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Abstract: In addition to large-scale structures, planetary nebulae (PNe) show small-scale structures
that emit mainly in low-ionization species such as [N II], [S II], [O II], and [O I], known as LISs.
Here, we present the analysis of optical long-slit spectra, for three slit positions, of the PN IC 4593,
which possesses a pair of knots and an isolated low-ionization knot. The motivation for this work
is the need to characterize LISs completely to evaluate their impact on the PNe studies. These data
allow us to derive the physical properties and ionization state for each morphological component of
the nebula, including its pair of knots and individual knot. Due to the large uncertainties in the [S II]
derived electron densities, we cannot confirm any contrast between the LISs’ electron densities
and the surrounding nebula, found in numerous other LISs. Though the lack of spatially-resolved
physical parameters in the literature prevents further comparisons, in general, our results derived for
the entire nebula agree with previous studies.
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1. Introduction

Planetary nebulae (PNe) are the products of stellar wind interactions, at the latest stages on
the evolution of low- and intermediate-mass stars. The schematic view of PNe can be given by their
large-scale structures such as rims, shells, halos, and for a significant number of them, also by their
small-scale, low-ionization ([N II], [S II], [O II], and [O I]) structures (LISs) (e.g., [1–5]).

LISs appear in a variety of morphologies: knots (isolated or in pairs), filaments, jets, and jet-like
structures, of low ionization, attached to or detached from the main shells of the nebulae [3].
Previously, more acronyms were attributed to LISs by different authors: fast, low-ionization emission
regions (FLIERs; [6]); bipolar, rotating, episodic jets (BRETs; [7]); or slowly moving low-ionization
emitting regions (SLOWERs; [8]). Their physical properties, like electron temperature (Te), electron
density (Ne), and chemical composition (ionic and total abundances) have been extensively studied by
several groups. Some overall conclusions are: (1) There is no significant difference in the Te between
LISs and the surrounding nebular medium. (2) LISs’ Ne is found to be systematically lower than or
equal to the electron densities of the surrounding nebular medium. (3) There is no overabundance of
any element in LISs, as compared to the rest of the nebula. (4) The total mass of LISs must be mostly
neutral, in order to overcome the discrepancy between the model predicted and the observed electron
densities (e.g., [2,4–6,9–16]).

Though several studies have been carried out in order to explore the ionization structure
of the different nebular components, with the aim to disentangle the excitation mechanism of LISs
(stellar UV radiation and/or shocks), the results are not robust enough, and the issue deserves much
more attention. In this work, we present the preliminary results from the spectroscopic analysis of
IC 4593, a planetary nebula with a complex morphology that possesses a system of asymmetrical
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shells and LISs (pairs and isolated knots). Here, we follow [17] for the morphological nomenclature
(Figure 1).
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Figure 1. Left: The [N II] image of IC 4593, from [18], on which the extraction windows of the different
components are superposed as boxes, for the integrated emission (Neb; in red), the shells (in cyan), and
the low-ionization species (LISs) (A, B, and C; in green). The extension of these nebular components
are as follows. Neb has the same extension in all directions, 15 arcsec. PA= 0◦: 5.6 arcsec, shell. PA =
62◦: 3.5 arcsec, shells; 2.1 arcsec, C. PA = 139◦: 6.3 arcsec, shells; 3.5 arcsec, for A and B. The slit lengths
are >13.7 arcmin for PA = 0◦ and 4 arcmin for PAs 62◦ and 139◦. Right: The spatial profile of the [N II]
and [O III] emission lines, normalized to 1.0, and the [N II]/[O III] line ratio, along the 139◦ slit.

2. Observations

Optical spectroscopic data of IC 4593 were obtained using the Intermediate Dispersion
Spectrograph (IDS), on the 2.54 m Isaac Newton Telescope (INT), at the Observatorio del Roque
de los Muchachos, in Spain, and the Danish Faint Object Spectrograph and Camera (DFOSC), on the
1.54 m Danish telescope, at the European Southern Observatory (ESO), La Silla, Chile. For the IDS,
the R300V grating and the TEK5 CCD camera, as well as a slit of 1.5 arcsec width and 4 arcmin
length were used, resulting in a dispersion of 3.3 Å pixel−1, in the spectral range between 3650 and
7000 Å, and a spatial scale of 0.70 arcsec pixel−1. The DROSC was equipped with the 2000×2000 CCD
camera with a 15 µm pixel size. Grism #4 (300 lines mm−1) was selected together with a 1.0 arcsec slit
width and >13.7 arcmin length, covering from 3600 to 8000 Å in wavelength, with a dispersion of
2.2 Å pixel−1, and a pixel size of 0.4 arcsec.

Three different position angles (P.A.) were selected: 0◦, obtained with DFOSC, on 12 April 1997;
62◦ and 139◦, observed with IDS, on 29 August 2001. In Figure 1, we show the [N II] image of IC 4593,
superposed with the extraction windows of the nebular structures analyzed in this work.

3. Preliminary Results and Discussion

In order to explore the ionization structure of IC 4593, in a spatially-resolved fashion, individual
spectra were extracted from the different PAs (see Figure 1). The emission-line fluxes, as well as
the interstellar extinction, c(Hβ), Ne, and Te were determined and are presented in Table 1, for the
position angles 0◦and 62◦, and in Table 2, for PA 139◦. The nebular components analyzed here
were: (i) the pair of knots, A and B (PA of 139◦); (ii) the individual knot, C (PA of 62◦); (iii) the shells
(all PAs); and (iv) the Neb, the integrated emission, in all directions.

c(Hβ), the interstellar extinction, was found to vary from 0.05 to 0.16 in the entire nebula.
The average value was 0.10 ± 0.01, which was in good agreement with the values reported in previous
works (e.g., 0.08 ± 0.21 [19], 0.125 ± 0.041 [20] and 0.24 ± 0.16 [21]). In fact, by inspecting the tables,
we see that this parameter varied from one to another structure and direction, which suggested real
extinction variation within the object.
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Te [O III] had values between ∼7500 and 10,000 K, very much in agreement with [19–22], who
obtained, respectively, 8700, 9200 ± 500, 8900, and 8500+300

−200 K for the [O III] temperature of IC 4593.
For Te [N II], we derived values from ∼8800 to ∼12,300 K, again in good agreement with [21,22],
which reported [N II] electron temperatures of 11,400 and 9700+1300

−900 K, respectively. As in the
Introduction, many authors reached the same conclusion that the electron temperatures of the PNe
that contained LISs were roughly homogeneous for all nebular components, a trend that was also
clearly present in our study of IC 4593.

Regarding the electron densities, Ne [S II] was found to assume values between ∼2000
and ∼2300 cm−3, while [19–21] found the following: 1860, 2000 ± 1500 and 2000+700

−500 cm−3,
respectively. Unfortunately, Ne was based solely on the [S II] doublet, which was very faint in all
structures of this nebula, leading to these poor results with error bars on Ne too large to draw any
conclusions about the difference in electron density between the LISs and the nebula.

On the other hand, as anticipated in the Introduction, several authors have reported similar trends,
implying that LISs have lower or at least equal electron densities, if compared to those derived for the
surrounding medium (e.g., [5,6,9,11]).

LISs’ electron density comparisons are particularly interesting because they pinpoint the need to
understand if there is a real contradiction between theoretical models and observations. Perhaps, by
turning attention to the molecular gas and dust components, this controversy between results and
models disappears. Actually, recent observations have unveiled that LISs in PNe are also made of
molecular hydrogen (H2) (e.g., [15,16,23–25]). These discoveries have provided a confirmation of the
scenario proposed by [11] that LISs are dense molecular structures similar to the cometary knots of
PNe like Helix and Dumbbell [26,27]; see Akras et al.’s contribution in [28]).

Table 1. Results for position angles 0◦ and 62◦. Percentage errors are given within parentheses.

PA = 0◦ PA = 62◦

Neb Shell Neb NE Shell SW Shell C
15” 5.6” 15” 3.5” 3.5” 2.1”

log F (Hβ) −11.44 −12.09 −11.22 −12.30 −11.64 −13.04
c (Hβ) 0.16 ± 0.02 0.05 ± 0.01 0.05 ± 0.01 0.00 ± 0.01 0.00 ± 0.01 0.01 ± 0.02

Ne[S II] (cm−3) 2010 (>50%) 1870 (30%) 5920 (>50%) 1700 (45%) 2130 (31%) 1900 (47%)
Te[O III] (K) 7980 (4%) 7530 (3%) 7870 (5%) 8240 (4%) 8180 (2%) 8670 (8%)
Te[N II] (K) - 9570 (16%) 8760 (24%) 10,000 (19%) 8950 (8%) 9590 (21%)

Table 2. Results for position angle 139◦. Percentage errors are given within parentheses.

PA = 139◦

Neb A SE Shell NW Shell B
15” 3.5” 6.3” 6.3” 3.5”

log F (Hβ) −11.21 −13.64 −12.07 −11.43 −13.53
c (Hβ) 0.08 ± 0.02 0.24 ± 0.07 0.24 ± 0.01 0.07 ± 0.02 0.12 ± 0.10

Ne[S II] (cm−3) 2310 (>50%) 2000 (>50%) 1810 (46%) 1460 (>50%) 1800 (49%)
Te[O III] (K) 8660 (5%) 8920 (28%) 8030 (3%) 8980 (5%) 9990 (18%)
Te[N II] (K) 10,520 (27%) 12,260 (28%) 9770 (20%) 9440 (25%) 9550 (21%)

4. Future Work

It is clear that more PNe need to be spectroscopically observed with high SNR in order to
explore the electron density differences of LISs in contrast with other nebular components. Hen 2-429,
NGC 6543, NGC 6905, Hen 2-186, and NGC 3918 are presently under analysis in our sample. In most
of the cases, spectra are deep enough to allow more robust results about the electron density contrasts,
as well, and will be published in forthcoming papers.
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In connection with the need to investigate the non-ionized content of LISs, the work in [29]
concluded that the missing mass problem in PNe could be unscrambled with more accurate data of
molecular gas, since otherwise, we would be restricted to only the ionized mass. In fact, the cometary
knots in the Helix nebula can be good examples of this absence of information applied to the case of LISs
(see [30]). Moreover, one of the Helix cometary knots was demonstrated to have a molecular-to-ionized
mass ratio of ∼105 [31,32], or even a higher ratio according to the more recent CO observations [33].
To further illustrate how much additional mass can be hidden in the form of dust and molecules (H2 +
CO) in the cometary knots of the Helix nebula, see [34] and [32,33], respectively.

Therefore, besides the study of the aforementioned nebulae and their LISs in the optical regime,
it is also necessary to obtain new data in the near-IR and millimeter wavelengths and study their
molecular content (H2 and CO). So far, excluding a couple of PNe with cometary knots, H2 was
detected in another six PNe with LISs (see [15,16] and the references therein). It is still an open
question whether, besides the Helix cometary knot, the other LISs are also made of cold CO gas. Such
observations would allow us to tackle the LISs’ missing mass problem by measuring the amount of
molecular mass in the two most abundant molecules, H2 and CO.

5. Conclusions

In this contribution we discussed the physical properties (c(Hβ), Ne and Te) of IC 4593, obtained
from the optical spectra of its shells and LISs (a pair of knots and an isolated knot) as well as of the
entire nebula, for three different position angles.

Regarding the extinction coefficient, the minimal and maximum values are 0.05 to 0.16 and we
found the average of 0.10±0.01, which, as in the case of Te and Ne for the entire nebula, are in good
agreement with previous works. Moreover, our results show that this nebula has significant variation
of the extinction from one to another component and direction. Regarding the electron temperatures,
we have shown that Te are homogeneous along all directions of the nebulae, no matter if considering
its shells or low-ionization knots, and amount to 8000 − 9000K for Te[O III], and 9000 − 10000K for
Te[N II]. Due to the large Ne[SII] uncertainties, when comparing one to another component of IC 4593,
we cannot give as robust conclusions as for Te. Although face values of 2000cm−3 [S II] electron
densities were found indistinctly for the LISs and the surrounding medium, following a trend found
in previous spatially resolved studies of PNe that contain low-ionization knots.

Despite the results presented here, clearly much more such kinds of analysis are needed for PNe
with all the diversity of LISs’ types and for different wavelength ranges (near-IR and millimeter). Only
then we will achieve a complete understanding of the physical processes that result in the formation of
the various types of LIS.
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