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Abstract
We have done a spectroscopical analysis of the type I planetary nebula (PN) NGC 5315,
through high-resolution (R∼40000) optical spectroscopy with UVES at the 8.2m Very Large
Telescope, and medium-resolution (R∼4800) near-IR spectroscopy with FIRE at the 6.5m
Magellan Baade telescope, covering a wide spectral range from 0.31 µm to 2.50µm. The
main aim of this work is to investigate the slow neutron(n)-capture process (the s-process)
in the Asymptotic Giant Branch (AGB) star progenitor of a type I PNe. We detected
and identified about 700 features, including lines from the n-capture elements Kr, Se, and
possibly Br and Xe. We compute physical conditions using line ratios of common ions.
Ionic abundances are computed for the species with available atomic data. We calculate
total abundances using recent ionization correction factors (ICFs) or by summing ionic
abundances. Our results for common elements are in good agreement with previous works
on the same object. We do not find a substantial s-process enrichment in NGC 5315, which
is typical for type I PNe.

1

Introduction

Neutron(n)-capture elements (Z>30) are formed in the s-process, where iron-peak nuclei
experience slow neutron captures alternated with β decays to form heavier elements. The
s-process is activated in AGB stars (1–8 M ), in the intershell region between the H- and Heburning shells. The neutron flux is generated by α-captures onto 13 C (or 22 Ne in AGB stars
with mass > 3−4 M ). As 13 C produces a higher time integrated neutron flux than 22 Ne, the
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stellar mass plays a role in determining the final n-capture element abundance distribution.
The study of the nebular abundance of n-capture elements is crucial to understand the
physical conditions in stellar interiors and the nucleosynthetic histories of stellar populations
(e. g., [8]).
Neutron-capture elements were not identified in any astrophysical nebula until 1994,
when [13] identified emission lines of Br, Kr, Rb, Xe, Ba, and possibly other heavy species
in the bright PN NGC 7027. Since then, many detenctions of n-capture element emission
lines have been reported by several authors in the near-infrared (e. g., [15]; [17]), UV ([16]),
and optical (e. g., [14, 7, 6]) spectra of PNe. The number of n-capture element detections
have spurred atomic data determinations that allow for new and accurate ionization correction factors (ICFs). Deep, high-resolution spectra of PNe with large telescopes such as the
VLT enable the detection of multiple ions of n-capture elements, which further improve the
accuracy of abundance determinations ([6]).
In this work we study NGC 5315, a type I PN. The high concentration of N and He,
and the multipolar morphology of this kind of objects suggest a massive progenitor star
(M > 3 − 4 M ). Furthermore, there are statistical evidences that Type I and bipolar PNe
come from a younger and more massive stellar population. However, three warning should
be made: i) the total abundance of N from optical spectra is uncertain due to the large and
uncertain ICFs ([4]); ii) extra mixing events during during the RGB and AGB phase may
produce N and He, enhancing the final abundances in progenitors with masses lower than
3 M ([12]), and iii) the peculiar morphology may be due to the presence of a close binary
central star ([1]), where the interaction with the companion may truncate the AGB lifetime
hampering the s-process. Taking all this considerations into account even progenitor stars
with masses < 3–4 M may generate type I PNe. The s-process in the progenitors of type
I PNe has been studied just for a few objects ([15]), in which a clear evidence of a little or
absent s-process enrichment is found. However, more observational constraints for type I
PNe are needed to improve the theoretical models in the understanding of the physics of the
stellar interiors and nucleosynthesis in their progenitor stars ([8]).

2

Data and analysis

In this work, we analyze the PN NGC 5315 joining the high-resolution (R∼40000) optical
spectra observed with UVES, attached to the 8.2m Kueyen (UT2) VLT at Cerro Paranal
Observatory (Chile), with the medium-resolution (R∼4800) NIR spectra taken with the
Folded-port InfraRed Echellette (FIRE) spectrograph attached to the 6.5m Magellan Baade
Telescope (MBT) located at Las Campanas Observatory in Chile. We detect, identify and
measure about 700 lines belonging to several ions of different species. Some n-capture ion
line identifications are shown in Fig. 1. Lines were measured using the splot routine in IRAF,
integrating all the flux of a given line between two given limits and over a local continuum
estimated by eye. In some cases of very tight blends including lines of interest we use the
predicted intensities from a detailed Cloudy ([5]) model. Physical conditions and ionic chemical abundances were computed using PyNeb ([10]). We computed physical conditions (Te
and ne ) using diagnostic line ratios of common ions (O+ , O2+ , S+ , S2+ , Cl2+ , Ar2+ , Ar3+ ).
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Diagnostic Diagram for NGC 5315
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Figure 1: Left: Portion of the spectra showing lines profiles of neutron-capture ion features.
Right: Diagnostic diagram for the complete set of ionization zones for NGC 5315.
The selected Te and ne diagnostic line ratios are shown in Fig. 1. Ionic abundances were
calculated for the ions with available atomic data. Finally, to compute total abundances we
used recent ionization correction factors (ICFs) developed by [3] for common elements, and
by [18] for the n-capture elements Kr and Se.
Table 1: Kr and Se total abundances
ICFa (12 + log(Kr/H))
eq. 1
3.61±0.10
eq. 2
3.84±0.25
eq. 3
4.16±0.14
eq. 4
3.60±0.10
eq. 7
–
eq. 8
–
eq. 9
–
a ICFs provided by [18]

3

(12 + log(Se/H))
–
–
–
–
3.88±0.26
2.67±0.14
3.48±0.16

Discussion and conclusions

[18] computed detailed ICFs for the n-capture elements Kr and Se, through a large grid of
Cloudy models spanning a wide range of physical conditions such as temperature and luminosity of the central star, and density and chemical composition of the PN. They propose 3
ICFs for Se and 6 ICFs for Kr. Thanks to the wide spectral range covered by our observations
we have tested for the first time the complete set of Se ICFs. We considered as representa-
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tive of Se abundance the result found with the ICF proposed in their Equation 9, in which
two different ions (Se2+ and Se3+ ) are involved. The derived elemental Se abundances from
Equations 7–9 of [18] disagree, though the abundance from Equation 7 is uncertain due to
the relatively high uncertainties of the Ar and Se2+ abundances, and Equation 8 is the most
uncertain among the ionization correction schemes used for Se ([18]). Observations of [Se
III] 1.0995 µm in additional PNe are needed to more rigorously test the Se ICFs of [18]. For
Kr, we could test only 4 ICFs, and as representative abundance we took an average of the
abundances found with the ICFs of eq. 1 and 4, because the ICF of their eq. 2 show high
uncertainties, due to the relatively large Ar abundance uncertainties, and the ICF of their
eq. 3 is not suitable for low ionization PNe as NGC 5315. The results are shown in table 1.
Table 2: Neutron-Capture Element Abundances
NGC 5315
[Se/Ar]
-0.20±0.26
[Kr/Ar]
0.05±0.26
[Br/Ar]
0.14:/0.68:a
[Rb/Ar]
<0.03
[Xe/Ar]
0.83:
a Considering the line at 6131 Å/line at 6556 Å
In this work we do not find evidences of s-process enrichment in NGC 5315. In table
2, we show the logarithmic difference between nebular and solar ratio abundances, using as
reference element Ar, which is not affected by nucleosynthesis during the life of the stars.
As proposed by [15] a threshold value of 0.2–0.3 dex establishes if the progenitor star has
undergone a substantial s-process enrichment. The most accurate abundance determinations
are for Kr and Se, for which advanced ICFs are available. As is clearly seen in table 2, no
enrichment is found for such elements. We neither found enrichment for Rb and Br, although
the lines detected for such species are very uncertain (or an upper limit in the case of Rb)
and the results must be taken with caution. The upper limit found for the enrichment of Rb
is [Rb/Ar]<0.03, while in the case of Br we report the calculations made with two different
lines of Br2+ . The fainter line at 6131 Å gives no enrichment, while the brighter line at
6556 Å suggests an unexpected enrichment. The detection of each line is marginal, and the
brighter line at 6556 Å may be blended with an unknown feature.
These results lead to a set of possible conclusions. i) Type I PNe may be generated
by massive progenitor stars (M > 3 − 4 M ) and the absence of Rb enrichment suggests the
upper limit M < 6 M ([9]). This result agrees with [18], who found no significant s-process
enhancements in Type I PNe, possibly due to dilution of enriched material into the massive
envelopes of the progenitor AGB stars. ii) Binary interactions could have prematurely ended
the AGB phase of the progenitor before third dredge-up could occur, resulting in no s-process
or C enrichment. This conclusion is supported by the central star radial velocity variations
found by [11], which may be due to a binary companion. iii) Alternatively, our abundance
results are consistent with a single, approximately solar-metallicity progenitor with mass
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Figure 2: Correlation between Kr and C enrichment. Blue square is NGC 5315, yellow
triangle is NGC 3918 ([6]) and red dots are the sample of [7].).
M < 1.5M . Such stars are not sufficiently massive to experience third dredge-up, and the
He and N enrichments could be due to extra mixing processes [12].
Finally we tested the theoretical conclusion that n-capture element and C enrichment
are strongly correlated, as they are processed in the same stellar layers and dredged up
together to the surface during Third Dredge Up episodes ([2, 8]). In Fig. 2 we plot our result
for NGC 5315 (blue square) along with the sample shown in Fig. 10 of [6], finding a clear
correlation. The C/O ratio is calculated using abundances from recombination lines. This
result is very encouraging, but a bigger sample is strongly needed to further strengthen this
predictions.
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1797
[5] Ferland G. J., Porter R. L., van Hoof P. A. M., et al., 2013, Rev. Mexicana Astron. Astrofis., 49,
137
[6] Garcı́a-Rojas J., Madonna S., Luridiana V., et al., 2015, MNRAS, 452, 2606
[7] Garcı́a-Rojas J., Peña M., Morisset C., Mesa-Delgado A.,Ruiz M. T., 2012, A&A, 538, A54
[8] Karakas A. I., Lattanzio J. C., 2014, PASA, 31, 62
[9] Karakas A. I., Lugaro M., 2016, ApJ, 825, 26
[10] Luridiana V., Morisset C., Shaw R. A., 2015, A&A, 573, A42
[11] Manick R., Miszalsky B., McBride V., 2015, MNRAS, 448, 1789
[12] Nollett K. M., Busso M., Wasserburg G. J., 2003, ApJ, 582, 1036
[13] Péquignot D., Baluteau J.-P., 1994, A&A, 283, 593
[14] Sharpee B., Zhang Y., Williams R., et al., 2007, ApJ, 659, 1265
[15] Sterling N. C., Dinerstein H. L., 2008, ApJS, 174, 158
[16] Sterling N. C., Dinerstein H. L., Harriet L., Bowers C. W., 2002, ApJ, 578, 55
[17] Sterling N. C., Dinerstein H. L., Kaplan K. F., Bautista M. A., 2016, ApJ, 819, 9
[18] Sterling N. C., Porter R. L., Dinerstein H. L., 2015, ApJS, 218, 25

