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1. Herschel Planetary Nebula Survey (Her PlaNS)

The Herschel Planetary Nebula Survey (HerPlaNS; [1]) is@anetime program of theler-
schel Space Observatofg]. Our chief objective is to examine the spatially-resal\far-IR char-
acteristics of planetary nebulae (PNs; Table 1) as energgstems of gas and dust. Far-IR obser-
vations allow simultaneous probing of the dust componemtheérmal continuum emission and the
gas component via far-IR fine-structure and molecular lmésion without much extinction. The
spatially-resolved energetics as a function of locatiothase nebulae will provide more insights
about the evolution of the central star and circumstellaiish In this contribution, we present a
brief overview of the survey and its data products, sumrirayithe potential of the data set using
NGC 6781 as an example (82), and hint at expectations forrth@feSPICA(83). A complete
account of the present summary is found elsewhere [1].

2. HerPlaNS Data Demonstration with NGC 6781

NGC 6781 is a PN near the end of the interior nuclear burningssehwhose central star
(CSPN) is of 110kK [3] and 385/ at 950+ 143 pc away [4]. Comparison of these parame-
ters with evolutionary tracks of [5] suggests that the @hitind present masses of the central star
are 1.5 and 0.6 M, respectively, and the age of the PN since the AGB turn-a@hisL0* yr.

The optical nebula of NGC 6781 shows a signature “ring” df &lius within a diffuse, low-
emission nebula extending 198 160’ [6, 7]. Morpho-kinematic observations in molecular lines
[8, 9] indicated that the nebula is a nearly pole-on cylindéh an equatorial enhancement (i.e.,
barrel) with a dynamical age of:410*yr at the adopted distance of 950 pc. Hence, the spatially-
resolved data of NGC 6781 will reveal variations nebularngitias in the equatorial plane as a
function of radius, taking into account the height of thedbp structure along the direction of the
line of sight.

Table 1: List of HerPlaNS Target PNs

Name PN G MorpA D R Age T H, X-Ray?
(kpc)  (pc)  (16yn (10°K)
Mz 39 331.7-01.0  Bps 1-3  0.1-02 0.6-2 32 Y D,P
NGC2392 197.817.3  Rsai 1.3 0.14 3 47 N D, P
NGC 40 120.6-09.8  Bbsh 1.0 0.11 4 48 N D
NGC6543 096.429.9 Mcspa 1.5 0.09 5 48 N D, P
NGC6826 083.5312.7 Ecsah 1.3 0.08 5 50 N D,P
NGC7026 089.0+00.3 Bs 1.7 016 <1 80 N D
NGC7009 037.7345 Lbspa 1.5 0.09 3 87 N D, P
NGC3242 261.632.0 Ecspaih 1.0 0.10 4 89 N D
NGC6781 041.802.9  Bth 1.0 0.32 26 112 Y N
NGC6720 063.413.9  Ecsh 0.7 0.13 6 148 Y N
NGC6445 008.803.9  Mpi 1.4 0.14 3 170 Y P

(a) According to the morphological classification by [10p) The HerPlaNS sample is a subset of the Chandra X-ray
Planetary Nebula Survey [11]: D - diffuse, P - point-sourcea) detection. (c) Not a ChanPlaNS target PN. The PSF
of XMM-Newton does not allow clear determination of the mnese of a point source. (d) Not a ChanPlaNS target PN.
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Figurel: [Left]HerPlaNS broadband far-IR images of NGC 6781 with ldrl] image taken at the Nordic
Optical Telescope (NOT) [7]. The far-IR peak surface bnigisis and I sky noise in mJy arcseé are
indicated at the bottom-left and right corners, respebtivit the top-right corner, the beam is shown: 5.61,
11.39, 18.2, 24.9, and 36, 3espectively. Contours are 90, 70, 50, 30, 10, and 5 % ofeh&, mnd the black
contour indicates 2 threshold. The pixel scales are 1, 1, 2, 6, 9, and 14 arcseé,pixspectively, from top
left to bottom right. [Right] Top Lef) The dust temperaturd@d,s) map of NGC 6781 at the 14” resolution
derived by a power-law dust emissivity fit. The peak is 41.3#th contours at a 2K interval from 40 to
26 K. TheseTyy,st contours are always overlaid in other frame3of Righj the NOT [O 111]A5007 map
showing the high-ionization regionsB¢ttom Leff The power-law index) map at the 3@” resolution.
(Bottom Righ) The dust column mass density (Nbix 1) map at the 114” resolution.

2.1 Broadband Imaging: Diagnostics via Dust Continuum

HerPlaNS broadband imaging consists of PACS imaging of & 60800’ field at 70 and
160um and SPIRE imaging of a 240 480’ field at 250, 350, and 500m. Far-IR images of
NGC 6781 (Figure 1, left) reveal the signature ring of thernmde-on cylindrical barrel. The to-
tal fluxes are measured by aperture photometry with tlagy3threshold (Table 2). The surface
brightness distribution at 70m is co-spatial with low-ionization optical line emissiofihe emis-
sion peaks at the eastern and western rims represent thieppivies of the inclined barrel. The
extent of the far-IR emission is about the same as the difiNdg emission of a deep exposure
image (about 100radius at 5g; [6]).

Table2: Far-IR Image Characteristics and Photometry of NGC 6781

Band A AA I peak Osky Fy

(um) (um) (mJyarcsec®) (mJyarcsec?) Jy)
PACS Blue 70 25 11.623 0.022 a2+ 3.28
PACS Red 160 85 6.68 0.06 B8+ 3.28
SPIRE PSW 250 76 2.41 0.06 8a+4.60
SPIRE PMW 350 103 0.982 0.042 B6+2.25
SPIRE PLW 500 200 0.327 0.046 .44+1.02
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By fitting these emission maps with the power-law dust ewitys{S, 0 A B, (Tausy), Where
B is the dust emissivity index anty,s; is the temperature), we successively derive Bhelquss
optical depth, and dust column mass density maps (Figurgtt).r The highTgyystregion ¢ 40 K)
is co-spatial with the [O I11IR 5007 line emission, delineating the highly-ionized innairbl cavity.
The 3 map is almost entirely unity, suggesting a carbon-basedar@at dust [12], consistent with
the previous assessments [7, 15].

Because far-IR thermal dust continuum is optically thiggd,m = 10~° to 10-° on the “ring”),
the dust column mass density map probes the whole nebulh deptg the line of sight, corrob-
orating the pole-on barrel structure previously only irderand modeled with optical data. By
integrating over the entire nebula, the total amount ofiRaemitting dust is determined to be
Mqust= 3.8 x 10~3 M, and roughly 50 % of which appears contained in the cylinditicarel.

2.2 Spatio-Spectroscopy: Diagnostics via Gas Emission

HerPlaNS spectroscopy includes PACS integral-field ove230um, resulting in 25 spectra
over a 47 x 47’ field and SPIRE Fourier-transform spectroscopy resultin5 spectra in the
SSW band (194-318m) and 19 spectra in the SLW band (303—4if2) over a field of a~ 120’
radius. Figure 2 shows spectra for the whole 51-@i#2at two spatial pointings (at the center and
eastern rim), at which continuum is detected at alygl® mJy arcsec® in the PACS range and less
than a few mJy arcseé in the SPIRE range. Thermal dust continuum emission in tt@$range
is generally stronger at the eastern rim, but is about the sdrhoth pointings in the SPIRE range.
This indicates that a cold dust envelope surrounds thealdrighly-ionized cavity.

Besides continuum, a plethora of lines are detected. Thivelline strengths of the two
pointings suggest that the central cavity is more strormiyzied. While rich in lines, we determine
that line contamination in broadband images is at most 208édan these spectra. Moreover,
PACS/SPIRE spectra taken by arrays of spaxels/bolometerberendered into spectral line maps
by integrating the data cube over specific emission linegu{fei3). In the case of NGC 6781, we
derived the electron temperaturg)(and electron densityng) maps using far-IR line ratio maps
(e.g., [O 1] 52um/88um and [N I1] 122um/205um) augmented with other optical-to-far-IR line
ratio maps (e.g., [O IR 5007/88um and [N 1] A6583/122um) by solving the equation of statis-
tical equilibrium [13—15]. Moreover, thesdg n;) maps can be translated into ionic/elemental
abundance maps [16]. Here we show 1-D profiles along thedrjdial radius (Figure 3). Thé&.
profiles reveals constafit (~9,000 K) in the highly-ionized barrel cavity, surrounded thg T,
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Figure3: (Left) Spatial variation of [N [11]57um (top) and [N 1] 122um (botton) line emission in indi-
vidual spectra.Nliddle) The [N 11122 um line intensity maptopp in hug. The logTe profiles (niddlg. The
logne profiles potton). (Right The relative ionic abundance profilasy). The relative elemental abun-
dance profiles (where Iddy = 12; middlé). The C/O and N/O profiledbptton). The legend is given in each
frame —CrossesTe, Ne based on [O 1111 Pluses Te, ne based on [N I1];Triangles C*, log(C/H) + 12, and
C/O, Circles N* (open), N** (filled), log(N/H) + 12, and N/OSquares O?>* and log O/H) + 12.

maximum (10,500 K) beyond whicf tapers off. Thene profiles show a uniform distribution
of a high-ionization gase[O I1] ( pluses ~400 cm 2) and a radially increasing distribution of a
low-ionization gase[N I1] ( crosses100—600 cm?).

Moreover, the ionic abundance profiles reveal the physitatification: the highly ionized
cavity (<30”) in which O™ (>35.1eV) and N (>29.6 eV) are ionized, the inner barrel wal (
50") in which C* (>24.4eV) and N (>14.5 eV) are ionized, and beyond the barrel wa/6(0").
Similarly, the CNO elemental abundance profiles are derivEde marginal N abundance (not
Typel, as NO < 0.5; [17]) suggests that the CSPN is most likely less than.2Mtial mass.

3. Future Prospects

By combining the above analyses of broadband and line mapsaw empirically determine
the gas and dust column maps independently (Figure 4). F& 681, the derived dust-to-gas
mass ratio distribution is in general consistent with adgpballpark figure of roughly 400 for
carbon-rich AGB winds [18]. However, we note that the ratoigs radially from over 550 to 100
over the cylindrical barrel wall. Hence, we may need to reater the presently rampant “one-
value-fits-all” approach of extrapolating the unknown amtaaf gas or dust component by scaling
the empirically determined amount of the other componetth wisingle gas-to-dust mass ratio.
With the rich HerPlaNS data set, we will decipher the spigtia@solved physical stratifications in
these dusty gaseous systems. These insights will enhaaastterstanding of not only the PN
physics itself but also the general far-IR line diagnostised for systems that are not necessarily
spatially resolved (e.g., luminous infrared galaxiesyibich many excellent reports can be found
in the present proceedings issue).
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