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Abstract

In this contribution, we present the results of a study on the high abundance discrepancy
factor (ADF ~ 10) planetary nebula (PN) NGC6153 with MUSE. We have constructed
flux maps for dozens of emission lines, that allowed us to build spatially resolved maps of
extinction, electron temperature (7), electron density (n.), and ionic abundances. We have
simultaneously constructed ADF maps for Ot and O?* and found that they centrally peak
in this PN, with a remarkable spatial coincidence with the low T, found from recombination
line diagnostics. This finding strongly supports the hypothesis that two distinct gas phases
co-exist: one cold and metal-rich, and a second warm and with “normal” metal content. We
show that to build T,([N 11]) and ionic abundance maps of low-ionization species for these
objects, recombination contribution to the auroral [N 11] and [O 11] lines must be properly
evaluated and corrected.

1 Introduction

Since [16] first reported it, the abundance discrepancy problem, i. e., the long standing
difference between the chemical abundances computed for a given metal ion from recom-
bination lines (RLs) or collisionally excited lines (CELs) has cast doubt on the chemical
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abundances determinations in both planetary nebulae (PNe) and H 11 regions. The RL/CEL
ratio, the so-called abundance discrepancy factor (ADF) can show extreme values (up to
700) in some PNe. Some scenarios have been proposed to explain this problem (see [4] and
references therein). However, for PNe there are several observational evidences pointing to
the presence of two gas components with different chemical composition (and possibly kine-
matics) ([2, 6, 15, 11, 3, 9, 12, 13]). This bi-abundance scenario (first proposed by [14])
consists of a “normal” chemical composition gas with a relatively warm electron temperature
(T ~10,000 K) that emits mainly the metal CELs and the H and He RLs , and an H-poor gas
with a much lower temperature (~1,000K) and higher density whose emission is dominated
by metals RLs.

NGC 6153 is a southern PN with strong emission of metal RLs, thus making it a good
object to address the abundance discrepancy problem ([8, 10, 15, 17, 7, 13]). The chemical
composition of this PN has been extensively studied by different authors who hypothesised
on the presence of two plasma components based on deep multi-wavelength spectroscopic
data ([8]) or on integral field spectroscopy ([15]). Very recently, making use of a very high-
resolution spectra and position-velocity maps, [13] reached a similar conclusion with the
addition of finding also differences in the kinematics of the gas between the two components.
From the theoretical side, empirical, one-dimensional, and 3D photoionization models have
been constructed for this object considering a chemically inhomogeneous gas, successfully
fitting both the RLs and CELs ([8, 10, 17, 7]) and hence, strengthening the bi-abundance
scenario for this object.

The analysis of 2D spectroscopic data of PNe with large ADFs have revealed that extreme
care should be taken when constructing physical conditions and ionic abundance maps, es-
pecially for low ionization species (see [5]). In this work we present some of the preliminary
results we have obtained from the analysis of very deep MUSE data of NGC 6153.

2 Observations

NGC 6153 was observed with the Multi Unit Spectroscopic Explorer (MUSE) integral-field
spectrograph ([1]) on the Very Large Telescope (VLT), in seeing-limited mode, on the night
of 6 to 7 July 2016. We used the extended mode of MUSE (WFM-NOAO-E), which covers
the wavelength range 460 — —930 nm with an effective spectral resolution that increases from
R ~ 1600 at the bluest wavelengths to R ~ 3500 at the reddest wavelengths. The on-
target exposure time was 2320 s divided in several long and short exposures. The observing
conditions, observation techniques and reduction process have been described by [5].

3 Electron temperature maps

From the MUSE observations of NGC 6153, we have constructed flux maps and their uncer-
tainties for more than 60 emission lines following the same methodology as described by [5].
We then built spatially resolved maps of extinction, electron temperature (7), electron den-
sity (ne), and ionic abundances. The T, and ne maps were obtained using different line ratios
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Figure 1: Left panel: spatial distribution of the auroral [N 11] A5755 emission line in the PN
NGC 6153 prior to applying the recombination contribution. Middle panel: spatial distribu-
tion of the N 11 A5679 RL. Right panel: same as left panel but after applying the recombination
contribution correction, considering a constant n, = 10*cm™ and T, = 2,000K for the re-
combination emission.

as diagnostics (e.g., [N 11] A5755/A6548 and [S 111] A6312/A9069 for T, and [S 11] A6731 /16716
and [Cl 111] A5538/A\5518 for ne). However, the diagnostics based on second-row elements such
as O and N can have an important contribution from recombination to the low metastable
levels, like [N 11] A5755 and [O 11] AA7320, 7730, that if not corrected, will lead to an overesti-
mate of the temperature. This may be especially important for spatially resolved observations
of PNe with high ADF, where in extreme cases, the [N 11] A5755 emission can be dominated
by recombination (see Fig. 7 in [5]).

In this work, we present the recombination contribution to [N 11] A5755 in the PN NGC 6153
(ADF~10 [8, 15]). In the left panel of Fig. 1 we show the spatially resolved emission of
[N 11] A5755. To estimate its recombination contribution we use Eq. 1 presented by [5], which
is based on the emission of N 11 A5679 (middle panel of Fig. 1) and the recombination emis-
sivities of j5755(Te, ne) and js679(Te, ne). [13] presents an estimate of the electron temperature
and density of the recombination emitting region in NGC 6153, giving an average value of
Ne = 10*ecm ™3 and T, = 2,000 K. We use these values for the recombination emissivities.
The corrected [N 11] A5755 emission map is presented in the right panel of Fig. 1, which shows
the main emission in two bright knots and on the edges of the nebula’s main shell, while the
uncorrected flux also shows a bright emission at inner regions of the nebula. To emphasize
the importance of this correction, in Fig. 2 we show the [N 11] A5755/\6548 temperature
distribution map with and without applying the correction on the top right and left panels
of Fig. 2, respectively. Notice the considerably higher temperatures in the inner parts of the
nebula that are predicted without the correction. We also explore the effect of increasing the
temperature of the recombination emitting region to 4,000 K and 6,000 K (bottom left and
bottom right panels of Fig. 2), which results in a decrease on the temperature in the inner
parts of the nebula.

We tried to compute T, and n. from metal RL diagnostics in order to break the degen-
eracies found by [5] when trying to fully characterize the H-poor component. However, the

'Hereafter all wavelengths will be in A.
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Figure 2: Electron temperature map computed from the T,-sensitive [N 11| AA5755/6548
line ratio. In the top left panel we show the map with no recombination correction to the
[N 11] A5755 auroral line; in the top right, bottom left, and bottom right panels we show the
maps constructed with the recombination correction, considering a constant n, = 10*cm™3
and T, = 2,000 K, 4,000 K, and 6,000 K, respectively, for the recombination emission.
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most sensitive O 11 and N 11 RLs are either out of the wavelength range covered by MUSE or
the maps constructed were too noisy to reach any conclusion. As already pointed out, [13]
could estimate the physical conditions of the H-poor component of the gas where most of the
metals recombination emission comes. These values can be used to qualitatively estimate the
influence of the cold region on abundance determinations and to determine the oxygen mass
ratio between the cold and the warm regions (Gémez-Llanos et al. in prep.)

4 The abundance discrepancy maps

Once we computed the ionic abundances from CELs and RLs, we constructed the abundance
discrepancy factor maps for Ot and O?* following the methodology described by [5]. [15]
constructed the ADF(O?*) map for NGC 6153, but only sampled a small area of the nebula.
[13] made a study on the variation of the ADF over a position-velocity map, finding the
highest values at positions close to the central star. These authors also find that the ADF
was close to the unity in the diffuse emission beyond the receding side of the main shell of
the nebula. As far as we know, this is the first time that the ADF is mapped for the whole
nebula.

On the other hand, we have constructed the H 1 RL temperature diagnostic from the ratio
of the Paschen jump to the H 1 P9 \9229 line, following the same methodology described by
[5]. This temperature diagnostic can provide hints on the influence of the cold gas on the
computation of the global physical conditions in the nebula (Gémez-Llanos et al. in prep.).

In Fig. 3 we present the spatial distribution of log[ADF(O1)] (left panel) and log[ADF(O%*")]
(central panel). In both maps, the ADF peak is clear in the central parts of the nebula, al-
though the ADF wvariation in these central zones is not as extreme as that in the three
high-ADF PNe presented in [5]. This is an expected behaviour if we take into account the
lower ADF value in the integrated spectrum of NGC6153. In the right panel of Fig. 3, we
illustrate the spatial distribution of the T, obtained from the H 1 Paschen jump. The spatial
coincidence between the high values of the ADF(O?*) and the low 7T.,’s in this map is remark-
able. This behavior strongly supports the hypothesis of the presence of a cold, metal-rich gas
phase embedded in a warm gas phase with “normal” metal content. The full analysis of the
NGC 6153 MUSE data set will be presented in a forthcoming paper (Gémez-Llanos et al., in

prep.).
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Figure 3: Spatial distributions of log[ADF(O%)] (left panel) and log[ADF(O?*)] (central
panel). In the right panel we show the T, map obtained from the Paschen jump relative to
H 1 P9 \9229 line.
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