
Spatially resolved spe
tros
opi
 studies ofplanetary nebulae and their halosC. Sandin, D. S
hönberner, M. M. Roth, M. Ste�en, P. Böhm,A. Monreal-IberoAstrophysikalis
hes Institut Potsdam, An der Sternwarte 16, D-144 82 Potsdam,Germany, CSandin�aip.deSummary. One appli
ation where (3D) integral �eld spe
tros
opy is useful is whendoing detailed measurements of physi
al stru
tures in the outer parts of extendedplanetary nebulae (PNe). The outermost light emitting regions, i.e. halos, are lessa�e
ted by reshaping pro
esses in the nebula than 
entral parts are and 
an there-fore be used to study the �nal stage of mass loss on the asymptoti
 giant bran
h(AGB). Here preliminary results of a larger and more detailed study are being re-ported for one of the studied obje
ts, viz. NGC7662. To this goal an automatedmethod has been developed that in
ludes binning of simultaneously observed spe
-tra, a 
areful subtra
tion of telluri
 lines and now also a 
orre
tion for di�erentialatmospheri
 refra
tion. The results show a steep and narrow positive temperaturegradient, revealing a hot halo, in 
on�rmation of previous �ndings. In the view ofradiation hydrodynami
 models a hot halo 
an be the produ
t of the passage of anionization front � equilibrium models do not show su
h temperature enhan
ements.Key words: planetary nebulae: individual (NGC7662) � Instrumentation: spe
tro-graphs � Te
hniques: spe
tros
opi
 � Line: pro�les1 Introdu
tionHalos around planetary nebulae are fossil re
ords of the last mass-loss episode atthe tip of the AGB. Although important information about the �nal AGB evolution
an be gained already from halo sizes and radial surfa
e brightness distributions,deeper insight 
an only be gained by a detailed plasma diagnosti
 whi
h is with
onventional te
hniques only possible for the brighter nebular shells. The purpose ofthis study is to derive physi
al properties of halos surrounding PNe in the gala
ti
disk. Halos are of parti
ular interest sin
e they, unlike the brighter inner parts of thePN, have been less a�e
ted by reshaping pro
esses like photo-ionization and sho
ks.Furthermore, the halo is a very weakly emitting region where line intensities 
anbe a thousand times weaker, and less, 
ompared to the 
entral parts. Few lines are
onsequently visible. Observing these obje
ts is a 
hallenge whi
h exploits the limitsof both instrumental and teles
ope requirements, as well as observing 
onditions.
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NGC7662 [OIII]

Wide Field Camera INT 2000−2002

− PPAK IFU 74"x64"

− LARR IFU 16"x16"

100"

E

N

16"

40"

Fig. 1. Image of NGC7662 (from the PN atlas of [3℄) showing the extent of a weak� and to a good approximation spheri
al � halo rea
hing a radius of about 70′′.Grayshades are 
y
li
 to enhan
e the dynami
 range spanning a fa
tor of about
104. The lo
ation of three PMAS LARR IFU exposures west of the 
entral star isindi
ated with red boxes. Hexagon outlines indi
ate how the full radial extent of thehalo 
ould be observed in two pointings using the larger PPAK IFU. Also see Fig. 2.A detailed des
ription of observations, data analysis and results for several neb-ulae is being prepared in [8℄. Here some highlights of that arti
le are presented forNGC7662. In the following observations and analysis are presented in Se
t. 2 andresults thereafter in Se
t. 3. Se
tion 4 shows how models 
an be used to explain theresults. Finally, 
on
lusions are given in Se
t. 5.2 Observations and AnalysisThe data of NGC7662 presented here was obtained in September 2005 using thePMAS spe
trograph atta
hed to the 3.5m teles
ope at Calar Alto. The integral�eld unit (IFU) used is the lens array (LARR; in the 1′′ magni�
ation setting)whi
h holds 16 × 16 spatial elements (also 
alled spaxels), ea
h 
overing a surfa
eof 1′′ × 1′′. The wavelength 
overage was 3436�5093 Å, with a spe
tral resolutionof 3.6 Å. Figure 1 shows how three LARR IFU tiles were oriented, 
overing a stripof the halo 16′′ × 48′′ large and rea
hing a distan
e of 40′′ from the lo
ation of the
entral star. Data redu
tion was 
arried out using the PMAS P3d pa
kage [2, 6℄. Toin
rease the signal-to-noise spe
tra of individual spatial elements are binned along
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Fig. 2. Binning map (top panel) and resulting spe
tra (bottom panels) from theanalysis of NGC7662. In the top panel ea
h small square represents one spatialelement, of 1′′ × 1′′ size. Totally three tiles with 256 spatial elements ea
h were ob-served, o�set by 16′′ from ea
h other in the E-W dire
tion (Fig. 1). Spatial elementsin 
on
entri
 ar
s (marked with the same letter) are binned, forming one spe
trumfor ea
h ar
 and radial lo
ation. Spatial elements marked with � and ⊗ are not used.Remaining panels in the bottom row show the: a) raw spe
trum of one spatial ele-ment in the inner PN; b) summed raw spe
trum of 41 spatial elements in the halo;and 
) one raw spe
trum of one spatial element in the halo. Errors are for 
laritynot shown. Arrows indi
ate where on the IFUs the shown spe
tra are sampled. Notethat the intensity s
ale of a) is di�erent from that in b) & 
). The latter two panelsillustrate how the signal-to-noise of, in this 
ase, Hβ is in
reased by binning spe
tra.
on
entri
 ar
s sampling regions of presumably similar properties. How this is donefor NGC7662, whi
h to a good approximation has a spheri
al halo, is shown inFig. 2.For the determination of the ele
tron temperature, Te, the three oxygen lines[O iii℄ λ 4363, λλ 4959, 5007 are used. Due to the 
lose vi
inity of [Oiii℄ λ 4363 tothe telluri
 line Hgλ4358 the latter has to be removed before measuring the obje
t�ux. La
king a separate sky frame a line �t of the sky in this region is �rst 
reatedusing a few spatial elements sampling the sky, this sky-�t is then subtra
ted fromall obje
t spe
tra in this wavelength region.
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d)Fig. 3. Map of the extin
tion 
oe�
ient c (upper panels) and ele
tron temperature
Te (lower panels) for the inner parts of NGC7662. The left panels a) & 
) showderived maps that have not been 
orre
ted for DAR, while the right panels b) & d)have been 
orre
ted. The lo
ation of the 
entral star is marked with the symbol ⋆and 
ir
les indi
ate regions also observed by [1℄ (see table 1). Both upper panels usethe same 
olor table. In panels 
) & d) Te is given in 103 K. Rows and 
olumns ofspatial elements on the N-E most sides in panels b) & d) have been removed duringthe DAR 
orre
tion pro
edure sin
e they depend on �ux from unobserved regionsoutside the IFU. For further details see Se
t. 3.3 Results and Dis
ussionA useful feature of 3D-spe
tros
opy is that it is straightforward to 
orre
t for dif-ferential atmospheri
 refra
tion (DAR). Due to this refra
tion photons of di�erentwavelength risk being 
aught in separate spatial elements. In fa
t, if observationsare 
arried out at a larger airmass, intensity gradients are present and emission linesof di�erent wavelengths are 
ompared, it is in
reasingly important to make this 
or-re
tion. In this 
ase the airmass was about 1.3. Illustrating the in�uen
e of DAR,maps of the 
entral parts of NGC7662 for the extin
tion 
oe�
ient c and ele
trontemperature Te are shown in Figs. 3a & 
 (no DAR 
orre
tion) and Figs. 3b & d(DAR 
orre
ted). When this 
orre
tion has been applied the rim � seen as a diago-nal oval in the 
enter tile in panel a � is less pronoun
ed in c and the peak where
c ≈ 0.9 in the inner halo disappears; 
ompare panels a & b at E-W≃ −22′′. Alsothe temperature stru
ture 
hanges. The DAR 
orre
tion pro
edure de
reases thepat
hiness in both quantities c and Te, an inevitable 
onsequen
e of the unavoidablespatial interpolation a
ross the IFU.As Fig. 3 shows neither the extin
tion 
oe�
ient nor the ele
tron temperaturemap are well determined in the halo; for E-W o�set <∼ −22 ′′. To in
rease the signal-to-noise in these weak regions spatial elements 
an be binned using maps su
h asthat shown in Fig. 2. Resulting radially binned surfa
e brightness pro�les are shown
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Fig. 4. Radial stru
ture of the surfa
e brightness of emission lines of NGC7662. Thepanels on the right show the 
orresponding Hβ-normalized surfa
e brightness. Allordinates are, moreover, logged. The radial lo
ations of the three tiles are indi
atedin the upper part of the lowermost panel. Top panels (a)) show integrated inten-sities of Balmer lines, and the bottom panels (b)) oxygen lines. Verti
al gray barsindi
ate the lo
ation of the rim, at R = 6′′, and the edge of the shell, at R = 13′′.
R = 0′′marks the lo
ation of the 
entral star. Error bars show the spaxel-to-spaxelvariation (standard deviation) of the intensity of all spatial elements at a 
ertainradius � for 
larity not for all lines. In the bottom panel the in
rease of [O iii℄λ 4363relative to [O iii℄λλ 4959, 5007 for R > 13′′ is due to a temperature in
rease in thehalo. Also note the di�eren
e between intensities in the inner PN and halo, rea
hinga fa
tor of 1000 and larger.in Fig. 4 for the three oxygen lines, Hβ, Hγ, and Hδ. Note the large di�eren
e in the(log:ed) surfa
e brightnesses between 
entral and outer regions. The intensity-stepsbetween the 
enter and middle tiles seen at R ≈ 8′′ are due to the asymmetry ofthe inner nebula; the same steps are smaller at R ≈ 24′′. The temperature sensitiveline [O iii℄λ 4363 is measurable out to R = 30′′.The resulting radial ele
tron temperature stru
ture is shown in Fig. 5, both usingdata not 
orre
ted for DAR (right) and 
orre
ted data (left; gray lines are also not
orre
ted in this panel). Important to note is the strong temperature gradient inthe region 13′′ ≤ R ≤ 22′′ in whi
h the temperature in
reases by about 6500K fromthe trough in the shell. Also 
ompare to the value measured by [5℄ (shown with thesymbol △ at R = 40′′). Additionally it is seen that this temperature di�eren
e islarger by about 103 K when the data has been 
orre
ted for DAR. There is also adi�eren
e 
ompared to [7℄ where the binning was elementary, no DAR 
orre
tionwas made and the sky subtra
tion was very simpli�ed.
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a)Fig. 5. Radial temperature stru
ture of NGC7662 a
hieved using the spatial ele-ment binning map of Fig. 2. Gray lines (without error bars) were for both panels
al
ulated with a 
onstant extin
tion 
oe�
ient throughout the entire region; c = 0.1& 0.4 for the lower and upper lines, respe
tively. Bla
k lines were 
al
ulated usingthe variable extin
tion 
oe�
ient of Fig. 3; being 
onstant (c = 0.23) for R ≥ 17′′.In panel a) the bla
k line data was 
orre
ted for DAR before 
al
ulating the temper-ature, this was not done for the bla
k line in panel b). The di�eren
e is the largestfor 10′′ ≥ R ≥ 21′′. Fort further details see Se
t. 3.4 Understanding the observations with modelingAn in
reasing temperature in the halo like that shown in Fig. 5 
annot be explainedwith a hydrostati
 or stationary PN model. However, using a radiation hydrody-nami
s model it 
an be explained as a dynami
 e�e
t of the passage of an ionizationfront; that is non-equilibrium heating and 
ooling immediately after the passage ofthe ionization front [4, 9℄. In Figs. 6a�
 su
h a temporal model sequen
e is shownfor a so-
alled R-type ionization front 
overing a period of 125 years (this model hasnot been 
hosen to �t the observed properties). The radial region 
orresponding tothe inner halo in Fig. 5 is 4 × 1017 <∼ r <∼ 10 × 1017 
m. During the passage of thefront the outer halo halo is being ionized (blue line), simultaneously the tempera-ture 
hanges rapidly by 5000K in the inner halo. Additionally, note the di�eren
ebetween a
tual (dashed) and proje
ted (line marked with �*�) temperatures whi
his about 103 K at r ≃ 10 × 1017 
m.Clearly, in
orre
t abundan
es are obtained in this region when the analysis isbased on equilibrium photoionization models whi
h 
annot a

ount for the measuredtemperature enhan
ement. Moreover, spe
tros
opi
 temperatures are a�e
ted byproje
tion e�e
ts and potentially 
an also lead to erroneous abundan
e determina-tions. Note that sin
e intensities are so low in the outermost halo (r > 15×1017 
m)it will in most 
ases be very di�
ult to determine a temperature there. The in
reasein the density at the edge of the halo at r ≃ 15× 1017 
m (solid lines; 
orrespondingto a radius of about 70′′ in Fig. 1) is seen in an in
rease of the (modeled) surfa
ebrightness of both emission lines in panel d).
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c)

a) b)

d)Fig. 6. Radiation hydrodynami
 model sequen
e (panels a)�
)) showing the evo-lution of the physi
al stru
ture in a planetary nebula as the halo is being ionized;the period shown is 125 years long. In panel 
) the gradient in the spe
tros
opi
temperature (red line marked with �*�) for 4× 1017 ≤ r ≤ 10× 1017 
m 
orrespondsto the observed temperature gradient shown in Fig. 5. Panel d) shows two 
al
ulatedsurfa
e brightness 
urves � like those in Fig. 4 � for instant, 
).5 Con
lusionsThrough the use of 3D spe
tros
opy observations of physi
al stru
tures in faint halosof planetary nebulae have be
ome feasible. Su
h halos are worthwhile observing sin
ethey are relatively undisturbed re
ords of the �nal stages of mass loss on the AGB.A 
ru
ial emission line when determining the ele
tron temperature is [O iii℄ λ 4363,whi
h also is a very weak line. Consequently, an important 
ontribution of 3D spe
-tros
opy is that it allows a binning of spatial elements to in
rease the observedsignal-to-noise in su
h lines. An improved analysis of the temperature stru
ture inNGC7662 
on�rms the presen
e of a strong temperature gradient in the inner halo.The hot stru
ture, whi
h o

urs during the pro
ess of photo-ionizing the halo, 
annotbe explained without a time-dependent model des
ription. Estimates of abundan
esin the halo, �nally, also have the potential of being based on in
orre
t temperaturesif no di�eren
e is made between a
tual and proje
ted temperatures.A
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