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ional Autónoma de Méxi
o, CiudadUniversitaria, Méxi
o D.F. 04510, Méxi
o miriam�astro
u.unam.mxSummary. The morphology and kinemati
s of a large sample of planetary nebulaeionized by [WC℄ 
entral stars is revised. It is found that the distribution of nebulaein the di�erent morphologi
al types (E, B, R, ...) is similar to the one for normalnebulae. However WRPNe seem to have more stru
tures and inhomogeneities, asa 
onsequen
e of the me
hani
al energy of the stellar wind. The analysis of thekinemati
s show that WRPNe are expanding faster (espe
ially the more evolvedobje
ts) and present more turbulen
e, also as a 
onsequen
e of the a
tion of thestellar wind.Key words: Planetary nebulae: general � ISM: kinemati
s and dynami
s - Stars:winds, out�ows1 Introdu
tionAbout 10% of gala
ti
 planetary nebulae (PNe) are ionized by 
entral stars pre-senting WR features of the C - sequen
e. We will 
all them WRPNe to distinguishthem from the nebulae around not WR stars. A summary of the properties of the
entral stars 
an be found in Koesterke (2000). It is found that the mass loss ratesgo from 10−6.7 to 10−4.8 M⊙ yr−1, and the terminal velo
ities of the stellar windsare between several hundreds (in [WC-late℄ stars) to several thousands km s−1 (in[WC-early℄ stars). The e�e
tive temperature of the stars is 
losely related to their[WC℄ type, being between 30/,000 and 60/,000 K for the late ones ([WC℄ 11 - 6 andmu
h hotter (from 80/,000 to 100/,000 K) for the early ones ([WC℄ 6 to [WO℄ 2).The spe
tral 
lassi�
ation of the stars has been re
ently revised by A
ker & Neiner(2003). Due to the large mass loss rates and terminal velo
ities. the me
hani
al en-ergy of the [WC℄ winds are mu
h larger than in the non-WR 
ases. This energy isdeposited on the nebular shells a�e
ting their shapes and kinemati
s. We will revisethese properties for a large sample of WRPN.



72 Miriam Peña2 Nebular morphologiesThe morphology of many WRPNe have been 
lassi�ed by, for instan
e, Gorny &Stasi«ska (1995) and other authors. Also some obje
ts appear in the 
atalogue byMan
hado et al.(1996). To perform a more 
omplete 
lassi�
ation and to analyzeparti
ular 
hara
teristi
s of nebulae, we revised all images of WRPNe obtained withthe Hubble Spa
e Teles
ope (HST). We found about 28 obje
ts observed at high res-olution with the HST. The list of obje
ts with a revised morphologi
al 
lassi�
ationis presented in Table 1, where we also list several nebular and stellar 
hara
teristi
sfor many WRPNe.Regarding the morphologies, we 
an say that more than 60% of the WRPNeanalyzed are ellipti
al, about 12-15% are bipolar, 5% are round, and the other 
ate-gories (point-symmetri
, quadrupolar, irregular) represent only a few % of the totalsample. This is very similar to what it is found among non-WRPNe (Man
hado etal. 1996). On the other hand, we found that all these obje
ts present a very inho-mogeneous stru
ture (knots, rings, and �lamentary stru
tures) that not always 
anbe 
hara
terized in the usual morphologi
al des
riptions. The more extended andspatially resolved obje
ts show large-s
ale inner inhomogeneities (bubbles, rings,�laments, ar
s, disks) and a number of them present external stru
tures like exten-sions, ansae, FLIERS, BRETS, jets, ... (see Bali
k & Adam 2002 for a 
omplete listand de�nition of these terms). Even the very 
ompa
t and dense obje
ts (with diam-eters smaller than a few ar
se
), on
e resolved by HST or other ground teles
opes,show stru
tures and asymmetries similar to the ones presented by resolved evolvedobje
ts. In general it appears like non-WRPNe are smoother than WRPNe.An ex
ess of inhomogeneities and �lamentary stru
tures in WRPNe, in 
ompar-ison with non-WRPNE, is expe
ted as a 
onsequen
e of the impa
t of the stellarwind. For instan
e, the hydrodynami
al 
omputations of Gar
ía-Segura & M
Low(1995) show that the expansion of a hot bubble pushed by a WR wind results in a�lamentary broken shell with probably large turbulen
e. This e�e
t is very di�
ultto quantify on the images, nevertheless we expe
t that the analysis of the velo
ity�elds in both type of obje
ts (WRPNe and non-WRPNe) sheds some light on thissubje
t.3 Nebular propertiesMany studies of the nebular and stellar properties (in
luding nebular abundan
esand kinemati
s, and analysis of the stellar wind) have been performed by di�erentauthors. The list is very extended. The interested reader 
an revise, e.g., A
ker &Neiner (2003); Gesi
ki et al. ( 2006); Gorny et al. ( 2001); De Mar
o (2002); Koesterke(2001); Medina et al. (2006), and the referen
es therein. Here we will address onlya few aspe
ts: How to derive the expansion velo
ities of nebulae and the relation ofthese velo
ities with stellar parameters as the stellar temperature and wind param-eters. The data is mostly from the sample by Medina et al. (2006) plus additionaldata obtained re
ently by M. Peña, with the 6.5-m Magellan equipped with MIKE(the e
helle spe
trograph) in May 2006. This high-resolution spe
trograph allowedus to obtain a large number of southern nebulae with very well resolved spe
tra. Intotal, our sample in
lude 36 WRPNe and 23 non-WRPNe whose data are presented



Planetary Nebulae around [WC℄ stars: morphologies and kinemati
s 73Table 1. General 
hara
teristi
s of WRPNePNG obje
ta morphol.a Vexp log Ne [WC℄ Tstar v∞ log Ṁ refb.001.5-06.7 SwSt 1* G halo 12 4.48 9 35 400 -6.90 K01002.2-09.4 Cn 1-5* B: m 22.5 3.67 4 109 4867 AN03002.4+05.8 NGC 6369* E sm 35.5 3.5 4 150 1200 -6.15 K01003.1+02.9 Hb 4* P m 15.5 3.66 3-4 85 2059 AN03004.9+04.9 M 1-25* E m 22.5 4.01 6 56 1747 AN03006.8+04.1 M 3-15* P ms 17.5 3.87 5 55 1872 AN03011.9+04.2 M 1-32 E 12.5 3.83 4-5 4867 AN03012.2+04.9 PM1-188* R sm 30.5 2.9 10 35 360 -5.7 K01017.9-04.8 M 3-30 E 26.9 2.72 2 49 2059 AN03027.6+04.2 M 2-43* E m 15 4 8 65 850 -6.08 K01029.2-05.9 NGC 6751* E sak 39.5 3.44 4 135 1600 -6.12 KH97048.7+01.9 He 2-429 E a s 29 3.83 4 2371 AN03060.4+01.5 HuDo 1 30 3.52 10 30 P05061.4-09.5 NGC 6905* E ask 41 3.18 2-3 141 1800 -6.32 K01064.7+05.0 BD+30-3639* E m 23.5 4.33 9 47 700 -4.87 K01068.3-02.7 He 2-459* E a? 30.5 4.24 8 77 1000 -5.01 K01089.0+00.3 NGC 7026* B: sm f 30.2 3.51 3 130 3500 -6.34 K01096.3+02.3 K 3-61 E 30.5 3.22 4.5120.0+09.8 NGC 40* E ask 25.5 3.3 8 78 1000 -5.62 K01130.2+01.3 IC 1747* E s 29 3.38 4 126 1800 -6.58 K01144.5+06.5 NGC 1501* Es 40.5 3.01 4 135 1800 -6.28 K01146.7+07.6 M 4-18* E sm 11.5 3.8 10 30.4 160 -6.05 K01161.2-14.8 IC 2003 Es 21.4 3.58 3243.3-01.0 NGC 2452* I sk 31.8 3.2 2 141 3000 -6.2 K01278.1-05.9 NGC 2867* E sm 27 3.42 2 141 1800 -6.24 K01278.8+04.9 PB 6 R sk 38 3.43 2 140 3000 -6.25 K01286.3+02.8 He 2-55 E 44 2.71 3 128 3000 -6.25 K01291.3-26.2 Vo 1* E: s 14 5 10 32 225 AN03292.4+04.1 PB 8 E sk 14 3.65 5-6 33 1248 AN03307.2-03.4 NGC 5189 I sk 27 2.69 2 135 3000 -6.30 K01309.0-04.2 He 2-99 E s 37 2.76 9 49 900 -5.59 K01309.1-04.3 NGC 5315* Q 20 3.9 4 65 AN03321.0+03.9 He 2-113* B sm 20 4.24 10327.1-02.2 He 2-142* E sm 16 4.5 9 35 884 AN03332.9-09.9 CPD-56 8032* E: s 14 4.7 10 34.5 225 -5.4 K01337.4+01.6 Pe 1-7 E: 14 4.74 9 40 1872 AN03352.9+11.4 K 2-16 E m 24 2.7 11 30 300 -6.36 K01355.2-02.5 H 1-29 E: 24 3.67 4 77 2183 AN03355.9-04.2 M 1-30* B s 21 3.73 7358.3-21.3 IC 1297 E s 3.45 3 91 2933(a) Obje
ts with *: HST image, E:ellipti
al, B: bipolar, R: round, Q: quadrupolar,I: irregular. Small s: stru
ture, m: multiple shells, a: ansae, k: knots.(b) Stellar parameters are mostly from the 
ompilation by Koesterke 2001 (K01).Other referen
es are: AN03: A
ker & Neiner 2003; KH97: Koesterke & Hamann(1997); P05: Peña 2005.
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tive temperature of the [WC℄ stars are taken from Non-LTE expan-sion atmosphere models from the literature, when available. Other referen
es (givenin Table 1) have been also used.3.1 Density vs. Stellar temperatureAs already known, nebular density diminishes with in
reasing stellar temperature,indi
ating that nebulae around low Tstar are younger. (see A
ker et al. 1996 and Fig.1of Peña et al. 2001; also). It has been established that the above statement is true foralmost all the WRPNe. Nebulae around hot stars (early [WC℄s) have lower densitythan nebulae around 
older stars (late [WC℄s) ex
ept for a few nebulae around
old stars whi
h show very low density. These ones have been identi�ed as possibleborn-again AGB (A
ker et al. 1996). Alternatively Gorny & Tylenda (2000) andPeña et al. (2001) suggest that they 
ould be slowly evolving obje
ts. In our samplethese obje
ts are PM1-188, K2-16 and He 2-99, and it results interesting revisedtheir morphology: all of them posses round or ellipti
al extended shells. PM1-188 inaddition has an internal bipolar stru
ture. They also have large expansion velo
itiesfor their spe
tral types (see Table 1).3.2 Expansion velo
ities, VexpVexp is measured using the nebular line pro�les. Very high spe
tral resolution isrequired and the slit position should be well de�ned. Inside the nebula there aredensity, thermal and ionization stru
tures, a velo
ity �eld, a velo
ity gradient, tur-bulen
e, et
., 
ompli
ating the de�nition of Vexp. Then, ea
h author proposes hisown de�nition. We use the following:1) Spe
tra should be obtained at the 
entral star position (
enter of the nebula).2) [O III℄ 5007 or Hβ are used (after subtra
ting the thermal broadening) tomeasure Vexp.3) For double-peak pro�les, Vexp is half the di�eren
e from peak-to-peak andturbulen
e is estimated from the individual line widths.4) For single pro�les (whi
h o

urs for 
ompa
t and small nebulae, with lowVexp), half the line width is measured. In this 
ase Vexp and turbulen
e are mixed.Our values (in km s−1) are listed in 
olumn 4 of Table 1. We found that ingeneral our values 
ompare well (within 20%) with measurements by other authors.4 Expansion velo
ities and stellar temperaturesFig. 1 shows the measured Vexp as a fun
tion of the stellar temperature Tstar. Weare in
luding WRPNe (from Table 1) and non-WRPNe (from Medina et al. 2006data) and use di�erent symbols for double-peak or single pro�le obje
ts. The �gureis an adaptation of a similar �gure from Medina et al. (2006) and it shows that:1) At any stellar temperatures, WRPNe show larger expansion velo
ities thannon-WRPNe. Certainly, this should be a 
onsequen
e of the me
hani
al energy ofthe stellar wind blowing on the shell.2) For all type of PNe (WRPNe and non-WRPNe), Vexp in
reases with the stellartemperature. As Tstar is indi
ative of the stellar age, this behavior shows that Vexp
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Fig. 1. Expansion velo
ity as a fun
tion of the stellar temperature. Large (small)symbols represent nebulae with double (single) peak pro�les. Bla
k dots areWRPNE, red re
tangles are non-WRPNe. The lines represent the behavior of hy-drodynami
al models 
omputed by S
hoenberner et al. 2005, for a star of 0.595 M⊙and initial expansion velo
ity, VAGB= 10 km s−1. Lines in green and blue presentthe model velo
ity for the rim and shell when the density is ρ ∼ r−2. Orange linesrepresent a model with ρ ∼ r−3.in
reases with the age. This e�e
t is mu
h larger in WRPNe. For non-WRPNe, Vexpin
reases only to a maximum of about 30 km s−1.3) Born-again obje
ts show very large Vexp 
onsidering their Tstar. Of 
oursethis also o

urs for slowly evolving obje
ts. Thus their high Vexp is not indi
ativeof the �born-again� phenomenon.5 Vexp and hydrodynami
al modelsIn Fig. 1 we have in
luded lines representing the evolution of Vexp as a fun
tion ofTstar as given by an hydrodynami
al model for a nebula with a star of 0.595 M⊙,initial expansion velo
ity at the AGB, VABG= 10 km/s and tow possible behaviorsfor the nebular density: ρ ∼ r−2 and ρ ∼ r−3. The model is from S
hoenberner etal. (2005). The graph indi
ates that:1) Non-WRPNe and young WRPNe seem to follow the behavior of model withnebular density ρ ∼ r−2.2) EvolvedWRPNe are 
loser to the model with nebular density ρ ∼ r−3 (steeperdensity stru
ture), but probably a model with a larger VABG 
ould also reprodu
ethis behavior. We 
onsider that this latter possibility is more adequate for WRPNe(Medina 2004).
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eFrom our data, turbulen
e 
an be estimated by measuring the FWHM of the blueand red 
omponents of double-peak pro�les (single pro�le obje
ts 
annot be usedfor this). Our values are listed in Table 2. The data show that, WRPNe have largerFWHM than non-WRPNe. That is, in addition to higher Vexp, WRPNe also presentmore turbulen
e. Similarly large turbulen
e have been derived by, e.g., Gesi
ki etal. (1998; 2006), although from their models they do not �nd larger Vexp for theirobje
ts. Table 2. Line widths for double peak obje
tsobje
t [WC℄ ∆V1 ∆V2 obje
t [WC℄* ∆V1 ∆V2NGC6369 4 24 28 He2-142 9 19 22NGC6751 4 24 29 Pe1-7 9 33 30NGC6905 2-3 25 27 K2-16 11 22 16NGC7026 3 24 25 IC5217 � 16 20NGC40 8 18 <15 NGC6567 � < 20 < 20NGC1501 4 20 19 NGC7009 � < 15 <15NGC2867 2 24 23 NGC2022 � 16 20PB6 2 18 20 PRMT1 � 24 23He2-55 3 17 21 NGC4361 � 22 20NGC5189 2 23 21*: Obje
ts without a [WC℄ type are non-WRPNE.7 Con
lusionsFrom the analysis of high-resolution imaging of WRPNe we found that nebulaearound [WC℄ 
entral stars are mostly asymmetri
al and highly 
lumpy and �lamen-tary. They present a lot of stru
ture even when they are young and 
ompa
t. Thedistribution of nebular morphologies are similar to the one for non-WRPNe: morethan 60% are ellipti
al, 12-15% are bipolar, 5% are round. The other 
ategoriesrepresent only a few % of the total sample.When we analyze the velo
ity �elds, it is found that WRPNe have larger ex-pansion velo
ities and more turbulen
e than non-WRPNe. This is 
ertainly a 
on-sequen
e of the larger me
hani
al energy of the [WC℄ wind whi
h is deposited onthe nebular shell.We have 
ompared the expansion velo
ities of the obje
ts in our sample with thepredi
tions of a hydrodynami
al model by S
hoenberner et al. (2005) we 
on
ludethat WRPNe should have had a steeper density stru
ture (ρ ∼ r−3) than non-WRPNe (ρ ∼ r−2). Alternatively we propose that the initial expansion velo
ity,VAGB, should have been larger for WRPNe.
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