cannot be eliminated unlesstraded for more
seriousde ciencies in other regions. In our opinion,
thesedi erences make Model 2 (which hasa poloidal
velocity componert adding degreesof freedom) su-
perior to Model 1, with a purely radial velocity eld.
A comparisonof the obsenations and model PV di-
agramsat mid to high latitudes (PA = 49 { 109)
shows better agreemen of Model 2 with the data,
except for the lower (East-Southeast, E-SE) section
at PA = 94 . It has proved impossibleto obtain a
satisfactory agreemem simultaneously between this
E-SE regionand the PV diagram along the main axis
at PA =79 .

Regarding the accuracy of the velocity eld, we
estimate that, within our modeling framework and
our basic assumptionsabout the crosssection of the
main shell, the graph for the upper limit of the ra-
dial velocity is accurateto about 10 15%, whereas
that of the poloidal velocity componert is probably
accurateto about 15 25%. This was estimated by
varying the parametersmanually until the model be-
cameclearly inconsistert with the obsenations. The
main uncertainty is in the crosssectionof the object.

For the combination of velocity structure and cross
section there is no unique solution basedon imaging
and Doppler velocity measuremets.

Considering the uncertainties, the di erences in
agreemen with the obsenations are not su cien t to
de nitely favor one model over the other. Consid-
ering the results from hydrodynamical simulations
(Steen et al. 2009), the likely solution is some-
wherein betweenModels 1 and 2. This is consisten
with simulations that show a velocity eld with both
a radial componert with an increasinggradient and
a poloidal velocity component. Further restriction
will have to wait for detailed internal proper mo-
tion measuremets of individual featuresin the main
shell. In Figure 10 we therefore make a prediction
of the proper motion pattern expected for Model 2.
A statistical analysis of such a proper motion pat-
tern in an obsened object will provide the obsened
equivalent of the graph in Figure 8. We expect all
measuredpoloidal velocity valuesto fall below those
of Model 2, with signi cant valuesbeginningat a lat-
itude of about 40 . The outline of the highestvalues
in the obsened graph will directly provide the corre-
sponding model componert. This will then allow an
obsenational derivation of the radial componert asa
function of distance from the certral star (Figure 7).

Although we have not made a very detailed anal-
ysis of relative brightness of featuresin NGC 7009,
we still nd some interesting results for the main
shell which are related to its structure. The relative
model emissivity distributions of the main shell asa
function of distance along the symmetry axis and as
a function of the angle around the axis are shawvn in
Figure 9 (note that the ratios betweenpeaksis sup-
pressedin our model, due to the reduceddynamical
range as comparedto NGC 7009). As a function of
distance along the axis the two halvesare very sim-
ilar. But we nd that the western and eastern half
are brightest at approximately opposite sidesalmost
along the line of sight (Figure 9, bottom, = 0is
in the plane of the sky). This brightness di erence
might well be related to the bent structure of the
main shell and the brightness of the capsat similar
anglesaround the axis (seeFigure 6).

Considering these results, the bent and point-
symmetric structure together with the increasedve-
locity deviating from homologousexpansion (either
radial or poloidal) at high latitudes suggestthe exis-
tence of two separate mass-losseverts that were at
least partially collimated, but in di erent directions.

Becauseof the presenceof a hot bubble, we have
investigatedthe physically possiblecaseof a velocity
that is locally perpendicular to the main shell with
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Fig. 10. The projected velocity vectors for a randomly selectedsubset of particles is shovn. They represert the proper
motion pattern predicted with the Shape-model. The color coding is according to the Doppler-shift of the particle. In
order to show the o -center convergenceof the proper motion vectors at mid-latitudes and the ansae,extended guiding
lines have beendrawn which extend someof the proper motion vectors backwards. To assistin locating the positions of
the vectors in the image of NGC 7009, the model mesh of the main shell has beenincluded. The position of the certral

star has been marked with a lled circle.

a magnitude increasingwith distance from the star.
We found no plausible structure that would t the
obsenations at high latitudes. Such a model could
only be tted to the data at latitudes of lessthan
approximately 60 from the equator.

3.2 Ansae

The main question about the ansaeis their for-
mation process. Did they originate near the cen-
tral star, or are they the result of a global collima-
tion processsimilar to a hydrodynamic Canto ow
(Canto, Tenorio-Tagle, & Rozyczka 1988) or mag-
netic focusing (Garc a-Segura& Lopez 2000). Ve-
locity vectorsthat point directly to the certer would
speak in favor of an origin near the certral star,
whereas vectors that corverge near the exit point
from the main shell might be regarded as evidence
for global focussing.

Rodr guez& Gomez(2007)useVery Large Array
radio obsenations to determine the proper motion of
the ansae. They nd 23 6and 34 10masyr !
for the easternand the western ansae,respectively,
i.e. the western ansais almost 1.5 times faster than
the eastern one. Howewver, within the uncertainty,
they could also be the same. We have therefore
tested both options. The results shovn in all g-
ures refer to the caseof equal velocities using the
4.1km s ! arcsec ! velocity law shown in Figure 7.

Regarding the origin of the ansae,the measured
di erence in velocity might be quite important. The
width of the ansaein Doppler velocity (seeFigure 3,
PV diagram at PA = 79 ) ascomparedto the width
of the main shell is larger than the ratio of widths
in the images, especially for the easternansa. This

may be, of course,simply becausethe ansaeare ac-
tually more extendedalong the line of sight (seethe
reconstruction in STCO04). Let us assumethat the
size of the ansaeis approximately the same along
the line of sight asin the plane of the sky; then the
result is quite di erent. If, in addition, the velocities
of both ansaeare at the lower end of the measured
values, then their Doppler velocity width requires
that the velocity vectors focus near the tips of the
main shell (seeFigure 10). If the western ansaac-
tually has a velocity that is 1.5 times higher than
the eastern courterpart, then the spreadin the PV
diagram is consistert with velocity vectors emerging
from the certral star. Howevwer, this is true only for
the westernansa,whereasthe easternansade nitely

requiresvelocity vectorsthat expandfrom a position
nearthe tip of the main shell. In order to further test
the origin of the ansae,high-resolution obsenations
of the proper motion of individual knots in the ansae
will be needed.In the [NI1] the knots are sowell de-
ned that sudch a study might be possiblewithin a
few yearsusing the HST.

3.3. Capsand rings

For completenesave have included capsand rings
in our model, following the samehomologousexpan-
sion law for all features (3.6 km s ! arcsec !, see
Figure 7). We con rm the existenceof at least one,
somewhat oblique, equatorial ring. Additional ring
segmers at di erent inclination anglesto the equa-
tor have beenincluded to model someof the small-
scalefeaturesin the PV diagrams and the emission.
The relative emissivity of the main equatorial ring
asa function of anglearound the main axis hasbeen
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plotted in Figure 5. The same gure also shows
the relative brightness distribution used to model
the caps as regions in the rings at some distance
from the equator (solid and dashedline; seealsothe
meshin Figure 2). Note that the angular position
of the bright capsis similar to that of the bright
regionsin the main shell (see Figure 9). The caps
have beenmodeled with few particles in order to re-
produce their small scalestructure. Howewer, since
the particles have beendistributed randomly, knots
in the obsenations have no particular corresponding
courterpart in the model.

3.4. Proper motion pattern

Figure 10 shows the proper motion pattern pre-
dicted from Model 2. The projected velocity vectors
have beendrawn for a small random subset of par-
ticles in the model. Sincethere are seweral velocity
subsystems,obsenation of the proper motion pat-
tern requires local methods, rather than global ex-
pansion measuremets that might be described by a
single expansionfactor (Fernandezet al. 2004). It is
preferableto apply methods basedon the motion of
individual featureslikethoseusedby Li, Harrington,
& Borkowski (2002) for the young planetary nebula
BD+30 3639. Similar methods have beenemployed
on NGC 6302 by Meaburn et al. (2005), and by
O'Dell et al. (2009) on NGC 6720,the Ring Nebula.
For clarity, we have included a few guiding lines that
emphasizethe non-radial directions of proper motion
in the main shell and the ansae.In an obsenational
test, the poloidal velocity componert could be de-
rived from the proper motion vectors at the edge of
the nebula. Plotted as a function of latitude, sud
results could be directly compared with the upper
limits for the poloidal velocity componerts predicted
in Figure 8.

In order to measurethe expansionof NGC 7009,
Fernandezet al. (2004) have shown di erence images
basedon [NI1] HST imagesfrom 1996and 2001. Un-
fortunately, one of the HST imagesdid not include
the western ansa. They also had some problems to
appropriately register the two images,so that there
might be somesystematicerrorsin their results. It is
therefore of interest to predict future results of such
measuremets basedon our 3D model. Fernandez
et al. (2004) have not analyzedthe expansionof the
main shell, arguing that it might be a moving ioniza-
tion front, which doesnot provide the velocity of the
bulk motion of the gas. Howewver, Sabbadin et al.
(2004) nd that the nebula is fully ionized, except
possiblyin the ansaeand the caps. Therefore, what-
ever causesthe obsened expansion, a study of this

Fig. 11. The di erence image of the model for [NI1] emis-
sion for time 1996and 50 yearslater is shown. Zero emis-
sion was normalized to 128 on a grey-scaleof 255 shades.
The dark regions show the residuals of the older image,
whereasthe bright residuals are due to the future image.

expansion might bring new insights. We therefore
predict the expected expansionpattern for Model 2,
basedon the assumption that the expansionis due
to bulk motion.

Shae has the option to use the model velocity
eld to advancethe position of the individual parti-
clesin time, assuminga velocity that doesnot change
with time. With this feature we produced a di er-
enceimage for various time-spans. Figure 11 shows
the expected di erence between [NII] imagestaken
50 yearsapart assuminga distance of 1.6 kpc (Sab-
badin et al. 2004). Note that the distance values
given for this object vary approximately between0.8
and 1.6kpc. At half the distancethe sameexpansion
would be obtained in 25 years. Smaller time-scales
provide similar, but noisier results. Sincethe spatial
resolution of the HST imagesis better than that of
our model by about a factor of three, a similar di er-
enceimage with HST resolution could be obtained
with a baselineof 15{20 years. A new obsenational
analysisof this typeis of interest, sincethere is a sys-
tematic di erence betweenthe results of our model
and those of Fernandez et al. (2004). In their im-
ages,the easterntip of the main shell clearly shows
stronger expansion north of the symmetry axis. In
our model, there is no such systematic di erence be-
tweenNorth and South.

4. CONCLUSIONS

Based on detailed position-velocity diagrams
from Sabbadinet al. (2004) and Hubble SpaceTele-
scope imagery, we have constructed a high-resolution
3D morpho-kinematical model for the planetary neb-
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ula NGC 7009. We largely conrm the results by

Sabbadinet al. (2004), but obtain di erences for the

main shell due to the di erences in the assumptions
on the velocity elds. We have estimated the upper
limits for deviations from a homologousexpansion.
We nd that the data are consistert with a radial ve-
locity eld with a stronger gradient at high latitudes

(Model 1) as comparedto the region near the equa-
tor. In a secondmodel we have assumeda linearly

increasingradial velocity componert with an added
poloidal componert of order 10 km s ! at latitudes

of about 70 . Basedon hydrodynamical simulations

of wind-driven PNs by Ste en et al. (2009), we ex-
pect these velocity elds to represert limiting cases
and that the real nebula has a velocity eld having

a combination of increasing gradient in the radial

velocity and a poloidal componert, but eadh with

smaller values. We exclude the possibility that the

velocity eld of the main shell is locally perpendicu-
lar to its surfaceat least at high latitudes. We also
nd that the expansionof the ansaeis non-radial if

the certral star is used as reference. Their velocity

eld isfocusednearthe apparert exit points from the

main shell. This points towards an origin asa Canto
ow, large scale magnetic focusing or direct inter-

action with the ambient medium. High-resolution

proper motion measuremets of individual features
in the main shell and the ansaecould yield a test of
the non-radial expansionpatterns by now or within

a few years. We predict the proper motion pattern

for the model with a non-zeropoloidal velocity com-
ponert.
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