
Physi
al 
onditions of the sho
ked regions in
ollimated out�ows of planetary nebulaeA. Riera1 and A.C. Raga2

1 Departament de Físi
a i Enginyeria Nu
lear. EUETIB. Universitat Politè
ni
ade Catalunya. Compte d'Urgell 187, E-08036 Bar
elona, Spain.angels.riera�up
.edu
2 Instituto de Cien
ias Nu
leares. Universidad Na
ional Autónoma de Méxi
o, Ap.70-543, 04510 D.F., Méxi
o. raga�nu
leares.unam.mxSummary. We review the physi
al properties of the high�velo
ity pairs of knotsand jets observed in planetary nebulae. We address the need of identifying theobservational properties of the �irradiated sho
ks� (i.e. bow sho
ks irradiated bythe 
entral star). We 
hara
terize the spe
tra of several bow sho
k-like stru
tures(or FLIERs) from ground-based spe
tros
opi
al data and narrowband WFPC2 HSTimages. We present �rst results of axisymmetri
 simulations of initially ionized, dense
loudlets whi
h move away from the ex
iting sour
e, taking into 
onsideration thee�e
t of the ionizing radiation �eld. We obtain predi
ted line ratios for the irradiatedbow sho
ks whi
h 
an be 
ompared dire
tly with the observations of FLIERs. We�nd a reasonable agreement whi
h 
an be seen as a 
on�rmation of the interpretationof FLIERs as �irradiated sho
ks�.Key words: planetary nebulae: general. ISM: jets and out�ows.1 Introdu
tionThe existen
e of small-s
ale stru
tures in planetary nebulae (PNe) has been knownsin
e the pioneering work of [1℄. Sin
e then, the subsequent spe
tros
opi
 studieshave shown that these stru
tures di�er signi�
antly from their surroundings in eitherline ratios or radial velo
ities or both. Of parti
ular interest are the strings of knotsappearing as symmetri
al pairs, point-symmetri
al features or jet stru
tures, whi
hmove supersoni
ally with respe
t to the main body of the nebula. Here we usethe term FLIERs (Fast Low Ionization Emission Region) introdu
ed by Bali
k and
oworkers to des
ribe those stru
tures. The morphologies and dynami
s of FLIERssuggest that PN nu
lei intermittently eje
t highly 
ollimated out�ows or 
lumps([3℄, [4℄). As a result of the intera
tion of the 
lumps or 
ollimated out�ows with thesurrounding gas, bow sho
ks are expe
ted to form. See the reviews by [14℄, [15℄, and[9℄ for a des
ription of the observational properties of 
ollimated out�ows in PNe.
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al 
onditions and ex
itation of FLIERsBali
k and 
oworkers explored the spe
tros
opi
 properties of FLIERs in a group ofPNe (reported in a series of four papers: [3℄,[4℄,[11℄, and [5℄). Re
ently, Gon
alveset al. enlarged the sample of observed obje
ts ([9℄, [10℄). Those authors found thatFLIERs have dimensions of ∼ 1016 
m, are mu
h lower in ionization, higher invelo
ity (with Doppler shifts of ± 25�200 km s−1) and about the same in densityand temperature 
ompared with the regions around them. A rather surprising resultof the ground-based studies is that the physi
al 
onditions (ele
tron density andtemperature) are, in most 
ases, mu
h the same within the high-velo
ity knots andjets and in the surrounding nebula (see Gon
alves, these pro
eedings). However, theele
tron densities 
ould be larger than the values derived from [S II℄ line ratio if the[S II℄ lines are a�e
ted by 
ollisional quen
hing ([19℄). On the other hand, the useof ground-based spe
tros
opy presents serious drawba
ks, su
h as the di�
ulty inuntangling the intrinsi
 spe
trum of the FLIER from the adja
ent nebula, and tospatially resolve its density stru
ture. The use of the WFPC2 onboard HST revealedthat many FLIERs show an ionization strati�
ation, with the gas in the downstreamregion being more highly ionized than the leading (outward-fa
ing) edge ([5℄).There are few PNe with knots or bow sho
k-like stru
tures whose spe
tra 
anbe explained in terms of pure sho
ks, su
h as K 4�47 ([8℄), M 2�48 ([25℄, [17℄), IC4593 (Gon
alves these pro
eedings), and KjPn8 ([16℄). In these obje
ts, the ele
trontemperatures of the knots are well above 16000 K (as expe
ted for a sho
k-ex
itedgas). The ele
tron densities derived from the bright [S II℄ lines range from 100 
m−3(M 2�48) up to a few times 103 
m−3 (as in the knots of K 4�47 and IC 4593).Comparisons of the spe
tra of the knots of these PNe with the predi
tions of eitherplane-parallel or simple bow-sho
k models widely applied to HH obje
ts, revealsthat the observed emission is mainly sho
k ex
ited with an intermediate (M 2�48)or large (K 4�47, KjPn8) sho
k velo
ities ([17℄, [8℄, [16℄).With the ex
eption of the group of PNe mentioned above, simple bow-sho
kmodels (i.e. �pure� sho
ks) fail to reprodu
e some of the observed properties ofFLIERs, su
h as the observed gradient of ionization, the detailed values of the emis-sion line ratios and the la
k of ele
tron density and temperature 
ontrast betweenthe FLIER and the surrounding nebula (see [5℄ and [23℄ for a detailed dis
ussion ofthe 
aveats of the bow sho
k models). Even so, the small sizes and high out�owingvelo
ities of the FLIERs strongly support that these mi
rostru
tures are asso
iatedto outward��owing bullets or 
lumps. Consequently, the emission observed at theFLIERs would form in a bow sho
k whi
h is irradiated by the 
entral star (i.e.the 
entral star is an ionizing photon sour
e that will modify the ionization andex
itation stru
ture of the sho
k). We refer to these sho
ks as irradiated sho
ks.2.1 Chara
terization of irradiated sho
ks in PNeIn order to 
hara
terized the spe
tra of the irradiated sho
ks we have 
hosen threenebulae (NGC 6543, NGC 7009 and IC 4634) whi
h have bow-sho
k like featuresoutside the main body of the nebula and for whi
h images of several emission lineshave been obtained with the WFPC2 onboard HST 3. We have obtained image ratios
3 The redu
ed HST images of NGC 6543 and NGC 7009 were kindly provided byDr. Bali
k.
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ked regions of planetary nebulae 105of several regions at every pixel with surfa
e brightness above a threshold value of3σ. The resulting [O III℄/Hα and [N II℄/Hα ratio maps of the outer bow-sho
k ofIC 4634 (Guerrero et al. in preparation), the northern jet of NGC 6543 [2℄ and thewestern outer FLIER of NGC 7009 [5℄ are shown in Figure 1.

Fig. 1. [O III℄ 5007/Hα and [N II℄ 6543/Hα ratio maps of a FLIER for ea
h PNe(see the text).Of parti
ular interest is the small-s
ale stru
ture of the outer bow-sho
ks of IC4634, whi
h shows abrupt 
hanges in these emission line ratios (as illustrated in Fig-ure 1). Behind the bow-sho
k stru
tures, [O III℄ is enhan
ed, with [O III℄/Hα valuesfrom 2 to 3. In the brightest regions (i.e. in the emitting knots of these features) the[O III℄/Hα ratio de
lines to 1 � 1.5, while the [N II℄ emission is greatly enhan
ed.
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ement of the [O III℄/Hα ratio in 
ap-like stru
tures just outsidethe bow-sho
k plotted in Figure 1 (the presen
e of a skin of enhan
ed [O III℄/Hαratio in PNe is dis
ussed in Medina et al. in these pro
eedings). The knots withinthe western outer FLIER of NGC 7009 are 
hara
terized by large [N II℄/Hα values(from 1.5 to 2.5) and [O III℄/Hα ratios ∼ 1�2. The latter ratio in
reases behindthe bow sho
k (i.e. at the edge fa
ing towards the 
entral sour
e), following theionization strati�
ation also found in the outer bow-sho
ks of IC 4634 among other
ases. The knots of the northern jet of NGC 6543 are 
hara
terized by [O III℄/Hα ∼1.5 and [N II℄/Hα ∼ 1 � 1.5. The knots are embedded in a di�use gas whi
h showslarger [O III℄/Hα (≥ 2) and lower [N II℄/Hα (∼ 0.5) ratios than the 
orrespondingvalues within the knots.In Figure 2 we present a set of diagnosti
 diagrams, involving several emissionline ratios, 
ommonly used to dis
riminate photoionized nebulae from sho
k-ex
itedobje
ts. The sample of proto-PNe de�nes the region of (pure) sho
ked obje
ts. Wehave in
luded ground-based spe
tros
opi
al data and the spe
tra synthesized fromthe WFPC2 HST images of di�erent regions of NGC 6543, NGC 7009 and IC 4634.Open symbols 
orrespond to rims and shells and have been in
luded to tra
e thelo
us of photoionized gas. The irradiated sho
ks (i.e. FLIERs) are plotted as red(ground-based spe
tros
opi
al data) and green (values obtained from WFPC2 HSTnarrowband images) �lled symbols of various forms. The size of the symbol is an in-di
ation of the distan
e from the feature to the 
entral star; larger symbols representfeatures at larger distan
es from the star. The ratio of [O III℄/Hα alone dis
rimi-nates the sho
ked obje
ts from the rest, but there is a 
onsiderable overlap betweenphotoionized gas and irradiated sho
ks ([O III℄/Hα = 1.5 to 6). Di�erent features ofour sample of PNe de�ne a sequen
e in the diagrams of �gure 2. The photoionizedregions o

upy the high ionization end of this sequen
e (i.e. the region with thelowest values of [N II℄/Hα, [S II℄/Hα and [O I℄/Hα). We 
on
lude that the spatiallyintegrated emission of irradiated sho
ks are 
hara
terized by a 
onsiderable rangein [N II℄/Hα, [S II℄/Hα and [O I℄/Hα emission line ratios, with values between theexpe
ted values for pure sho
k-ex
ited obje
ts and photoionized nebulae. The 2Dimages of the irradiated sho
ks are 
hara
terized by the spatial ionization strati�
a-tion des
ribed above and the presen
e of large variations in the ex
itation 
onditionson small s
ales.3 Numeri
al simulations of irradiated sho
ksWe 
arried out a 2D, axisymmetri
 gasdynami
al simulations of a high velo
ity
loudlet that moves away from the 
entral star through the photoionized, nebu-lar gas. We use a time-dependent gasdynami
 
ode (with an adaptative grid) thatin
ludes radiative, diele
troni
 and 
harge ex
hange re
ombinations, 
ollisional ion-ization and photoionization for several spe
ies (des
ribed in [18℄). We in
lude theradiation �eld from the 
entral star that penetrates the re
ombination region be-hind the leading bow sho
k from "behind" (i.e., in the dire
tion from the post-sho
kto the pre-sho
k region). We have 
hosen an initial 
lump density of 103 
m−3, aninitial temperature 104 K, and a 
lump radius of 1016 
m. The 
lump is initiallyfully ionized (i.e., H+/H = 1, He+/He = 1) and moves at a velo
ity of 100 km s−1with respe
t to the enviromental gas. The environmental gas has a density of 100
m−3, a temperature of 104 K, and is fully (singly) ionized. The star has a bla
kbody
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Fig. 2. Diagnosti
 diagrams in
luding several de-reddened emission line ratios. Bla
ksymbols: PPNe (squares: Hen 3-1475 ([20℄, [21℄), triangles: M 1-92, M 2-56 and OH238.1+4.2 ([24℄, [22℄), stars: CRL 618 (Riera et al. in prep.)). Magenta squares : knotsof K 4-47 and M 2-48 ([8℄, [17℄). Red symbols 
orrespond to ground-based spe
tro-s
opi
al data of NGC 6543 (
ir
les), NGC 7009 (triangles) and IC 4634 (squares) aretaken from [4℄, [6℄, and Guerrero et al. (in preparation). Green symbols: synthesizedspe
tra of di�erent regions of NGC 6543, NGC 7009 and IC 4634 obtained from theWFPC2 HST images ([13℄ and this work). Filled symbols 
orrespond to FLIERs,open symbols 
orrespond to rims and shells. Blue dots: synthesized spe
tra obtainedfrom the predi
ted emission line maps (see Se
t. 3).spe
trum with an e�e
tive temperature of 50000 K and a luminosity of 5000 Lo. Theabundan
es are mean PN abundan
es taken from [12℄. We obtain three simulationswith initial distan
es from the 
loudlet to the star of 3 1018 
m (model M1), 1018 
m(M2) and 3 1017 
m (M3). Models M1-M3 have been 
omputed in order to explorethe e�e
t of the ionizing photon �ux as a fun
tion of the lo
al ionizing parameter(U), whi
h in
reases from U = 10−5 (M1) to U = 10−3 (M3).



108 A. Riera and A.C. Raga3.1 Model resultsFigure 3 illustrates the density strati�
ation and the H neutral fra
tion distributionas a fun
tion of time for model M2 (U=10−4). This �gure illustrates how the 
loudletfragments. The motion of a 
loudlet through a medium indu
es a �
loudlet sho
k�that 
ompresses the bullet and provokes its fragmentation.

Fig. 3. Density (top half of ea
h plot) and neutral fra
tion of H (bottom half)obtained for t=100, 200, 300, 400, 500 yr integration times from model M2. Thelogarithmi
 density strati�
ation is given (in 
m−3) by the bar on the top right, andthe logarithmi
 hydrogen neutral fra
tion strati�
ation is given by the bottom rightbar.In model M1 (with U = 10−5) the high density gas within the bow-sho
k trapsan ionization front. For model M3 (with U = 10−3) the impinging photon �ux isstrong enough to fully ionized the high density material. As a 
onsequen
e the bow
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k remains partially neutral for M1 while for M2 and M3 the high density gasbe
omes almost fully ionized. A 
omparison of the density strati�
ation for the threemodels reveals a more 
omplex density stru
ture as U de
reases. This appears tobe the result of the higher 
ompression of the gas as it 
ools to temperatures wellbelow 104 K in the low U models.3.2 Comparison with the observationsWe have 
omputed the emission maps of the Hα, [O I℄ 6300, [O II℄ 3727, and [O III℄5007 lines, whi
h span a range of ionization energies, for the three models and for at=200 years integration time. The model of the lowest U shows extended emissionin [O II℄, and the [O III℄ map shows a 
omplete absen
e of emission at the tip ofthe bow-sho
k and a very low intensity at the wings. On the other hand, the [O I℄emission is mainly arising from the tip of the bow-sho
k. As the photon �ux rea
hingthe bow-sho
k in
reases the [O III℄ intensity in
reases. The predi
ted [O III℄/Hα mapqualitatively reprodu
es the observed in
rease of this emission line ratio behind thebow-sho
k. For models M2 and M3 the [O III℄/Hα ratio show values ∼ 3 in goodagreement with the observations (see Se
t. 2).In order to quantify the agreement between the observed and predi
ted spe
trawe have obtained the spatially integrated spe
tra of the irradiated bow-sho
k formodels M1�M3 and plotted the results in the diagnosti
 diagrams of Figure 2). ModelM1 (low U , kineti
-dominated sho
k) approximately reprodu
es the spe
tral 
hara
-teristi
s of the sho
k-ex
ited nebulae, while model M3 (high U , photon-dominatedsho
k) �ts the spe
tra of the photoionized regions of the PNe. Models with inter-mediate U values reprodu
e the expe
ted values for an irradiated sho
k at variousdistan
es from the 
entral sour
e, with the ex
eption of the [O III℄/Hα line ratio.The most important di�eren
e between the predi
tions and observations is that thepredi
ted [O III℄/Hα ratios are lower than the observed ones by a fa
tor of 5. Higher[O III℄ emission 
ould be obtained from models with a higher e�e
tive temperaturefor the photoionizing spe
trum. However, su
h models have not been explored inthe present work.4 Con
lusionsWe 
on
lude that the spatially integrated spe
tra of FLIERs are 
hara
terized bystrong low ex
itation emission lines (relative to Hα) whi
h be
ome fainter as theFLIER approa
hes to the 
entral sour
e. The high ex
itation, [O III℄ line (rela-tive to Hα) has similar values in FLIERs and photoionized nebula. First resultsof axisymmetri
 simulations of initially ionized, dense 
loudlets whi
h move awayfrom the ex
iting sour
e, taking into 
onsideration the e�e
t of the ionizing radia-tion �eld, qualitatively reprodu
es the spatial ionization strati�
ation observed inFLIERs. The predi
ted emission line ratios approximately reprodu
es the spe
traobserved in FLIERs. The most important di�eren
e between the predi
tions andobservations is that the predi
ted [O III℄/Hα ratios are lower than the observedones. Higher [O III℄ emission 
ould be obtained from models with a higher e�e
tivetemperature for the photoionizing spe
trum. In a future work we will study the e�e
tof in
reasing the temperature of the 
entral star and the velo
ity of the 
loudlet.
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