
Do the various types of Low IonizationStru
tures of PNe di�er in terms of theirphysi
al parameters?Denise R. GonçalvesObservatório do Valongo - UFRJLadeira Pedro Antonio, 43 - 200080-090 Rio de Janeiro, Brazildenise�ov.ufrj.brSummary. Years ago Gonçalves et al. (2001) 
ompiled all the available opti
aldata in the literature to build a 
omprehensive 
lassi�
ation of the low-ionizationstru
tures (LIS) of PNe in terms of their morphology (narrow-band imaging) andkinemati
s (long-slit spe
tros
opy). This 
lassi�
ation highlighted a number of ques-tions that years later still remain open, su
h as, what is the role of magneti
 �eldsand of the binary systems on the formation of 
ollimated LIS, or, how do 
ollimatedlow-velo
ity LIS survive throughout the PNe evolution? Other works also 
alled ourattention to the unexpe
ted fa
t that highly supersoni
 LIS are mainly photoionized(e.g., in NGC 7662 and NGC 7009) and that no signi�
ant density 
ontrasts werefound between 
ollimated LIS and their environment. In an attempt to provide ananswer to these and other questions raised by previous works we have undertaken asystemati
al exploration of the physi
al properties of the LIS. We obtained opti
allong-slit spe
tra of a sample of PNe with LIS 
overing all the di�erent LIS types andPNe morphologies. Here we show the results for 12 of the PNe in the sample. We haveestimated the ele
troni
 temperature, Te, and density, Ne, of the LIS and 
omparethem with the Te and Ne of their surrounding nebula. Here we dis
uss our newlyfound 
orrelations between the di�erent types of LIS, their physi
al parameters andthe 
urrent s
enarios that try to explain their existen
e.Key words: Planetary Nebulae: individual (NGC 7009, NGC 6543, K 4-47, NGC6891, NGC 6881, K 1-2, He 2-429, IC 4593, IC 2149, He 1-1, KjPn8, NGC 7662).1 LIS: previous knowledgeWe are involved in a long-term proje
t for 
hara
terizing the small-s
ale low-ionization stru
tures of PNe sin
e they 
an tell us mu
h about the formation andevolution of PNe. The main issues we 
an a

ess by studying the LIS are:1. the 
ollimation pro
esses of LIS as well as those pro
esses responsible for theshape of the PN itself;2. the e�e
t of the ionization front (IF) on the fossil AGB features;
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esses during the AGB and post-AGB phases; and4. whether or not disks and magneti
 �elds are needed to explain the highly 
olli-mated out�ows (jets) in PNe.All of these are old issues (raised at the time of the �rst B. Bali
k's paper in this �eld;i.e. Bali
k et al. 1993), whi
h need to be properly addressed. Partial responses tothese questions were given for a few PNe, but until now there is no 
lear s
enario forthe formation and evolution of most LIS. On top of these issues is the doubt: does thepresen
e of LIS a�e
t the 
hemi
al enri
hment given by low- to intermediate-massstars?So far, we have investigated di�erent aspe
ts of LIS in this proje
t, su
h as,the opti
al morphology and kinemati
s of LIS (Corradi et al. 1999, 2000a, 2000b;Gonçalves et al. 2001; Gonçalves 2004), the physi
al and 
hemi
al properties of afew PNe that 
ontain LIS (Gonçalves et al. 2003, 2004, 2006; Gonçalves 2004); andwe just started to investigate the LIS in the near-IR.As a resume of what we already know about these stru
tures (knots, jets andjetlike1 systems, either in pairs or isolated) we may a�rm that: i) around 10% ofthe Gala
ti
 PNe are known to possess LIS; ii) they are indistin
tly spread amongall the PNe morphologi
al 
lasses; iii) 50% of these PNe have highly 
ollimated,high-velo
ity jets, and/or high-velo
ity pairs of knots (FLIERs); iv) most of themare mainly photoionized (Gonçalves et al. 2001; Gonçalves 2004).2 The Present Survey: LIS physi
al propertiesThis survey is based on long-slit opti
al spe
tros
opy, of medium resolution, taken atthe 2.5m Isaa
 Newton Teles
ope. The spe
tral 
overage, re
ipro
al dispersion andspatial resolution of the spe
tra are 3650Å to 7000Å, 3.11Å per pixel, and 0.70′′ perpixel, respe
tively. Figures 1-3 show the 12 PNe whose results are dis
ussed here.They are grouped in a

ordan
e with the three types of LIS observed in these PNe,whi
h are, respe
tively, pairs of jets, jetlike stru
tures and knots.Diagnosti
 emission line ratios we adopt for this analysis �roughly representingthe low- as well as high-ionization regions within a typi
al PN� are: Ne[S ii℄ ∝I(6717Å)/I(6737Å); Ne[Cl iii℄ ∝ I(5517Å)/I(5537Å); Te[O iii℄ ∝ I(4959Å+5007Å)/I(4363Å); Te[N ii℄ ∝ I(6548Å+6583Å)/I(5755Å); and Te[S ii℄ ∝ I(6717Å+6737Å)/I(4069Å+4076Å).Our results are shown in Tables 1-13. These tables give the Ne and Te of allthe stru
tures we were able to measure along ea
h slit. In some 
ases the physi
alparameters that 
orrespond to the integrated emission along the slit (i.e., the entirenebula) are also given in the last 
olumn. Please refer to Figures 1-3 for the identi�-
ation of the stru
tures in the tables. In the tables, values of Te quoted as 21,000 Kindi
ate lower limits for a
tual temperatures.Our main goal is to use this survey to address the following: do the varioustypes of LIS di�er in terms of their physi
al properties? From a 
lose analysis ofthe �gures given in Tables 1-13 we 
hara
terize the di�erent small-s
ale stru
turesin the following way:
1 These are features that resemble highly supersoni
 jets, but that share the ex-pansion of the nebular 
omponents in whi
h they are embedded.
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Fig. 1. PNe with highly supersoni
 jets: NGC 7009; NGC 6543; K 4-47 andNGC 6891. Top: In these panels the label of the di�erent stru
tures under anal-ysis are given. Values for Te and Ne are given in Tables 1-4. The [N ii℄ imagesof NGC 7009 and K 4-47 were adapted from Fig.1 of Gonçalves et al. (2003) andFig.6 of Corradi et al. (2000a), respe
tively. The [N ii℄/Hα image of NGC 6891 wasadapted from Fig.1 of Guerrero et al. (2000). Bottom: In these panels we show, su-perposed to the images, a sket
h of the long-slits used, as well as their respe
tiveposition angles (P.A.). All images are oriented with North up and East to the left.See quoted referen
es for the images s
ale.

Fig. 2. PNe with jetlike pairs: NGC 6881; K 1-2; He 2-429 and NGC 4593. Top:as in Fig.1, but for Tables 5-8. The [N ii℄/[O iii℄ images of NGC 6881 and IC 4593were adapted from Fig.1 of Guerrero & Man
hado (1998) and Fig.1 of Corradi etal. (1997), respe
tively. The [N ii℄ images of K 1-2 and He 2-429 were adapted fromFig.2 of Exter et al. (2003) and Fig.1 of Guerrero et al. (1999). Bottom: as in Fig.1.
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Fig. 3. PNe with pairs of knots: IC 2149; He 1-1; KjPn8 and NGC 7662. Top: as inFig.1, but for Tables 9-13. The [N ii℄ images of the PNe shown here were adaptedfrom Fig.1. of Vázquez et al. (2002), Fig.1 of Guerrero et al. (1999), Fig.1 of Vázquezet al. (1998) and Fig.1 of Perinotto et al. (2004), 
orresponding to IC 2149, He 1-1,KjPn8 and NGC 7662, respe
tively. Bottom: as in Fig.1.Jets: their densities are lower than the densities of their tips (the bright knotslike those in NGC 7009) by a fa
tor of ∼2. Note that the sho
k ex
ited knots inK 4-47 are an ex
eption to this rule. Te are usually similar for all the features ofthe PN. Can the lower Ne of the jets as 
ompared to the tips be a

ounted for bythe theoreti
al models? A preliminary answer is: possibly yes, sin
e jets 
an be fullyionized, and therefore the Ne we derive represent their a
tual densities, whereastheir tips 
an be partially neutral, so that the Ne diagnosti
s used do not representtheir real densities.Jetlike: in addition to the unexpe
ted fa
t that these are well 
ollimated stru
-tures of low-velo
ity, the jetlike LIS also have densities that are lower than thesurrounding medium by a fa
tor of ∼2, and in some 
ases slightly high Te. Note,however, that in general the temperatures of the jetlike systems are hard to measure(see Tables 6 and 7). Anyway, the Te of these stru
tures are not as high as those ofthe sho
k ex
ited knots. Is this a relevant 
onstraint for modeling?Knots: FLIERs (fast moving knots) and SLOWERs (slowly moving knots), aswell as jets and jetlike LIS, are not signi�
antly di�erent from ea
h other in termsof Te and Ne. This is hard to understand, be
ause we do not know how to keeplow-velo
ity features 
ollimated. The situation is further 
ompli
ated by the fa
tthat no signi�
ant density 
ontrasts were found in between FLIERs, SLOWERs andtheir environments.Referen
es1. Bali
k B., Rugers M., Terzian Y., & Chengalur J.N., 1993, ApJ, 411, 7782. Corradi R.L.M., Guerrero M., Man
hado A., & Mampaso A., 1997, NewA, 2,461
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tures are de�ned in Fig.1; P.A.=79◦)Parameter Rim Knots JetsEastern Western E_outer E_inner W_inner W_outer Eastern WesternNe[S ii℄(
m−3) 5,500 5,900 2,000 4,500 5,000 1,300 1,300 1,100Ne[Cl iii℄(
m−3) 5,200 5,900 - 4,700 6,000 1,900 - 1,300Te[O iii℄(K) 10,000 10,200 9,600 9,300 10,100 10,400 10,400 11,600Te[N ii℄(K) 10,400 12,800 11,000 9,400 10,400 11,700 - -Te[S ii℄(K) - - 7,100 8,300 - 9,400 - -



100 Denise R. GonçalvesTable 2. NGC 6543: Ne and Te. (As in Table 1, with P.A.=5◦ and 163◦)Parameter Jets Caps Ellip. ShellsNorthern Southern Northern Southern Northern SouthernNe[S ii℄(
m−3) 2,000 1,150 9,150 5,550 7,350 7,050Ne[Cl iii℄(
m−3) 6,900 2,550 9,350 4,750 5,500 6,100Te[O iii℄(K) 9,850 9,250 7,950 7,600 8,100 7,750Te[N ii℄(K) 7,600 7,000 8,450 9,000 9,250 9,350Te[S ii℄(K) 9,250 7,150 10,700 7,550 - -Table 3. K 4-47: Ne and Te. (As in Table 1, with P.A.=41◦)Parameter Core Knots NEBNE SW entire PNNe[S ii℄(
m−3) 1,900 4,550 2,450 2,800Ne[Cl iii℄(
m−3) - - - -Te[O iii℄(K) 19,300 21,000 16,100 19,300Te[N ii℄(K) 21,000 18,900 16,950 20,600Te[S ii℄(K) - - - -Table 4. NGC 6891: Ne and Te. (As for in Table 1, with P.A.=45◦ and 135◦)Parameter Rim Jets NEBNE SW SE NW entire PNNe[S ii℄(
m−3) 1,950 1,000 1,400 1,100 1,250Ne[Cl iii℄(
m−3) - 900 2,100 2,700 -Te[O iii℄(K) 10,200 9,950 8,650 9,500 9,550Te[N ii℄(K) 9,450 9,450 9,050 10,300 9,612Te[S ii℄(K) - - - - -Table 5. NGC 6881: Ne and Te. (Stru
tures are de�ned in Fig.2; P.A.=139◦)Parameter Rim Knots NEBSE_inner SE_outer NW entire PNNe[S ii℄(
m−3) 9,700 750 1,900 650 7,700Ne[Cl iii℄(
m−3) - - - - -Te[O iii℄(K) 12,750 - - - 13,450Te[N ii℄(K) 14,350 - - 21,000 15,050Te[S ii℄(K) - - - - -
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al parameters of LIS 101Table 6. K 1-2: Ne and Te. (As in Table 5, with P.A.=-24◦)Parameter NW_String of Knots SE_String of Knots NEBNWa NWb NW
 NWd SEe SEf SEg entire PNNe[S ii℄(
m−3) 1,000 600 1,000 - - 450 1,450 500Ne[Cl iii℄(
m−3) - - - - - - - -Te[O iii℄(K) - 15,700 14,000 - - - - 14,9000Te[N ii℄(K) - - - - - - - 11,000Te[S ii℄(K) - - - - - - - -Table 7. He 2-429: Ne and Te. (As in Table 5, with P.A.=89◦)Parameter Rim Jetlike NEBEastern Western entire PNNe[S ii℄(
m−3) 7,900 3,200 3,550 7,550Ne[Cl iii℄(
m−3) - - - -Te[O iii℄(K) 8,700 - - 8,700Te[N ii℄(K) - - - 4,300Te[S ii℄(K) - - - -Table 8. IC 4593: Ne and Te. (As in Table 5, with P.A.=139◦)Parameter Jetlike Rim NEBSE NW SE Central NW entire PNNe[S ii℄(
m−3) 900 1,700 3,150 2,150 1,650 2,350Ne[Cl iii℄(
m−3) - - 3,050 1,500 - 1,800Te[O iii℄(K) 12,600 10,350 9,700 7,850 7,400 8,200Te[N ii℄(K) 20,450 - 11,500 9,350 - 9,950Te[S ii℄(K) - - - - - -Table 9. IC 2149: Ne and Te. (Stru
tures are de�ned in Fig.3; P.A.=70◦)Parameter Core Knots NEBEastern Western entire PNNe[S ii℄(
m−3) 6,000 5,000 2,100 4,200Ne[Cl iii℄(
m−3) - 8,000 2,550 1,800Te[O iii℄(K) 11,350 10,300 9,800 11,200Te[N ii℄(K) 10,400 10,900 12,450 10,200Te[S ii℄(K) - - 7,600 9,550



102 Denise R. GonçalvesTable 10. He 1-1: Ne and Te. (As in Table 9, with P.A.=315◦)Parameter Rim Knots NEBSE NW entire PNNe[S ii℄(
m−3) 1,600 650 1,300 1,550Ne[Cl iii℄(
m−3) - - - -Te[O iii℄(K) 12,050 21,000 - 12,800Te[N ii℄(K) 10,750 10,400 - 10,600Te[S ii℄(K) 16,400 - - -Table 11. KjPn8: Ne and Te. (As in Table 9, with P.A.=98◦ and 120◦)Parameter PA=98◦ PA=120◦SE_Knot NW_Knot SE_Knot NW_KnotNe[S ii℄(
m−3) 600 600 500 500Ne[Cl iii℄(
m−3) - - 300 -Te[O iii℄(K) 21,000 20,600 21,000 21,000Te[N ii℄(K) - 8,700 10,050 8,300Te[S ii℄(K) - - 14,200 11,500Table 12. NGC 7662: Ne and Te. (As in Table 9, with P.A.=175◦ � FLIERs)Parameter Knots Rim KnotsSE_outer SE_inner NW_inner NW_outer entire PNNe[S ii℄(
m−3) 1,300 3,500 2,550 4,050 1,750 3,250Ne[Cl iii℄(
m−3) 800 3,200 - 3,600 850 2,150Te[O iii℄(K) 12,400 13,200 14,850 14,550 13,650 13,700Te[N ii℄(K) 12,000 8,450 - 13,650 14,650 -Te[S ii℄(K) - - - - - -Table 13. NGC 7662: Ne and Te. (As in Table 9, with P.A.=248◦ � SLOWERs)Parameter Knots Rim KnotsNE_outer NE_inner SW_inner SW_outer entire PNNe[S ii℄(
m−3) 2,350 3,600 2,850 5,000 2,600 2,900Ne[Cl iii℄(
m−3) 2,400 3,950 1,700 3,500 1,150 3,100Te[O iii℄(K) 12,200 13,050 13,500 13,200 12,350 12,950Te[N ii℄(K) - 11,800 11,550 10,600 11,550 10,950Te[S ii℄(K) - - - - - -


