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omSummary. Traditional 1-D empiri
al methods used to study Planetary Nebulae(PNe) gave distan
es to typi
ally a fa
tor of 3 or more with the asso
iated verylarge un
ertainties on the physi
al parameters of the obje
ts. By taking a 3-D viewof Planetary Nebulae (PNe) we show that the large un
ertainties asso
iated with
lassi
al methods of modeling and observing PNe to obtain their 3-D stru
tures,distan
es and physi
al parameters are signi�
antly redu
ed. Using long slit or Inte-gral Field Unit spe
trophotometry to 
onstrain modern 3-D photoionization modelsfor PNe, we determine detailed 3-D stru
tures, 
entral star parameters, and dis-tan
es a

urate to 10-20% by eliminating the un
ertainties in the spatial stru
turedetermination and �lling fa
tor assumptions.Key words: planetary nebulae, photoionization models, mapping, spe
tros
opy1 Introdu
tionPlanetary Nebulae (PNe) are the visible ionized results of the �nal evolutionarystage of most low- to intermediate mass stars, during whi
h between 0.2 and morethan 1M⊙ is lost to form a low density envelope around the hot, dense stellar 
oreof around 0.6M⊙ whi
h is left to 
ontra
t at 
onstant luminosity �but in
reasingit's temperature to the point that the matter surrounding the star is ionized andtherefore made visible� and then to 
ool along evolutionary tra
ks in the left lowerpart of the HR diagram to eventually die as 
old, invisible embers.PNe have been used as Gala
ti
 low density plasma laboratories, to tra
e stellarpopulations in the Galaxy, and in and between other galaxies, and as standard
andles to determine extragala
ti
 distan
es. General dis
ussions of all aspe
ts ofPNe resear
h have been published by [8℄ and [4℄ and more re
ently in a review by[1℄. One of the most important problems in observational Gala
ti
 PNe resear
his the di�
ulty in determining their distan
es and three-dimensional stru
tures.Observations always produ
e a 2-D proje
tion of their 3-D stru
ture, and re
overingthe original stru
ture is not trivial. This is also made worse by the fa
t that only
rude distan
es, usually obtained from statisti
al methods on large samples, 
an
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ertainties are generated by the need to assume 
onstan
yof one parameter su
h as the nebular size, (ionized) mass, �ux et
. so that typi
alerrors in the distan
es to individual obje
ts are of the order of a fa
tor of 3 or more.Very few nebulae have had individual a

urate distan
es determined.2 The MethodOur work has ta
kled the problem of determining the stru
ture and distan
es byapplying 3-D photoionization models to PNe. The models are simultaneously 
on-strained by �uxes in several emission lines, the angular size of the emission line mapsin these lines, and the density maps of the nebula. By starting with a simpli�ed 3-Dstru
ture for the nebula based on the appearan
e of the line and density maps andusing an iterative pro
edure to re�ne the stru
ture and �t to all lines simultane-ously, we arrive at a model nebula that �ts best the observed data. As inputs wealso have a 
entral star luminosity, temperature and 
hemistry of the gas, whi
h arealso varied until best �tting values are found. In this way the 3-D stru
ture, ionizingsour
e 
hara
teristi
s and 
hemistry of the gas as well as the distan
e are determinedself-
onsistently and with mu
h higher pre
ision than has so far been possible. See[9℄ and works 
ited therein for more details on our method and 3-D photoionization
odes. Below we des
ribe the types of observations used to 
onstrain our models andthe photoionization 
ode used.2.1 Spatially Resolved ObservationsTypi
ally the observations used in the study of PNe are long-slit spe
tros
opy andnarrow band imaging whi
h usually su�
e for the traditional empiri
al studies.However, to de�ne a 3-D model we need 
omprehensive set of 
onstraints to limitdegenerate model solutions. for 3-D models the ideal set of 
onstraints are spatiallyresolved, whether they are line images or diagnosti
 ratios. To a
hieve this we usetwo types of observations, spe
tro-photometri
 mapping and more re
ently integral�eld spe
tros
opy.Spe
tro-photometri
 mapping is done by taking exposures at several parallellong-slit positions a
ross the nebula. The line intensity pro�les for ea
h slit are then
ombined and interpolated to 
reate emission line images of the nebula with a spatialresolution that is determined by the long-slit setup and number of slits observed, ina way similar to radio mapping (see Fig. 1). This pro
edure is quite useful sin
e itallows for spatially resolved maps to be 
reated for any line with signi�
ant signal.These maps 
an then be used to obtain the usual diagnosti
 ratios, now spatiallyresolved.This te
hnique also allows for interesting possibilities, for example, dete
tings
attered light from aWolf-Rayet type star in its nebula, as we have done for NGC�40.In this 
ase we were able to separate the wide 
omponent from a narrow 
omponentof the line CIII 4650. The wide 
omponent, whi
h is produ
ed only by the 
entralstar, is dete
ted out to about 20 ar
se
 from the 
entral sour
e and thus 
an only bea result of s
attering. Noti
e that traditional narrow-band imaging would not havebeen able to dete
t this. Further study is being 
arried out on this subje
t.
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Fig. 1. Line maps generated from several long slit spe
tra taken a
ross NGC6369taken from [6℄. The maps have been 
orre
ted for reddening using the Hα / Hβextin
tion map.2.2 Model FittingWe use the Mo
assin photoionization 
ode des
ribed in detail in [3℄. The inputparameters are the elemental abundan
es, the gas density distribution, the shapeand intensity of the 
entral ionizing radiation spe
trum (temperature, H and Heabsorption edges, and luminosity in the 
ase of a star) and the distan
e to theobje
t. The 
ode then provides the physi
al 
onditions in ea
h point of the nebula,i.e., ioni
 fra
tional abundan
es, ele
troni
 temperature and density, as well as theemission line luminosities of ea
h 
ell.This output is then used to produ
e proje
ted images and total �uxes for a givennumber of emission lines and a set of (x,y,z) orientation angles. This output 
an then
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Fig. 2. Map of the s
attered wide 
omponent of CIII 4650 produ
ed by the Wolf-Rayet 
entral sour
e of NGC�40.be tailored to mat
h given observational 
on�gurations su
h as single long slits, ormultiple slits. From the proje
ted images we 
an also 
onstru
t proje
ted diagnosti
maps, su
h as density and temperature maps.The model generated or simulated �observations� dis
ussed above are then
ompared to the a
tual observational data obtained (in this 
ase, the spe
tro-photometri
 mapping of Mz1 studied in [7℄). We 
ompare total line intensities and
he
k for dis
repan
ies. If one or more of the intensities are out of the range ofthe observational errors, we pro
eed to �ne tune input parameters that have in�u-en
e on the given line. For example, we take the Hβ total �uxes from the modeland observations and 
ompare them. The Hβ line is mainly dependent on the starluminosity and the 3-D stru
ture of the gas, so we adjust these input parametersa

ordingly. In this 
ase it is important to realize that the 3-D stru
ture is a
tuallyde�ned by the density in ea
h 
ell and a physi
al size for the obje
t whi
h is depen-dent on the distan
e. So in fa
t we are dealing with two input parameters when we
onsider the Hβ �ux. The same type of 
omparison is made for other lines su
h as[OIII℄500.7nm whi
h is an important 
oolant, HeII468.6nm whi
h depends mainlyon the CS temperature, among others. We also 
ompare the model proje
ted imagesand diagnosti
 maps to those obtained from the observations.After �tting all the model 
onstraints to their respe
tive observational 
oun-terparts and adjusting the input parameters of the 
ode a

ordingly, we 
al
ulateanother model. The same pro
edure dis
ussed above is then repeated until we rea
ha satisfa
tory agreement between model and observations for all line images, �uxes,diagnosti
 maps, et
.).Noti
e that, after this iterative pro
edure, we obtain model �tted values for theinput parameters that are self-
onsistently determined; they are the ionizing star
hara
teristi
s, gas 
hemi
al abundan
es, density, stru
ture, and distan
e.
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es of this pro
edure when 
ompared to previous model
al
ulations in the literature, is that we use the distan
e as a �tting parameterfor the model. This is possible be
ause we now have a way of produ
ing proje
tedimages from the 3D model results and 
an therefore 
ompare them dire
tly withobserved ones as well as the observed total �uxes. in other words, we do not usea �xed distan
e for our model 
al
ulations and vary only star and gas parameters(luminosity and temperature of the star, abundan
es and densities of the gas). Theother important advantage of using the 3-D stru
ture for the gas is the possibility ofeliminating the need for a ��lling fa
tor�. This has major impli
ations on the modelparameters that 
an be determined, espe
ially on the distan
e.Sin
e we use a 3-D stru
ture that is 
onsistent with observed images, position-velo
ity diagrams, diagnosti
 ratios (su
h as density maps) we are not making anyassumptions about �lling fa
tors, ionized masses or physi
al sizes. All these param-eters are determined self-
onsistently in the model.The uniqueness of the solution obtained by this pro
edure 
an be argued of
ourse. It is immediately 
lear that within the observational un
ertainties there arean in�nite number of solutions that 
an �t the observations. In other words, theobservations determine the quality of the �nal parameters. In fa
t, if we estimatethe goodness of �t of our model �t by quadrati
ally summing all un
ertainties anddividing by the number of observables minus the number of degrees of freedom(input parameters to the model), we get an error of about 20% in the 
ase of Mz1.This is the un
ertainty adopted for our results. The pre
ise determination of �ttingerrors is extremely 
omplex and given the nature of the 3-D 
ode neither pra
ti
alnor useful.For the above reasons our distan
e determinations are fundamentally di�erentfrom, and mu
h more pre
ise than 
lassi
ally found distan
es.The mass of the ionizing sour
e, as well as its progenitor and age are determinedfrom theoreti
al 
ooling tra
ks. We have used the 
ooling tra
ks of [12℄ be
ause theirgrids present a 
lose sampling of progenitor masses in the 1 to 3M⊙ range.3 Con
lusionsThe 
entral star properties of all PNe that we have applied our method to are shownin the HR diagram of Fig. 3. Also shown are the values determined by other methods,taken from the literature. There are large di�eren
es between our values and thosepreviously published for NGC6781 and NGC6369 and in both 
ases the 
entral starluminosity determined by our method was higher than the literature value. This isbe
ause it was assumed that these nebulae are radiation bound but we have shownthem to be matter bound as they lose up to 70% of their UV radiation to spa
e,resulting in an underestimation of both the luminosity and temperature. The bluerise in the SED for NGC6781 also 
on�rms that blue radiation is es
aping fromthe nebula. Note that the 
entral star luminosity from our model, L= 385 /L⊙ islarger than the luminosity derived from the observed SED L=225 /L⊙ by a fa
torof 1.7, 
on�rming that the nebula is matter bound and that a signi�
ant fra
tionof the stellar UV �ux es
apes from the obje
t. We believe our luminosities andtemperatures are the more a

urate ones that have been determined for these starsto date. Interestingly our values tend to bring the 
ore masses 
loser to 0.6 M⊙ whi
his also 
lose to the peak value of the narrow mass distribution of white dwarfs.
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Fig. 3. HR diagram for NGC6781, NGC3132 ([5℄), NGC6369 ([6℄), MZ 1 ([7℄), allPNe that had their 
entral star properties determined by our method. Also plottedare the literature values for 
omparison. a) [10℄; b) [11℄. The evolutionary tra
ks arefrom [12℄; they are similar to the [2℄ models but take metalli
ities et
. into a
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