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ABSTRACT

We have carried out 3D hydrodynamic simulations of precessing, variable ejection ve-
locity bipolar jets in order to model multipolar proto-planetary (or planetary) nebulae.
For these nebulae, we assume a binary source, with an AGB primary star which ejects
an isotropic wind, and a companion which ejects the bipolar jet system. We find that
it is possible to relate the large scale morphological characteristics of these nebulae
(lobe size, semi-aperture angle, number of observed lobes) to some of the parameters
of the binary system, such as the ratio between the orbital and precession periods, the
ratio between the masses of the binary components, and the major axis of the ellipti-
cal orbit. Our results show that synthetic nebulae with well defined lobe morphologies
(resembling many of the observed multipolar PNe) are obtained from our models.
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1 INTRODUCTION

Young PPNe and PNe often exhibit a very rich morphology
(e.g., elliptical, bipolar, or multipolar), with strong devia-
tions from spherical symmetry. Bipolar or multipolar PPNe
show one or more pairs of elongated structures or lobes,
which seem to be ejected by the central star. Such structures
can have a global mirror- or point-symmetric morphology.
The existence of a binary system inside these objects
has been invoked as a mechanism to generate multi-lobe
morphologies in young PPNe and PNe, as originally sug-
gested by Bond et al. (1978)(also Livio et al. 1979; Soker &
Livio 1994). This suggestion is supported by the increasing
number of binary systems found inside bipolar/multipolar
PNe. Bond (2000) carried out a survey showing that at least
10 % of PNe have binary systems with short orbital periods
(<16 days). This fraction is low in comparison with the large
fraction of bipolar or multipolar PNe. However, they could
be the tip of the iceberg of a substantial population with
longer orbital periods, still undetected because the observa-
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tional technique employed in this survey cannot detect large
orbital periods (Bond 2000). Miszalski et al. (2009) carried
out the most up to date and robust measurement of the
binary fraction, estimating a value of 17 + 5%.

Miranda (2002) (also Miranda et al. 2001a,b) presented
an indirect observational method for detection of binary sys-
tems inside of PPNe and PNe. Their method is based to find
differences in the systemic velocity of a bipolar outflows and
the main shell of these objects, which would reveal the or-
bital motion. This method was employed for the cases of
PN Hu 2-1 (Miranda et al. 2001b) and PN IC 4846 (Mi-
randa et al. 2001a) obtaining orbital radius < 30 AU and
orbital periods < 100 yr.

The model for building bipolar PNe and PPNe is based
on considering a bipolar jet outflow (or collimated fast winds
-CFW-) ejected by one of the components of a binary sys-
tem (e. g. Morris 1987; Soker & Rappaport 2000). Sahai &
Trauger (1998) showed that such jets can actually play a pri-
mary role in forming bipolar PPNe (see also Balick & Frank
2002). One of the stellar components of the binary system
accretes material from its companion, forming a disk. Then,
a pair of bipolar jets or CFWs are ejected along the axis
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of the accretion disk (Frank & Blackman 2004; Frank et al.
2007).

The use of jets (continuous, time-dependent, and/or
precessing) have been quite successful in explaining the
global shape of several bipolar PNe and PPNe such as PPN
CRL 618 (Lee & Sahai 2003), PPN Hen 3-1475 (Veldzquez
et al. 2004; Riera et al. 2004), PN K 3-35 (Veldzquez et
al. 2007), PN IC 4634 (Guerrero et al. 2008), and the Red
Rectangle (RR) PPN (Veldzquez et al. 2011). Akashi &
Soker (2008) studied the shaping of PNe by light jets, using
2D axisymmetrical hydrodynamical simulationa. Raga et al.
(2009) carried out an analytical and numerical study to ex-
plain how both mirror and point-symmetric morphologies
can be obtained from a precessing jet from a binary system.
Haro-Corzo et al. (2009) analyzed the influence of the orbital
motion on the optical emission of these objects, by means
of 3D HD simulations. They found that these models could
display mirror or point-symmetric distributions, depending
on the orientation of the flow with respect to the observer.
Finally, Miszalski et al. (2011) and Corradi et al. (2011)
have found direct observational support of the association of
multi-lobe structures and close binary sources for the cases
of PNe G068.1+11.0 and TPHASX J194359.5+170901, re-
spectively.

Sahai (2000) identify multipolar young PNe and PPNe
as “starfish” PNe. Such nebulae have been previously mod-
eled considering the interaction of an isotropic, fast stellar
wind with a warped accretion disk (Rijkhorst et al. 2005).
With this scenario, Rijkhorst et al. (2005) studied the initial
phases of the formation of this kind of PNe. As a result of
such an interaction, multipolar morphologies are produced
in the synthetic Ho emission maps generated from their nu-
merical simulations, at scales of ~ 10 times the accretion
disk radius 74 (~ 10'® c¢m). Recently, Garcia-Segura (2010)
has suggested that multi-polar structures in PPN might be
seeded or formed from thin-shell instabilities of the photo-
dissociation front before the star becomes hot enough to
ionize the gas and form a planetary nebula.

In the present work, we study another possibility, fol-
lowing the results obtained in Raga et al. (2009); Haro-Corzo
et al. (2009); Veldzquez et al. (2011). The main goal of this
work is to explore if the formation of multipolar PPNe and
PNe at large scales (~ 107 ¢cm) can be due to a precessing
and orbiting jet, with a time-dependent ejection velocity.
The input parameters have been chosen taking into account
the observed characteristics of these objects, such as typical
size, outflow velocities, and number of observed lobes. With
this input, 3D hydrodynamical simulations were performed
with the adaptive grid YGUAzU-A code. From the numerical
results, both synthetic and position-velocity (PV) diagrams
were generated.

This work is organized as follows: section 2 presents the
adopted scenario and the theoretical background. Section
3 describes the characteristics of the YGUAzZU-A code and
the initial conditions of the numerical simulations. Section
4 shows presents the main results, and our conclusions are
given in section 5.

2 MODELING MULTIPOLAR PPNE BY A
PRECESSING AND ORBITING JET

2.1 Basic ideas

We explore if the multipolar morphology of this kind of
PPNe can be reproduced by the interaction of a bipolar out-
flow (from one of the components of the central binary sys-
tem) with the surrounding environment giving by the AGB
wind. We will consider that the outflow source follows an
elliptical orbit (around of the center of mass), with an ec-
centricity e.

We define a system such that the orbit lies on the xy-
plane, with the major axis aligned with the y axis (see
the left panel of Figure 1). The companion star, with mass
m1, accretes material from the primary star, of mass ma,
and forms an accretion disk. A collimated outflow or jet is
launched perpendicular to this accretion disk, with velocity
v;. The jet axis (lying along the orbital axis of the central
region of the accretion disk) has a precession motion retro-
grade with respect to the orbital motion. The direction of
the ejection is modified by the precession and the orbital
motion.

The trajectory of the material along a jet is affected by
the additional velocity component due to the presence of an
orbital motion or a precession. If we only consider an orbital
motion of the source, the jet/counter-jet system would de-
scribe a spiral path with mirror symmetry with respect to
the plane of the orbit. If we only consider a precession, the
jet/counter-jet system would trace a spiral path with point
symmetry. In the presence of both an orbital motion and a
precession, the resulting jet path would be a superposition
of these two types of spiral (see Raga et al. 2009). For the
case of a ballistic jet the step of the precession spiral (pro-
jected onto a plane which includes the precession axis) has
a size:

D, = vjcosarp, (1)

where v; is the jet velocity, o is the semi-aperture angle of
the precession cone and 7, the precession period. In a similar
manner, the effects of the orbital motion will produce a spiral
with a step:

D, = v;7o, (2)

where 7, is the orbital period. This spiral has a semi-
aperture angle 8 = arctan(v,/v;), where v, is the orbital
speed. Since we usually have 7,/7, > 1 (Terquem et al.
1999), we expect the effects of the orbital motion to be no-
ticeable at distances close to the source (~ D,), while in
contrast, the influence of the precession motion will become
apparent at greater distances (~ D).

Let us denote by D; the size of the observed lobes in
PPNe and young PNe (typically of the order of few 10'” cm).
As a first approach we relate D; to the precession scale (Dj)
by D; =p D,, and obtain a characteristic time :

=P Tp. (3)

The factor p represents the number of steps of the precession
spiral which are present within one of the two sides of the
outflow. This is considered as a free parameter.

The ¢ = 7,/7, ratio has been found to depend on
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Figure 1. Schematic diagram of the initial conditions to generate a four-lobed PN, considering the case with ¢ = 7,/7, = 2. The

precession is retrograde with respect to the orbital motion.

ma/m1, the ratio of the stellar masses in the binary sys-
tem (see Terquem et al. 1999, and Raga et al. 2009).

Using Eq.(3), 7o can be written as:
=P (@)

D q v cosa
The g parameter can be estimated from observations, as
discussed in section 2.2.

With the orbital period (given by Eq. 4), the ma/m1
ratio, and a value for either mi or ms, we can calculate the
semi-major axis ¢ and the maximum orbital speed, which
are given by:

a= [Tf (m1+ mz)]1/3A.U., and (5)

2ra [1+e€
omaxr — 5 6
v To 1—c¢ ()

where € is the eccentricity of the orbit, m; and ms are given
in units of Mg, and 7, in yr.

2.2 How to generate a multipolar structure

A precessing and orbiting jet is not able by itself to pro-
duce a well-defined multipolar-lobe morphology. In order to
achieve this, a variability in the jet ejection (either in ve-
locity or in density) has to be introduced. In our work we
choose a jet with a time-dependent velocity. For this ejec-
tion velocity variability, we consider a period equal to 7,
assuming that the successive “ejection events” occur when
the outflow source passes through the periastron of its ellip-
tical orbit. This choice is supported by observational results
of the central binary system of the RR PPN (Witt et al.
2009).

This ejection variability is the mechanism to generate
multiple lobes. Thus the number of generated lobes is 2q
(see equation 4). However, due to projection effects some of
these lobes can overlap each other, so that the number of
observed lobes will be < 2q.

For example, let us consider the production of a four-
lobed synthetic nebula. We first set ¢ = 2. At ¢ = 0 both
the jet and counter-jet are launched with maximum velocity
Vjmaz = v; + Av (being v; the mean jet velocity and Av
the amplitude of the jet velocity variability), when the jet
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source passes through its periastron. The projection of the
jet on the zy-plane (i. e., the orbital plane), forms an angle
¢p = —7/2 with respect to the x— axis (as shown in the
central panel of Figure 1). After a time 7o, the jet velocity
again achieves its maximum value and its direction in the
orbital plane has changed by 7 radians due to the precession
(see the right panel of Figure 1). This system will evolve
to produce a four-lobed synthetic nebula, if the observer is
located along the z-direction. On the other hand, if the line
of sight of the observer is along the y-axis, the predicted
morphology of the nebula will have a bipolar morphology.

Similarly, one can obtain a nebular morphology with
four apparent lobes and ¢ = 4 (eight real lobes). For in-
stance, the jet is initially launched with vjma. at an an-
gle ¢, = m/4 with respect to the z-axis. The three sub-
sequent “launchings” with vjmaz will ocurr when the pro-
jected jet direction onto the orbital plane forms angles of
3w /4, 5w /4, Tm/4 with respect to the z-axis. Therefore, the
apparent morphology of a nebula with four lobes is due to
the overlapping of pairs flows that move toward and away
from the observer (located along the z- or y- axes).

3 CODE DESCRIPTION AND INITIAL
NUMERICAL SIMULATION SETUP

The 3D numerical simulations were performed with the
YGUAZU-A hydrodynamical code (Raga et al. 2000), which
integrates the gasdynamical equations with a second order
accurate scheme (in time and space) using the “flux-vector
splitting” method of van Leer (1982) on a binary adaptive
grid. A rate equation for neutral hydrogen is integrated to-
gether with the gas-dynamic equations to include the ra-
diative losses through a parametrized cooling function that
depends on the density, temperature and hydrogen ioniza-
tion fraction (Raga & Reipurth 2004). The time-dependent
cooling function is plotted in Figure 1 of Veldzquez et al.
(2011),. for a gas parcel that cools at a constant (atom-+ion)
number density n = 1 cm™3.

We have employed a computational domain of (1.25,
1.25, 2.5)><1017 cm along the x—, y—, and z— axis, re-
spectively, which are typical sizes of multipolar nebulae. An
adaptive Cartesian grid with five refinement levels was used,
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Table 1. Parameters employed in the models

model 7(s) q=T7p/To To(s)  a(®) ma2/mi;  Av(kmsT!) a(A.U.) bpo  Vo,maz(km s71)
M1 4 % 10° 2 10° 10. 10.0 75.0 149 —7/2 24.3
M2 4 x 109 4 5 x 108 15. 3.0 75.0 6.7 /4 21.9
M3 4.4 x 109 3 7.4x108 30. 5.0 75.0 10.0 0. 22.1
M4 4.4 x 109 4 5.5x108 30. 3.0 75.0 7.1 0. 21.0
M5 4.4 x 109 6 3.7x108 30. 1.5 75.0 4.7 /3 20.7
M6 4 x 109 4 5 x 108 15. 3.0 0.0 6.7 /4 21.9
M7 4 % 10° 4 5x 108 15. 3.0 37.5 6.7 w/4 21.9
achieving a resolution of ~ 4.9 x 10™ cm at the finest level, v, = wvjcosq (10)

corresponding to (256 x 256 x 512) pixels in an uniform grid.
We assume that the jet is launched from the companion
star. This jet propagates into an environmet given by the
dense and slow wind from the AGB primary star. At the
initial time (and filling the whole computational domain),
we impose an isotropic, constant velocity AGB wind with a
density distribution given by :
J— Mw
T dAnr2 oy’

Puw (7)
where r is the distance from the primary star, M, is the
mass loss rate of the AGB wind, and v,, is the terminal
wind velocity. We have assumed My, = 2 x 10761\/[@ yroi,
vw = 15 km s71, and a constant temperature T, = 100 K.
This initial constant temperature acquires a decreasing pro-
file with distance r, as time-integration proceeds.

The jet/counter-jet system is injected at the center of
the computational domain inside a cylindrical volume with
radius r; and length [;, both equal to 3 x 10'% em (equiv-
alent to 6 pixels in the finest grid). The jet axis precesses
describing a cone with a semi-aperture angle o and period
Tp. Seven models were computed considering different values
for these parameters (see Table 1). We have chosen a = 10°
for model M1, @ = 15° for models M2, M6, and M7, and
a = 30° for models M3, M4, and M5. At t = 0, the jet
direction projected on the orbital plane forms an angle ¢po
with respect to the z— axis (see Table 1) .

The mean jet velocity v; and initial number density n;
were set to 250 km s~ and 5 x 10* cm ™3, respectively. With
these values, the average mass injection rate of the jet is
Mj =24x10"6 Mg yr~1. In ~200 yr (the total integration
time of our simulations) both the jet and counter-jet inject
into the surrounding medium a total mass of 4.8 x 10™* M.

Models M1-M5 have a sinusoidal velocity variability
with an amplitude Av of 75 km s™', while model M7 has
Av = 37.5 km s~!. We have assumed that the velocity vari-
ability period is equal to the orbital period 7,. If the orbit
is elliptical, we expect that the accretion, and also the jet
launching, would be more efficient when the stars passes
through the periastron. This behaviour was found for the
case of the binary system inside the RR PPN (Witt et al.
2009). To contrast with the results with a variable velocity,
we included model M6 in which the jet velocity is constant.
In Cartesian coordinates we can write the three components
of the jet velocity as:

ve = wjsinacos(wp t) + Vo (8)

vy, = —uv;sinasin(wp t) + voy 9)

where w,, is precession angular frequency, and vz and vey
are the r— and y— components of the orbital speed. We
have set the eccentricity to 0.5 in all the models.

For simplicity in all models we have assumed p = 2.
The parameter g was set 2 (model M1), 3 (model M3), 4
(models M4, M6, and M7), and 6 (model M5).

We now estimate the characteristic time of dynamical
evolution 7. Considering Eq.(3), with D; ~ 1.25 x 10""cm, a
maximum velocity of 325 km s™*, and the values for « listed
in Table 1, we obtain 7 = 4 x 10° s (=~ 127 yr) for models
M1, M2, M6 and M7, and for models M3, M4 and M5 we
obtain 7 = 4.4 x 10° s (~ 140 yr).

Knowing the value of ¢ = 7,,/7,, we can estimate the
ma/mq ratio (Terquem et al. 1999; Raga et al. 2009), and
setting m1 = 0.3 Mg we can calculate the major semi-axis
and the maximum orbital speed of the elliptical orbit (see
Table 1, Egs (5) and (6)) for all models.

4 RESULTS

4.1 Forming four- and six-lobed “synthetic
nebulae”

We have carried out seven runs with the parameters listed in
Table 1. From the numerical results, we have calculated syn-
thetic Ha emission maps. As discussed in subsection 2.2, an
apparent four-lobed synthetic nebula can be obtained if we
set ¢ = 2 (model M1) or ¢ = 4 (model M2). This morphol-
ogy is clearly observed in Figure 2, in the yz-projection for
both models, and in the xz-projection of model M2. The
zz-projection of run M1 shows several knots distributed
along the vertical axis. Point-symmetric morphologies are
obtained for the yz- and zz-projections of models M1 and
M2, respectively, showing two opposite lobes which are more
developed than the other two lobes. The global four-lobed
morphology of the yz-projection of M2 has an almost mir-
ror symmetric shape, although the knots inside of the lobes
exhibit a point-symmetric distribution *

To get an “apparent” six-lobed morphology, we have
carried out the M3, M4 and M5 runs, with ¢ = 3, 4 and
6, respectively. The resulting synthetic Ho emission maps

1 Three-dimensional animations of the nebula structure and
PV diagramas corresponding to models M1 and M2 were gen-
erated using SHAPE (Steffen et al. 2011), which can be viewed at
http://www.nucleares.unam.mx/astroplasmas/index.php/gallery/
science-gallery.
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Figure 2. Synthetic Ha emission maps obtained from models
M1 (left panels) and M2 (right panels). Upper panels display the
yz projection for both models, while bottom panels show the xz
projection. The angle between the projection maps and the plane
of the sky was set to 0 for all models. The vertical color bar gives
the Ha flux in units of erg s~ 'cm™2sr~1. Vertical and horizontal
axes are in units of 1017 cm.

are shown in Figure 3 and a pattern of six lobes is clearly
seen in the yz projection of the three models, and in the xz
projection of model M4. The central lobes of all yz-maps
show a deviation to the right (+g direction). This is pro-
duced by the orbital motion because the lobes are launched,
at ¢t = 0, along the line of sight (the z-direction) with zero
velocity along the y-axis due to the precession motion. In
this direction, the orbital speed achieves its maximum value,
producing the same deviation for both the top and bottom
central lobes. The £z map of model M3 has a four-lobe pat-
tern, two of which (the top left and the bottom right lobe)
appear wider than the remaining two lobes. These observed
lobes are the result of the overlapping of two or more outflow
episodes moving along the line of sight. Instead, the xz pro-
jection of the Ha intensity of model M5 exhibits a structure
with 8 lobes.

Figure 4 shows a “top view” (the z-axis form an angle of
90°with respect to the plane of the sky) of the Ha emission
for all models, which show structures with several ripples.

4.2 PV diagrams

Models M1 and M2 have a structure of four similar lobes
in their yz projection. However, it is possible to distinguish

© 0000 RAS, MNRAS 000, 000-000

Figure 3. Same as Fig. 2 but for models M3 (left panels), M4
(middle panels), and M5 (right panels).

them by means of an analysis of their PV diagrams. These
PV diagrams were generated considering a broad slit, which
covers all the horizontal axis of the synthetic maps. Also, it
was considered that the angle between the plane of the sky
and the z-axis is zero.

Figure 5 shows a comparison between the yz images and
corresponding PV diagrams of M1 and M2. The four-lobed
morphology obtained from model M1 has a pattern of sev-
eral aligned knots centred at v, = 0 kms™!, with maximum
radial velocities ~ 50 km s~'. Instead, the mirror symmetric
morphology displayed in the yz map of model M2 becomes
a “point-symmetric” morphology in its corresponding PV
diagram, with maximum radial velocities ~ 80 kms ™. Such
a “point-symmetric” distribution in PV diagrams has been
observed in the PN IC 4634 (Guerrero et al. 2008).

Also, the PV diagram of model M2 has large radial ve-
locities at large distances from the source, which is observed
in the “knots” located at the bottom right region of Fig.
5. Fig. 6 is an enlargement of the rectangular region shown
in Fig. 5, revealing the existence of “ramps” of increasing
radial velocity vs. position with respect to the source. Such
radial velocity “ramps” are observed in some young PPN,
such as PPN CRL 618 (Riera et al. 2009).

Figure 7 shows the yz Ha maps of models M3, M4, and
M5, and the corresponding PV diagrams. The PV diagrams
reveal radial velocities of ~ 180 km s™!, and show a general
“point-symmetric” distribution of the velocity structures.

Since the general velocity pattern is important for the
reconstruction of the 3D structure based on Doppler-velocity
measurements, note that the overall velocity pattern in
model M2 is non-homologous. The knots near the center
move faster or at the same speed as the outer knots that in-
teract directly with the ambient medium. This is an inherent
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Figure 4. Comparison of the synthetic emission Ha maps ob-

tained from models M1-M6, for the case where the z— axis is
tilted 90° with respect to the plane of the sky

feature of the model and distinctive from an explosive event.
This non-homologous velocity field is also seen in models M3
to M5 (see Fig. 7).

4.3 Multipolar morphology vs. jet velocity
variability

Figures 8 and 9 show the yz-projection of column density
and synthetic Ha maps for models M6, M7, and M2. Models
M6 and M7 were carried out to explore the development of
lobe-type structures as a function of the velocity variation.

A helical path is clearly seen in both the column den-
sity and Ha emission maps obtained from model M6. This
“path” is due to the jet precession motion, as was shown
in Veldzquez et al. (2011) for the case of the RR PPN. In
model M6. the morphology of the resulting nebula obtained
has two“heads” with a knotty structure in the synthetic Ha
maps, with no clear evidence of lobe formation.

The maps obtained from models M7 and M2 resemble
each other, indicating that an ejection velocity variability is
necessary to generate lobes. A well defined four-lobed struc-
ture is obtained by increasing the amplitude of the jet ve-
locity variability (see the right panels of Figures 8 and 9).

5 DISCUSSION & CONCLUSIONS

In this work, we present a possible mechanism for explaining
the formation of multipolar PPNe and PNe, based on the
existence of a binary source which ejects a wind (from the
primary star) and a bipolar, precessing jet (from the orbiting
companion). This is a continuation of the work of Raga et
al. (2009); Haro-Corzo et al. (2009); Veldzquez et al. (2011).

We find that the number of observed lobes is related

-05 1,9 0.5 -100-50 0 50 100
10" em km/s

Figure 5. Comparison of synthetic emission maps (left panels)
and PV diagrams (right panels) corresponding to models M1 and
M2 (upper and bottom panels, respectively). All these maps con-
sider the yz projection.

107° 107"

-1.05

10" cm
-1.1

-1.15

20 40 60
km/s

Figure 6. Enlargement of the rectangular region shown in Figure
5. The black line indicates positions of the maximum emission.
We show that the radial velocity has a tendency to increase as a
growing distance from the source.

to the parameter ¢, the ratio between the precession and
orbital periods. Knowing ¢, we can obtain the mass ratio
between the stellar components of the binary system. Then,
taking into account the lobe size (which can be inferred from
observations), and giving a value for the mass of one of the
stellar components and for the jet velocity, we can estimate
the orbital period and the orbital radius.
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Figure 7. Same as Fig. 5 but for models M3 and M4 (upper and
bottom panels, respectively).
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Figure 8. Comparison of column density maps generated from
models M6, M7, and M2 (left, middle, and right panels, respec-
tively). A helical path due to the jet precession motion is clearly
seen in the left panel, which corresponds to the continuous pre-
cessing jet case
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Figure 9. Synthetic Ha emission maps obtained from models
M6, M7, and M2 (left, middle, and right panels, respectively).

Several numerical simulations of a precessing and orbit-
ing jet were carried out, in order to obtain synthetic multi-
polar nebulae. In particular, we explore how to obtain syn-
thetic objects which exhibit two, four and six lobes. Well
defined lobes are produced if we include a variability in the
ejection velocity. We have assumed that the ejection velocity
variability period is equal to the orbital period, which seems
to be the case for the binary system inside RR PPN (Witt
et al. 2009).

Different forms of the ejection variability are in princi-
ple possible. For example, one could assume that the ejection
has a strong density variability, and an almost constant ve-
locity. Another possibility that has been considered is that
both the ejection density and velocity vary with time so as
to keep a constant mass loss rate (see, e.g., Canté et al.
2000). Such alternative forms for the outflow variability are
not explored in our present work.

The resulting orbital periods (of several years) are
larger than the periods reported in surveys of post-common-
envelope binary systems inside PNe (Miszalski et al. 2009).
However, the observational techniques used in these surveys
are not (yet) able to detect such longer orbital periods.

The synthetic maps predicted from the numerical sim-
ulations show morphologies that can be qualitatively com-
pared with images of multipolar nebulae. Furthermore, the
PV diagrams are a useful tool to distinguish different cases,
and can also be compared in a qualitative way with obser-
vations.

The exploration of model parameters discussed in the
present paper will later have to be extended to parameters
tuned to model specific multipolar nebulae. Such more de-
tailed modeling will probably indicate the presence of more
complex phenomena, but might corroborate the relevance of
the general mechanisms discussed above.
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