
Shaping Planetary Nebulae by JetsMuhammad AkashiDepartment of Physi
s, Te
hnion - Israel Institute of Te
hnologyakashi�physi
s.te
hnion.a
.ilSummary. We 
ondu
t 2D axisymmetri
al hydro-dynami
al simulations to inves-tigate the intera
tion of a 
ollimated fast wind (CFW; wide jets) with a spheri
alAGB wind. The 
ode in
ludes radiative 
ooling. We �nd that the shape of the plan-etary nebula (PN) is sensitive to the exa
t mass loss history of the AGB wind, andthe opening angle of the CFW. Some typi
al PN morphologies are obtained, butmany other observed morphologies seem to require more ingredients than what weassume in our present simulations, e.g., equatorial AGB wind, and ionization andfast wind during the PN phase. The hot bipolar bubble formed by the jets is anX-ray sour
e.Key words: ISM: jets and out�ows; planetary nebulae: general1 Numeri
al SimulationsOur simulations were performed using Virginia Hydrodynami
s-I (VH-1), a highresolution multidimensional astrophysi
al hydrodynami
s 
ode developed by JohnBlondin and 
o-workers (Blondin et al. 1990; Stevens et al. 1992; Blondin 1994). Wehave added radiative 
ooling to the 
ode at all temperatures T > Tmin, where thegas temperature is bound from below at Tmin = 300 − 1000 K. Radiative 
oolingis 
arefully treated near 
onta
t dis
ontinuities, where large temperature gradients
an lead to unphysi
al results.We simulate axisymmetri
al morphologies. This allows us to use axisymmetri
algrid, and to simulate one quarter of the meridional plane. There are 208 grid pointsin the azimuthal (θ) dire
tion of this one quarter and 208 grid points in the radialdire
tion. The radial size of the grid points in
reases with radius. In these simulationsthe grid extends from 1015 cm to 4 × 1017 cm.Before the jet is laun
hed (t = 0), the grid is �lled with slow wind having aspeed v1 = 10 km s−1 and mass loss rate Ṁ1 ∼ 10−5M⊙ yr−1, with small variationsbetween the runs. We laun
h a 
ollimated fast wind from the �rst 20 zones atta
hedto the inner boundary of the grid. The jet is uniformly eje
ted within an angle (halfopening angle) α (0 ≤ θ ≤ α). For numeri
al reasons a weak slow wind is inje
tedin the se
tor α < θ ≤ 90◦ (θ = 0 along the symmetry axis - verti
al in the �gureshere).
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Density map and velocity field
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Fig. 1. Top: Density plot at t = 2000 yr (after jet laun
hing starts) for a 
asewhere the slow wind mass loss rate has in
reased by a fa
tor of �ve to Ṁ1 =
5 × 10−5M⊙ yr−1 950 yr before jet starts. The verti
al axis is the symmetry axisand the horizontal axis is in the equatorial plane. Slow spheri
al wind: at t = 0
v1 = 10 km s−1, Ṁ1 = 5×10−5M⊙ yr−1 for r < 3×1016 cm, and Ṁ1 = 10−5M⊙ yr−1for r > 3 × 1016 cm. The jet has a half opening angle α = 20◦, v2 = 600 km s−1,and Ṁ2 = 2 × 10−8M⊙ yr−1. Arrows indi
ate �ow dire
tion: v > 200 km s−1 (longarrow), 20 < v ≤ 200 km s−1 (medium arrow), and v ≤ 20 km s−1 (short arrow).This general 
ase 
an a

ount for PNe su
h as NGC 6886 or NGC 3918. Bottom:Density plot at t = 530 yr for another 
ase. Slow spheri
al wind: v1 = 10 km s−1,
Ṁ1 = 5×10−6M⊙ yr−1. The jet has a half opening angle α = 40◦, v2 = 600 km s−1,and Ṁ2 = 2.5×10−6M⊙ yr−1. This general 
ase 
an a

ount for some morphologi
alfeatures in He 2-104, su
h as the instabilities in the outer lobes.
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Density map and velocity field
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Fig. 2. Top: Density plot at t = 1300 yr for a 
ase with a slow wind of v1 =
10 km s−1, and mass loss rate of Ṁ1 = 3 × 10−5M⊙ yr−1 for r < 3 × 1016 cm, and
Ṁ1 = 5 × 10−6M⊙ yr−1 for r > 3 × 1016 cm at t = 0. The jet has a half openingangle α = 30◦, v2 = 600 km s−1, and Ṁ2 = 10−7M⊙ yr−1. The initial temperaturewas 1000 K, and the temperature is limited from below at 1000 K. Bottom: Densityplot at t = 1560 yr for a 
ase with a slow wind of v1 = 10 km s−1, and mass lossrate of Ṁ1 = 3×10−5M⊙ yr−1 for r < 3×1016 cm, and Ṁ1 = 5×10−6M⊙ yr−1 for
r > 3×1016 cm at t = 0. The jet has a half opening angle α = 30◦, v2 = 600 km s−1,and Ṁ2 = 10−7M⊙ yr−1. The initial temperature was 10000 K, and the temperatureis limited from below at 1000 K. The general shape is similar to Mz 3. The arrowsare just as in �gure 1. Note that top and bottom are the same beside the initialtemperature.



650 Muhammad Akashi2 Results and SummaryWe try to explain PN shaping and formation pro
esses by simulating jets intera
tingwith the AGB wind. The parameter spa
e for these types of �ows is huge. We runmore than 200 simulations, in whi
h we tried many values of the CFW (jets) massloss rate, velo
ity, and opening angle.Another parameter that was used is the mass loss rate history of the AGB wind.For example, in a model presented here (�gure 2), we assume that some period
∆t before the beginning of the jet-laun
hing phase the slow wind mass loss ratein
reased by some fa
tor k; e.g., in the run presented in �gure 2 ∆t = 950 yr and
k = 6. We found that the mass loss history of the AGB wind plays a signi�
ant rolein the shaping pro
ess. In some runs the AGB wind initial temperature was set to
10, 000 K instead of 1, 000 K, with a noti
eable in�uen
es on the �nal shape of thePN (
ompare the two panels in �gure 2). Taking the AGB wind to be at ∼ 10, 000 Kis relevant to system where the a

reting 
ompanion is a WD. If the a

retion rateis high enough the WD sustains a 
onstant nu
lear burning, and it is very hot andluminous, as super-soft X-ray sour
es (e.g., Starr�eld et al. 2004). Su
h an a

retingWD might maintain the entire AGB wind ionized.We were able to reprodu
e some physi
al properties of PNe, but not all desirableproperties. It is very di�
ult, and might be impossible, to get the entire rangeof properties with our limited numeri
al 
ode. We must add more ingredients tothe 
ode. Examples are pulsed jets, pre
essing jets, dense equatorial out�ow andionization fronts at later times.We presented results of four numeri
al runs that might mat
h real PNe. Ourmain results are as follows:1. We show that di�erent PNe morphologies 
ould be strongly dependent on theAGB wind mass loss rate history.2. We have an evident that the �nal morphology is very sensitive also to theassumed initial temperature. For Ti = 1000 K and Ti = 10000 K we get twodi�erent evolutions of the planetary nebula (�gure 2).3. The dense �nger along the symmetry axis (in �gure 2, top) result from insta-bilities. In reality, it would be more extended and not so narrow. It is for
ed tothe symmetry axis by the numeri
al 
ode.4. In one 
ase we obtain low density �nger (in �gure 2) protruding to the upperright form a torus. However, it is also a result of an instability, and we expe
tthat in real systems there will be several su
h �ngers. In parti
ular, if there isa departure from axisymmetry due to the orbital motion, we would expe
t the�ngers to be similar but not identi
al in the two sides of the equatorial plane.5. In all 
ases that we run we saw that there is a strong dependen
e on the halfopening angle of the jet. This will be the fo
us of a future paper.A
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