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A B S T R A C T 

The spectroscopic evolution of Hen 3-1357, the Stingray Nebula, is presented by analysing data from 1990 to 2021. High- 
resolution data obtained in 2021 with South African Large Telescope High Resolution Spectrograph and in 2009 with European 

Southern Observatory-Very Large Telescope UVES spectrograph are used to determine physical conditions and chemical 
abundances in the nebula. From comparison of these data with data from different epochs it is found that the intensity of highly 

ionized emission lines has been decreasing with time, while the emission of low-ionization lines has been increasing, confirming 

that the nebula is recombining, lowering its excitation class, as a consequence of the changes in the central star which in 2002 

had an ef fecti ve temperature of 60 000 K and from then it has been getting colder. The present ef fecti ve temperature of the central 
star is about 40 000 K. It has been suggested that the central star has suffered a late thermal pulse and it is returning to the AGB 

phase. The nebular chemistry of Hen 3-1357 indicates that all the elements, except He and Ne, present subsolar abundances. The 
comparison of the neb ular ab undances with the values predicted by stellar nucleosynthesis models at the end of the AGB phase 
shows that the central star had an initial mass lower than 1.5 M �. We estimated the ADF(O 

+ 2 ) to be between 2.6 and 3.5. 

Key words: stars: AGB and post-AGB – stars: evolution – planetary nebulae: individual: Hen 3-1357. 
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 I N T RO D U C T I O N  

he Stingray Nebula (also known as PN G331.3-12.1 and Hen 3-
357) is a very young and compact planetary nebula (PN), around 
he rapidly evolving hot post-asymptotic giant branch (post-AGB) 
entral star SAO 244567, whose post-AGB character was pointed 
ut by Parthasarathy & Pottasch ( 1989 ). The compact fully ionized
ebula was disco v ered by Parthasarathy et al. ( 1993 ) and, together
ith the central star, they have been the subject of multiple studies
ue to they showing unexpected variations. In particular the star, 
lassified as a B-type star in the early 1980s, has been fading by
bout 1 mag per decade (Schaefer & Edwards 2015 ), and also its
f fecti ve temperature has shown rapid changes with time. 

A relatively detailed description of the previous studies is pre- 
ented in this introduction, as it is important for our analysis. 

Hubble Space Telescope ( HST ) high-resolution images of Hen 3-
357 showed the presence of a 1.67 × 0.92 arcsec 2 nebula around the
entral star. The HST images also revealed the presence of collimated 
utflo ws (Bobro wsky et al. 1998 ). 
A deep re vie w of the stellar and nebular e volution can be found in

alick et al. ( 2021 ). In this article, the authors analysed the evolution
f the nebular shape and the large decreases in the nebular emission-
ine fluxes based on well-calibrated images obtained with HST in 
996 and 2016. They concluded that Hen 3-1357 is now a recombi-
ation nebula. Earlier, Harv e y-Smith et al. ( 2018 ), Arkhipo va et al.
 E-mail: miriam@astro.unam.mx (MP); m-partha@hotmail.com (MP); 
druiz@astro.unam.mx (FR) 
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 2013 ), and Otsuka et al. ( 2017 ) also found evidence that the Stingray
ebula is undergoing recombination. 
The central star has shown fast spectral evolution. It has evolved

rom a B1 type post-AGB supergiant into a PN central star in the
xtremely short time-scale of 20 yr (Parthasarathy et al. 1993 , 1995 ;
obrowsky et al. 1998 ). UV spectra of the object obtained with the

nternational Ultraviolet Explorer ( IUE ) showed the rapid evolution 
f the star from 1988 to 1996. P-Cygni profiles of N V (1240 Å)
nd C IV (1550 Å) lines in the spectra taken in 1988 indicated a
erminal wind velocity of 3500 km s −1 . According to Feibelman
 1995 ) and Parthasarathy et al. ( 1995 ), this wind seems to have
ompletely ceased by 1994. Also these authors reported that the 
bject faded by a factor of 3 in the UV, from 1988 to 1996. The
ading suggested a rapid increase in the ef fecti ve temperature, T eff ,
nd gravity, g , of the central star that could be rapidly evolving into a
A white dwarf (Parthasarathy et al. 1995 ). The luminosity, the core
ass, the observed rapid evolution, and fading of SAO 244567 are

ot in agreement with the evolution time-scales of low- or high-mass
ost-AGB stellar models (Miller-Bertolami 2016 ). 
The rapid evolution of the stellar spectral type and effective tem-

erature has been confirmed. In 1950, the spectrum of SAO 244567
as that of a B or A star with weak H α emission (Henize 1976 ).

n 1971, the spectrum was that of a B1-2 supergiant star with a T eff 

f 21 000 K and in 1990 June the spectrum was that of a planetary
ebula (Parthasarathy et al. 1993 , 1995 ). From a photoionization
odel of the 1990 June nebular spectrum K ̈open and Parthasarathy

1996, pri v ate communication) derived a T eff of 50 000 K. Thus in a
atter of less than 20 yr the T eff increased from 21 000 to 50 000 K. 
Reindl et al. ( 2014 ) studied all the UV spectra of this object

btained with the IUE , between 1988–2006. These authors found 

mailto:miriam@astro.unam.mx
mailto:m-partha@hotmail.com
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1 The ADF is defined as the ratio between abundances derived from RLs and 
abundances derived from CELs. 
2 IRAF is distributed by the National Optical Astronomy Observatories, which 
is operated the Association of Universities for Research in Astronomy, Inc., 
under contract to the National Science Foundation. 
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hat the central star steadily increased its T eff from 38 000 K to a peak
alue of 60 000 K in 2002, while its surface gravity increased from
og(g) = 4.8 to 6.0 and there was a drop in luminosity. SAO 244567
as cooled down significantly since 2002 and is now expanding.
ccording to Reindl et al. ( 2014 , 2017 ) and Lawlor ( 2021 ), the
ost reasonable explanation for the stellar variations is a late He-

hell flash (late thermal pulse, LTP). The star would be now on
ts way back to the AGB zone. Ho we ver, respecti ve models are
acking to match the position of SAO 244567 in the log( T eff )–log( g )
lane. The contradiction between observations and theory makes
his star particularly interesting. Its fast evolution gives us the unique
pportunity to study stellar evolution in real time. 
Harv e y-Smith et al. ( 2018 ) analysed the full suite of Australia

elescope Compact Array data for Hen 3-1357, taken in the 4–
3 GHz range of frequencies between 1991 and 2016. The nebular
adio flux density declined during that period showing signs of
alting that decline between 2013 and 2016. These authors produced
 spatially resolved radio image of the Stingray Nebula from data
btained in 2005. A ring structure, which appears to be associated
ith the ring seen in HST images, was visible. In addition, they

ound a narrow extension of the radio emission towards the eastern
nd western edges of the nebula, possibly associated with a jet or
utflow. The nebular emission measure derived by these authors
ecreased between 1992 and 2011, suggesting that the nebula is
ndergoing recombination. 
Arkhipova et al. ( 2013 ) carried out low-resolution spectroscopic

tudies of the Stingray Nebula. They present two different sets of
bservations, one obtained in 1992 August with the 1.5-m telescope
t La Silla Observatory (European Southern Observatory, ESO-
hile) with a Boller & Chivens spectrograph, and other obtained in
011 June with the 1.9-m telescope at South African Astronomical
bservatory (SAAO) and a long-slit spectrograph. These authors also
btained a high-resolution spectrum that allowed them to measure a
eliocentric radial velocity of 11.6 ± 1.7 km s −1 and an expansion
elocity of 8.4 ± 1.5 km s −1 for Hen 3-1357. Arkhipova et al. ( 2013 )
omputed the nebular physical parameters and chemical abundances
oncluding that Hen 3-1357 has subsolar abundances. From the
omparison of line intensities of different epochs, they found that
he low-excitation lines emission (lines of O 

+ , N 

+ , and S 

+ ), has
ncreased with time, while the high-excitation lines emission (lines
f O 

+ 2 , Ne + 2 , and Cl + 2 ) decreased by a factor of 2, suggesting a
ecrease in the excitation class of the nebula (defined as E.C. = 0.45
F([O III ]5007) / F(H β)); Dopita & Meatheringham 1990 ). 

Otsuka et al. ( 2017 ) performed a detailed analysis of Hen 3-1357
ased on high-resolution spectra obtained in 2006, co v ering from
he optical to f ar-infrared w avelengths. These authors calculated
he nebular abundances using collisionally excited lines (CELs) and
ecombination lines (RLs). Their RL C/O abundance ratio would
ndicate that this PN is O-rich, which is also supported by the
etection of the broad 9/18 μm bands from amorphous silicate
rains. The observed neb ular ab undances can be explained by stellar
GB nucleosynthesis models with initial masses between 1 and
.5 M � and metallicity Z = 0 . 008 . Otsuka et al. ( 2017 ) reported
e o v erabundance which might be due to the enhancement of 22 Ne

sotope in the He-rich intershell. Using the spectrum of the central
tar synthesized by a TLUSTY model as the ionization source of the
N, they constructed a self-consistent photoionization model to fit

he observed quantities and derive the gas and dust masses, dust-to-
as mass ratio, and core mass of the central star. According to this
odel about 80 per cent of the total dust mass is from a warm–cold

ust component beyond the ionization front. 
Since the Otsuka et al. ( 2017 ) study of Hen 3-1357 in 2006 there

re no high-resolution spectra obtained and analysed to understand
NRAS 515, 1459–1468 (2022) 
he variations in the nebula. In 2021, we obtained high-resolution
pectra with the South African Large Telescope High Resolution
pectrograph (SALT HRS) under the program ID:2021-1-SCI-007
PI: Manick). In this paper, we perform a detailed analysis of these
pectra and we also analyse observations made in the ESO-Chile
ith the Very Large Telescope VL T -U2 and the UVES spectrograph

n 2009. 
The analysis of these new data, in conjunction with studies

resented by different authors along the years, allows us to discuss
he evolution of the Stingray Nebula with time. This will lead to
 better understanding of the evolution of the central star whose
hanges are affecting the nebula. 

This paper is organized as follows: In Section 2 , the new observa-
ions and data reduction are presented. In Section 3 , we discuss
he time evolution of line intensities. In Section 4 , the physical
arameters and the ionic abundances of the nebula are determined
rom the intensities of our observed CELs and RLs, which will allow
o determine the abundance discrepancy factors (ADF). 1 Also the
ime evolution of the physical parameters and ionic abundances is
resented in this section. Total nebular abundances derived from
ur work are presented in Section 5 and they are compared with
bundances from other authors. In Section 6 , the discussion can be
ound. In Section 7 , our conclusions are presented. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

s said abo v e, the nebula Hen 3-1357 has been observed and studied
n multiple occasions. In this work, we analyse spectrophotometric
ata obtained with ESO VLT UVES and SALT HRS spectrographs,
erformed in the years 2009 and 2021, respectively. 
ESO VLT UVES is a high-resolution optical Echelle spectrograph

ocated at the Nasmyth B focus of telescope UT2. The light beam of
he telescope is split in two arms (blue and red). The resolving power
s about 40 000 when a slit width of 1 arcsec is used. The data analysed
ere were retrieved from the archives, already wavelength and flux
alibrated with the procedures described at ESO Data Release 2020.
he slit size for the observations was 1 × 10 arcsec and the extraction
lit of the spectra was 39 pix, equi v alent to 2.3 arcsec, which implies
hat all the nebular emission in the slit was extracted. 

SALT HRS is an Echelle spectrograph working with two arms
imultaneously. The blue one co v ers from 3826 to 5583 Å wavelength
ange and the red one co v ers from 5473 to 8796 Å range. Slit size
sed for the nebula was 1.2 arcsec (fibre diameter 350 μm). The
pectral resolution R (defined as λ/ δλ) was about 65 000 at 6000 Å.
hree spectra were obtained in 2021 May to June. The observations
ere made with the slit in parallactic angle to minimize the influence
f atmospheric dispersion. 
Both observing logs, ESO VLT U2 UVES and SALT HRS, are

resented in Table 1 . 
SALT data were initially calibrated with the HRS pipeline de-

cribed by Kniazev ( 2016 ) which includes bias subtraction, flat-
elding, e xtraction, wav elength calibration, and merging of different
rders. Also heliocentric velocity correction was calculated for
ach spectrum. Afterwards, data were corrected by atmospheric
bsorption using SALT absorption law and were flux-calibrated by
sing IRAF 2 standard routines. The flux standard star BD + 02d3375,
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Table 1. Log of ESO VLT U2 UVES and SALT HRS observations of Hen 3-1357. 

Spectrum Obs. date Wavelength range ( Å) Spectral res. Slit width (’) Exp.time (s) Air mass Seeing (’) 

ESO-VL T -U2-UVES 
ADP.2020-06-26T08-14-43.698 2009-03-16 3730–5000 40 970 1.0 600 1.363 1.74 
ADP.2020-06-26T08-14-43.724 2009-03-16 5650–9450 42 310 1.0 600 ’ 1.74 
SAL T -HRS 
mbgphH202105240022 2021-05-24 3826–5583 65 000 1.2 1200 1.170 1.8 
mbgphR202105240022 2021-05-24 5473–8796 ’ ’ ’ ’ 1.8 
mbgphH202105250025 2021-05-26 3826–5583 ’ ’ 600 1.203 1.7 
mbgphR202105250025 2021-05-26 5473–8796 ’ ’ ’ ’ 1.7 
mbgphH202106240100 2021-06-24 3826–5583 ’ ’ 600 1.103 1.7 
mbgphH202106240100 2021-06-24 5473–8796 ’ ’ ’ ’ 1.7 
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Figure 1. SALT blue and red spectra of Stingray nebula, obtained in 2021. 
Bottom: SALT spectrum showing the faint recombination lines in the 4640–
4670 Å zone. 
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bserved with SALT HRS on 2021 July 18th, was used for flux
alibration by adopting the calibrated stellar fluxes obtained from 

ST -STIS CALSPEC Calibration Database as suggested by Kniazev 
 2017 ). By employing this standard star a relative spectral calibration
an be obtained. No absolute flux calibration is possible since SALT 

s a telescope with a variable aperture. 
The calibrated SALT HRS spectra were combined in one, to 

mpro v e the signal-to-noise ratio. The blue and red zones of the
ombined spectra are shown in Fig. 1 . The bottom figure shows the
aint recombination lines in the 4640–4670 Å zone, where the most 
ntense recombination lines of O II are located. The intensity of these
ines is thousandths or ten thousandths times lower than H β and it is
lear that they are perfectly detected and measurable, therefore this 
gure shows the high quality of the SALT HRS spectra. 
The line intensities in ESO VLT UVES and SALT HRS spectra 

ere measured with the IRAF ’s splot routine, by integrating the flux
etween two given limits over a continuum estimated by eye. Due 
o the high spectral resolution most lines appear isolated, no blends 
re affecting our line measurements. More than a hundred nebular 
ines were measured in the wavelength range from 3826 to 8796 Å.
ereddened fluxes from 3770 to 7751 Å are presented in columns 6 

nd 8 of Table 2 . Uncertainties of intensities were determined taking
nto account the signal-to-noise ratio of the continuum at each side 
f the line and the line intensity. The uncertainties are included in
arenthesis in each case. In the other columns, we present the line
ntensities given by other authors in different epochs. 

The logarithmic reddening correction, c(H β), was derived from 

ur data by using Cardelli, Clayton & Mathis ( 1989 ) reddening law by
ssuming a ratio of total to selectiv e e xtinction R V = 3.1 and by using
he H Balmer decrement (theoretical H γ /H β and H δ/H β ratios)
iv en by Store y & Hummer ( 1995 ) for a temperature of 10 000 K,
dequate to the value derived for Hen 3-1357. In all cases, case B
ecombination theory and a density of 10 3 cm 

−3 were assumed. 
alues for c(H β) derived in this work, and those presented by other
uthors, are included in Table 2 . 

 TIME  E VO L U T I O N  O F  LINE  FLUXES  

ereddened fluxes at each wavelength, for the dif ferent observ ations 
rom 1992 to 2021 are listed in Table 2 , as they were presented by
he different authors (no uncertainties have been included for other 
uthors). Along the time important changes in the line intensities are 
ound in this table. It is evident that the collisionally excited [O III ]
ines 5007, 4959, and 4363 Å have decreased by a factor larger than 2
rom 1992 to 2021. Also [Ne III ] 3869 and 3967 Å have decreased by
actors of 2.9. Additionally the highly ionized lines of [Ar IV ] 4711
nd 4740 Å have disappeared and they are not detected in 2021 data.
MNRAS 515, 1459–1468 (2022) 

art/stac1750_f1.eps
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Table 2. Line intensities in different epochs, as presented by the different authors. a , b 

Parthasarathy Arkhipova Otsuka et al. ESO UVES Arkhipova SALT HRS 
et al. ( 1993 ) et al. ( 2013 ) ( 2017 ) this work et al. ( 2013 ) this work 

c(H β) 0.26 0.19 0.08 0.15 0.35 0.22 
ion λ0 obs 1990 obs 1992 obs 2006 obs 2009 obs 2011 obs 2021 

[O II ] 3727.00 81.20 58.10 138.86 – 163.00 –
H11 3770.63 – – 4.35 4.86(0.30) – –
H10 3797.90 4.20 4.70 5.33 6.13(0.30) – –
He I 3819.60 – – 1.14 1.40(0.20) – –
He I 3833.35 – – 0.07 0.07(0.02) – –
H9 3835.38 6.00 6.40 7.59 7.94(0.40) – 6.00(1.20) 
He I 3867.47 – – 0.15 0.18(0,07) – 0.08(0.04) 
[Ne III ] 3869.06 49.00 – 40.30 51.40(1.02) – 17.01(1.00) 
He I 3871.79 – – 0.08 0.09(0.01) – –
H8 3889.05 17.20 + 18.9 + 16.00 20.36(1.00) 9.20 20.62(1.20) 
He I 3926.54 – – 0.12 0.13(0.02) – 0.18(0.10) 
He I 3964.73 – – 0.54 0.94(0.05) – 0.90(0.09) 
[Ne III ] 3967.79 – – 10.00 15.45(0.90) – 8.85(0.08) 
H7 3970.07 32.30 + 40.1 + 16.03 16.23(0.90) – 15.71(0.07) 
He I 4009.26 – – 0.15 0.20(0.05) – –
He I 4026.20 1.90 2.10 1.53 2.38(0.05) – 2.42(0.12) 
[S II ] 4068.60 3.20 3.50 4.47 6.43(0.90) – 4.93((0.25) 
O II 4069.62 – – 0.27 0.08(0.06) – 1.67(0.30) 
O II 4069.88 – – 0.38 0.06(0.04) – –
O II 4075.86 – – 0.76 0.09(0.05) – –
[S II ] 4076.35 0.60 0.60 1.51 2.28(0.44) – –
N III 4097.35 – – 0.02 0.03(0.02) – –
H δ 4101.73 24.50 26.70 21.52 25.55(0.90) 21.60 26.11(0.50) 
O II 4119.22 – – 0.02 0.02(0.01) – –
He I 4120.81 – – 0.18 0.23(0.03) – –
He I 4143.76 – – 0.23 0.34(0.03) – 0.14 
O II 4153.30 – – 0.03 0.03(0.01) – –
C II 4267.18 0.07 0.10 0.10 0.12(0.05) – 0.08(0.04) 
H γ 4340.46 43.20 45.70 46.05 46.67(1.00) 50.90 47.34(0.50) 
O II 4349.43 – – 0.03 0.05(0.02) – 0.09(0.06) 
[O III ] 4363.21 7.50 7.90 2.46 3.26(0.25) 4.60 2.73(0.35) 
He I 4387.93 – – 0.44 0.65(0.07) – 0.70(0.40) 
He I 4437.55 – – 0.07 0.08(0.04) – –
He I 4471.47 – 5.50 4.63 5.23(0.40) – 5.55(0.50) 
N II 4630.54 – – 0.02 0.02(0.01) – –
O II 4638.86 – – 0.03 0.04(0.02) – 0.04(0.03) 
O II 4641.81 – – 0.06 0.08(0.04) – 0.12(0.02) 
O II 4649.13 – – 0.10 0.13(0.07) – 0.12(0.02) 
O II 4650.84 – – 0.03 0.03(0.02) – –
[Fe III ] 4658.05 – – 0.11 0.17(0.08) – 0.29(0.03) 
O II 4661.63 – – 0.05 0.04(0.02) – 0.04(0.02) 
O II 4676.23 – – 0.03 0.03(0.02) – 0.05(0.03) 
[Fe III ] 4701.53 – – 0.05 0.06(0.03) – 0.10(0.05) 
[Ar IV ] 4711.37 – – 0.03 0.04(0.01) – < 0.01 
He I 4713.22 0.90 1.00 0.67 0.79(0.08) – 0.85(0.09) 
[Fe III ] 4733.91 – – 0.03 0.02(0.01) – –
[Ar IV ] 4740.16 – – 0.07 0.06(0.03) – < 0.01 
[Fe III ] 4754.69 – – 0.03 0.03(0.01) – 0.06 
H β 4861.33 100.00 100.00 100.00 100.00(1.00) 100.00 100.00(1.00) 
[Fe III ] 4881.00 – – 0.05 0.08(0.02) – 0.15(0.07) 
He I 4921.93 – – 1.21 1.45(0.15) – 1.45(0.12) 
[O III ] 4931.23 – – 0.06 0.06(0.03) – 0.10(0.05) 
[O III ] 4958.91 305.00 278.50 145.40 138.59(1.00) 148.00 129.65(1.30) 
[O III ] 5007.06 933.00 860.30 sat oor 443.90 411.91(2.00) 
[Ar III ] 5191.82 0.60 – 0.06 oor – 0.09(0.04) 
[Cl III ] 5517.72 0.30 0.30 0.12 oor – 0.10(0.03) 
[Cl III ] 5537.89 0.40 0.40 0.24 oor – 0.22(0.02) 
[N II ] 5754.64 1.80 2.40 2.58 3.15(0.15) 3.30 2.72(0.12) 
He I 5875.60 15.80 15.60 14.67 13.34(0.90) 15.20 11.58(0.55) 
[O I ] 6300.30 4.10 7.40 16.13 14.59(0.90) 17.70 12.28(0.55) 
[S III ] 6312.10 1.40 1.70 1.03 1.28(0.15) 1.20 1.14(0.08) 
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Table 2 – continued 

Parthasarathy Arkhipova Otsuka et al. ESO UVES Arkhipova SALT HRS 
et al. ( 1993 ) et al. ( 2013 ) ( 2017 ) this work et al. ( 2013 ) this work 

c(H β) 0.26 0.19 0.08 0.15 0.35 0.22 
ion λ0 obs 1990 obs 1992 obs 2006 obs 2009 obs 2011 obs 2021 

[O I ] 6363.78 2.00 2.40 5.10 5.46(0.30) 6.50 4.18(0.12) 
[N II ] 6527.24 – – 0.02 0.03(0.02) – –
[N II ] 6548.04 23.20 20.00 40.96 38.52(1.00) 46.50 42.39(0.84) 
H α 6562.82 305.00 286.20 sat sat 285.50 286.75(2.50) 
C II 6578.05 – – 0.05 0.06(0.03) – 0.07(0.05) 
[N II ] 6583.46 78.60 64.90 121.45 sat 144.60 135.22(2.60) 
He I 6678.15 4.40 3.80 3.97 4.54(0.30) 4.20 3.74(0.25) 
[S II ] 6716.44 1.50 1.70 6.07 6.32(0.40) 8.50 5.49(0.20) 
[S II ] 6730.81 3.00 3.40 12.47 12.20(0.90) 16.10 10.56(0.30) 
O I 7002.12 – – 0.05 0.05(0.02) – 0.06(0.04) 
He I 7062.28 – – 0.02 0.02(0.01) 0.00 0.02(0.02) 
He I 7065.18 9.00 8.50 7.85 8.46(0.40) 7.40 6.27(0.10) 
[Ar III ] 7135.78 18.50 15.40 10.77 13.95(0.80) 12.30 14.60(0.70) 
[Fe II ] 7155.16 – – 0.03 0.05(0.02) – 0.05(0.01) 
[He I ] 7160.61 – – 0.03 0.03(0.01) – 0.04(0.01) 
He I 7281.35 – 0.80 0.73 0.93(0.05) – 1.19(0.60) 
[O II ] 7318.92 – – 4.00 5.61(0.30) – 6.29(0.40) 
[O II ] 7319.99 21.8 + 18.0 + 13.49 17.73(1.00) – 18.99(0.70) 
[O II ] 7329.66 – – 7.48 10.34(1.00) – 10.64(0.70) 
[O II ] 7330.73 17.4 + 14.3 + 6.99 9.76(1.30) – 9.36(0.40) 
[Ni II ] 7377.83 – – 0.03 0.03(0.01) – 0.03(0.01) 
He I 7499.85 – – 0.04 0.04(0.01) – 0.04(0.01) 
[Ar III ] 7751.10 – 3.60 2.63 – 2.99(0.15) 

Notes. a In the Table, ‘sat’ indicates saturated line, ‘oor’: out of range, not observed. 
b A ‘ + ’ indicates blend of two lines. 
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Figure 2. The time evolution of some important lines intensities are plotted. 
The lines are identified by colours. The upper panel shows the more intense 
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ines of [Cl III ] 5517 and 5538 Å decreased by about 1.8 or more
nd [S III ] 6312 Å has decreased by 22 per cent. In addition, He I
ecombination lines have also diminished. He I 5876 Å decreased by 
ore than 30 per cent, while He I 3867 Å decreased by a factor of

lmost 2. 
From the abo v e it is concluded that the intensity of highly

xcited lines, listed in the paragraph above, have been decreasing 
ystematically . On the contrary , line intensities from low-ionized 
pecies have increased. That is the case of [Fe III ] 4755 and 4881
, [N II ] 6548 and 6583 Å, and [S II ] 6716 and 6730 Å whose

ntensities increased by factors of about 2. Other lines that increased 
ubstantially are the [O I ] 6300 and 6363 Å lines which in principle
o not belong to the ionized nebula and are possibly emitted in an
xternal photodissociation zone. 

In Fig. 2 , the time evolution of some important lines are shown.
hese line intensity variations are indicating that the nebular excita- 

ion class has diminished from about nine in 1990–1992 to about four
n 2021. The highly ionized species are recombining, increasing the 
onic abundances of low-ionized species. This evolution is a reaction 
f the plasma to the fact that the central star is getting colder, probably
n its way returning to the AGB zone as a result of a late thermal
ulse, as suggested by Reindl et al. ( 2014 , 2017 ) and Lawlor ( 2021 ).

.1 RL evolution 

e I lines kept the same intensities up to about 2011. In the
ecent observations with SALT HRS in 2021, these intensities have 
ecreased, most probably due to recombination of He + into He 0 . This
s confirmed by the fact that He/H total abundance appears lower on
021, due to only the He + /H 

+ abundance ratio is considered and
eutral He is not taken into account (see Table 3 ). 
lines. 
MNRAS 515, 1459–1468 (2022) 
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Table 3. Physical conditions, ionic, and total abundances. 

Authors Partha. 1993 Arkhipova Otsuka ESO-UVES Arkhipova SALT HRS 
Obs. year 1990 1992 2006 2009 2011 2021 

T e ([N II ]) 11000(250) 12 938(2444) 9280(100) 12 200 + 600 
−800 11066(1752) 10200 + 400 

−600 

T e ([O III ]) 11000(250) 11 051(755) 9420(40) 10 500 + 200 
−300 11553(1579) 9900 ± 400 

T e ([Ar III ]) – 8670(150) – – 9600 + 1 , 300 
−1 , 400 

T e (mean) – – – 11300 + 300 
−500 – 9900 + 500 

−600 

n e CELs 
n e ([S II ]) 10 000 15 796(10,398) 5710(1790) 6800 + 6500 

−2800 8740(7701) 6500 + 2 , 600 
−1 , 700 

n e ([Cl III ]) 7416(5865) 23 970(3120) – – 13600 + 18 , 800 
−6 , 400 

n e ([Ar IV ]) – – 22720(4360) 31400 + 102 , 900 
−23 , 300 – –

n e ([Fe III ]) – – 13 900 + 65 , 800 
−11 , 200 – 23300 + 153 , 500 

−17 , 700 

T e RLs 
He I - λλ7281/6678 – – 8340(330) 7800 ± 800 – 13000 + 8 , 400 

−6 , 900 

O II -P14 – – – 8100 + 500 
−400 – 7900 ± 300 

n e RLs 
O II - λλ4649/61 a – – – 10 700: – 11000: 

X 

+ i /H 

+ CELs 
N 

+ ( × 10 −5 ) 1.30 0.759 3.60 1.81 + 0 . 34 
−0 . 17 2.31 2.82 + 0 . 58 

−0 . 34 

O 

+ ( × 10 −5 ) 5.00 2.46 27.00 14.84 + 1 . 87 
−1 . 65 9.10 33.49 + 16 . 01 

−8 . 89 

O 

+ 2 ( × 10 −4 ) 2.44 2.23 1.87 0.96 + 0 . 14 
−0 . 08 1.01 1.44 + 0 . 42 

−0 . 23 

Ne + 2 ( × 10 −5 ) 8.80 5.70 8.41 3.45 + 0 . 61 
−0 . 38 2.09 2.68 + 0 . 77 

−0 . 47 

Ar + 2 ( × 10 −6 ) – 1.44 1.59 0.96 + 0 . 10 
−0 . 08 0.914 1.24 + 0 . 14 

−0 . 10 

Ar + 3 ( × 10 −8 ) – – 2.10 0.95 + 0 . 97 
−0 . 94 – –

S + ( × 10 −7 ) 2.20 2.96 10.69 8.23 + 5 . 52 
−2 . 27 9.34 9.82 + 3 . 23 

−1 . 89 

S + 2 ( × 10 −6 ) 2.03 2.45 6.82 1.66 + 0 . 35 
−0 . 23 1.43 2.53 + 0 . 72 

−0 . 49 

Cl + ( × 10 −8 ) – – 1.76 – – 1.66 + 0 . 30 
−0 . 22 

Cl + 2 ( × 10 −8 ) – 3.16 10.3 – – 2.80 + 1 . 0 −0 . 53 

Fe + ( × 10 −8 ) – – – 3.57 + 1 . 61 
−1 . 32 – 79.23 + 11 . 69 

−8 . 52 

Fe + 2 ( × 10 −8 ) – – 7.26 4.77 + 2 . 72 
−2 . 24 – 12.98 + 3 . 68 

−2 . 55 

X 

+ i /H 

+ RLs 
He + 0.103 – 0.0969 0.089 ± 0.006 – 0.062 ± 0.016 

O 

+ 2 -v1 ( × 10 −4 ) – – 2.82 3.38 ± 0.80 – 3.61 0 . 57 
−0 . 48 

C 

+ 2 - λ4267 ( × 10 −5 ) – 6.91 9.72 10.58 + 4 . 80 
−4 . 58 – 7.40 + 3 . 87 

−3 . 98 

N 

+ 2 - λ4631 ( × 10 −5 ) – – 6.97 9.85 + 4 . 62 
−5 . 33 – –

ADF(O 

+ 2 ) – – 1.51(0.36) 3.47 + 0 . 84 
−0 . 89 – 2.52 + 0 . 60 

−0 . 65 

12 + log(X/H) 
He/H 11.01 10.97 10.99 10.95 ± 0.03 10.98 10.80 + 0 . 08 

−0 . 13 

O/H 8.48 8.39(0.10) 8.66 8.39 ± 0.04 8.28(0.19) 8.68 + 0 . 13 
−0 . 11 

N/H-KB94 7.81 7.81(0.18) 8.05 7.47 + 0 . 10 
−0 . 06 7.76(0.17) 7.60 + 0 . 08 

−0 . 04 

Ne/H-KB94 7.96 7.76(0.11) 8.19 7.95 ± 0.05 7.54(0.22) 7.95 + 0 . 15 
−0 . 13 

Ar/H-KB94 – 6.25(0.11) 6.37 6.25 ± 0.04 6.00(0.18) 6.36 ± 0.05 

S/H-KB94 6.34 6.78(0.14) 6.83 6.41 + 0 . 13 
−0 . 08 6.38(0.23) 6.55 + 0 . 11 

−0 . 08 

Cl/H-DI14 – 4.73(0.11) 5.08 – – 4.81 + 0 . 08 
−0 . 07 

Fe/H-RR05 – – 5.22 5.15 + 0 . 14 
−0 . 16 – 6.12 ± 0.05 

C/H 7.88 8.16 – – –

ICFs used PTP KB94 DI14 KB94 KB94 KB94 

log(N/O)-KB94 −0.67 −0.58 −0.61 −0.90 ± 0.07 −0.52 −1 . 08 + 0 . 09 
−0 . 08 

log(Ne/O)-KB94 −0.52 −0.64 −0.47 −0.45 ± 0.02 −0.74 −0.73 ± 0.02 

log(Ar/O)-KB94 – – −2.29 −2.13 ± 0.04 −2 . 32 + 0 . 09 
−0 . 11 

log(S/O)-KB94 −2.14 −1.62 −1.83 −1 . 97 + 0 . 10 
−0 . 07 −1.90 −2.14 ± 0.07 

log(Cl/O)-DI14 – −3.67 −3.58 – – −3.87 ± 0.09 

log(Fe/O)-RR05 – – −3.44 −3 . 24 + 0 . 13 
−0 . 17 – −2.56 ± 0.09 

log(C/O) 0.18 −0.51 −0.50 – – –

Note. a ‘:’ represents a very uncertain result. 
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Figure 3. The diagnostic diagrams for ESO VLT UVES and SALT HRS 
data, constructed by using PYNEB , are presented. The diagnostic lines ratios 
are plotted as a function of the electron temperature and density. They are 
represented as broken or dotted lines inside a colour band showing the 1 σ
rms error. 
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The C II 4267 Å recombination line, employed to determine 
 

+ 2 /H 

+ ionic abundance, and the recombination lines of O II , useful
o determine O 

+ 2 /H 

+ ionic abundance, have remained constant. 

 PHYSICAL  PA R A M E T E R S  O F  T H E  NEBU LA  

rom the nebular lines, in particular from those collision- 
lly excited lines, physical conditions, such as electron den- 
ities and temperatures, can be derived from some diagnos- 
ic line ratios. In general electron densities can be deter- 
ined from the [S II ] λλ6731/6716, [O II ] λλ3729/3726, [Cl III ]
λ5538/5518, [Fe III ] λλ4701/4659, and [Ar IV ] λλ4711/4740 in-

ensity ratios. Electron temperatures can be obtained from the 
N II ] λλ(6548 + 6583)/5755, [O III ] λλ(5007 + 4959)/4363,
Ar III ] λλ7136/5192, [Ar IV ] λλ(7170 + 7263)/(4711 + 4740), [S II ]
λ(6716 + 6731)/(4068 + 4076), and [O II ] λλ7325/3727 intensity 
atios. The intensity of the auroral line [N II ] λ5755 was corrected
y effects of recombination of N 

+ 2 using the procedure presented 
y Liu et al. ( 2000 ), by using the ORL abundance of N 

+ 2 and the
emperature determined for CELs, both presented in Table 3 ; this
ould be applied only to UVES-2009 data, in which the contribution 
f recombination to [N II ] λ5755 line intensity is about 1 per cent. 
From the available diagnostic line ratios of the observations pre- 

ented here, physical conditions were calculated with the code PYNEB 

Luridiana, Morisset & Shaw 2015 ), using the atomic data presented 
n the Appendix B, Table B1 . PYNEB routine getCrossTemden was 
sed to determine simultaneously temperatures and densities by 
uilding diagnostic diagrams. The uncertainties in the physical condi- 
ions and abundances were estimated using Monte Carlo simulations 
sing 400 random points, assuming a normal distribution around 
ach line intensity bounded by the observed flux error. 

.1 Diagnostics diagrams 

n Fig. 3 , diagnostic diagrams for the ESO VLT UVES and
ALT HRS data analysed here are presented. These diagrams 
ere constructed by using PYNEB , and they show the behaviour 
f diagnostic line ratios, such as [O III ] λλ(4959 + 5007)/4363
nd [S II ] λλ6731/6716, as a function of the electron density and
emperature. 

From the ESO VLT UVES data the available line ratios for temper-
ture determination were those from [N II ] λλ(6548 + 6583)/5755, 
nd [O III ] λλ(4959 + 5007)/4363 and the density could 
e derived from [S II ] λλ6731/6716, [Ar IV ] λλ4711/4740 and
Fe III ] λλ4701/4659. In the case of SALT HRS data, the temperature
as determined from [N II ], [O III ], and [Ar III ] diagnostic line

atios, while the density was derived from [S II ], [Cl III ], and [Fe III ]
iagnostic line ratios. 
Each line ratio in the diagram is represented by a broken or dotted

ine inside a colour band which shows the 1 σ rms error. The temper-
ture and density v alues deri ved from our observations are listed in
able 3 . Usually the electron densities and temperatures adopted for

onic abundance determination are obtained from the zone where 
ensity- and temperature-diagnostics intersect. In the diagnostic 
iagrams it is observed that densities from [Ar IV ] and [Fe III ] are
ery large and uncertain and will not be used for this purpose. 

.2 Physical conditions and ionic abundances from CELs 

onic abundances for N 

+ , O 

+ , O 

+ 2 , Ne + 2 , Ar + 2 , Ar + 3 , S 

+ , S 

+ 2 ,
l + , Cl + 2 , Fe + , and, Fe + 2 were determined for the ESO VLT
VES and SALT HRS data, from the observed CELs using the task
et.IonAbundance from PYNEB . For this we employed the dereddened 
ine intensities listed in Table 2 as measured for each data set, and
he adopted physical conditions for each nebular zone as presented in
able 3 . Since the temperatures derived from [N II ], [O III ], and [Ar III ]

ine ratios are similar, only one electron temperature was used for
he whole nebula, which is the mean value between the temperatures
entioned (the [Ar III ] temperature is only available for SALT data).
e hav e v erified that this adoption for the temperature value produces 

qual ionic abundances by using the nebular and auroral lines of the
ons. For the density, from data from ESO UVES only a single zone
iven by [S II ] density was assumed, while for SALT data the [S II ]
ensity value was used for the low-ionization zone and the [Cl III ]
ensity for the more ionized zone. Density values from [Ar IV ] and
Fe III ] were not considered due to their large uncertainty. 

Ionic abundances are given in Table 3 . In the same table, we
ncluded the temperatures, densities, ionic, and total abundances 
resented by the different authors in the period from 1992 to 2021.
hese data have been taken directly from the publications, without 
ny modification. 

In all cases, [O III ] electron temperatures are in the range from
0 100 to 11 500 K and [N II ] temperatures are in the 10 600–12 900 K
ange, except for the temperatures derived by Otsuka et al. ( 2017 )
hich are about 2000 K lower in both cases. The same occurs for

he temperature from [Ar III ]. Most probably this is due to Otsuka
t al. ( 2017 ) used a different set of atomic parameters for both
mission-line analyses (CELs and RLs). As they mentioned, ef fecti ve
ecombination coefficients, transition probabilities, and ef fecti ve 
ollision strengths listed in Otsuka et al. ( 2010 ) were used, which
re different from the parameters used by other authors. 
MNRAS 515, 1459–1468 (2022) 
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3 Non-type I PNe are those belonging to the Galactic disc, with N/O abundance 
ratio ≤0.5 by number. The definition of PN Types was proposed by Peimbert 
( 1978 ). 
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.3 Physical conditions and ionic abundances from RLs 

n this work, electron density from O II recombination lines can be
erived from the ratio λλ4649/4661. The derived values are similar
o the values from CELs in both, ESO VLT UVES and SALT HRS
bserv ations, ho we ver, both v alues present very high uncertainties
nd thus the density from CELs was adopted for the RLs abundance
alculations. 

Temperatures from RLs can be derived from He I and O II lines.
e followed the methodology from Zhang et al. ( 2005 ) for He I

emperature using the line ratio λλ7281/6678. Equation 1 by Zhang
t al. ( 2005 ) and the coefficients a i , b i , and c i for these lines
etermined by Benjamin, Skillman & Smits ( 1999 ), for a n e = 10 4 

m 

−3 , which is adequate to the adopted density for ORLs, were used.
o derive temperature from O II lines, we followed the methodology
roposed by Peimbert et al. ( 2014 ), which requires the intensities
f O II V1 multiplet and of [O III ] λλ4959,5007 lines. The derived
alues with their uncertainties are listed in Table 3 . As expected it is
ound that both temperatures are lower than the temperatures derived
rom CELs. 

T e (He I ) was used to determine ionic abundances of He + while
 e (O II ) was used for all other RLs ionic abundances. Such abun-
ances were computed using PYNEB routine get.IonAbundance by
sing the temperatures and densities mentioned abo v e. The computed
alues for He + , O 

+ 2 , C 

+ 2 , and N 

+ 2 abundances are listed in Table 3
here the emission lines used for these calculations are marked. The

omparison of O 

+ 2 abundances derived from CELs and from RLs
llows the determination of the ADF, defined as the ratio between the
bundance from RLs and the abundance from CELs. The ADFs(O 

+ 2 )
erived from our data are 3.47 for the ESO VLT UVES data and 2.52
or the SALT data and they are presented in Table 3 . 

.4 The temporal behaviour of ionic abundances deri v ed from 

ELs 

y analysing the temporal evolution of ionic abundances presented
n Table 3 interesting systematic behaviours are found. In this table
t is noticed that O 

+ 2 /H 

+ ratio has been decreasing from a value
arger than 2.0 × 10 −4 in 1992 to 1.44 × 10 −4 in 2021. The same
appens with ionic abundances of other highly ionized species like
e + 2 , Ar + 3 , and Ar + 2 . On the other hand, the relative abundance of

ow-ionized species such as O 

+ , S 

+ , N 

+ , and Fe + 2 are increasing
ith time. All this indicates that the highly ionized species are

ecombining in response to the fact that the central star has been
ooling down with time. 

The fast nebular recombination of highly ionized species is a direct
onsequence of the high electron density and the fast evolution of
he central star. It is known that for a nebula of about 6000 cm 

−3 

he recombination time of H 

+ is less than 20 yr once the ionizing
hotons flux is closed, and the recombination time of O 

+ 2 is faster
ue to the larger recombination coefficient (see e.g. Osterbrock &
erland 2006 , Appendix 5, Table A5). The electron density appears to
e larger in some zones of Hen 3-1357, therefore a fast recombination
f the highly ionized species is expected as the star cools down. 

 D E R I V E D  TOTA L  ABUNDANCES.  
O M PA R I S O N  WITH  P R E V I O U S  

E T E R M I NAT I O N S  

otal abundances were determined from the ionic abundances and
sing some ionization correction factors (ICFs) commonly used in
he literature, to correct for the unseen ions. The references for the
NRAS 515, 1459–1468 (2022) 
CFs employed, their expressions and used values are presented in
ppendix A. In Table 3 , we present the abundances derived from our
ata indicating the ICFs used. Also the abundances derived by the
ifferent authors are included. Abundances are not expected to vary
ith time, therefore values derived by the different authors should
e similar. 
The values determined for helium abundance between 1990 and

011 in the different papers are 12 + log(He / H) = 10 . 97 − 10 . 98 .
hus the He/H ratio in Hen 3-1357 appears 0.05 dex higher than
olar (a value of 10.93 was determined by Asplund et al. 2009 ),
nd slightly lower than the average value found in non-Type I PNe
Kingsburgh & Barlow 1994 ). 3 This value decreases in the obser-
ations of SALT 2021 ( 12 + log(He / H) = 10 . 80 ), because He + is
ecombining into He 0 which is not considered when determining the
otal He abundance. 

The derived 12 + log(O/H) values are in the range from 8.4 to
.6. Therefore, the O abundance appears slightly subsolar (solar
2 + log(O/H) is 8.69 according to Asplund et al. 2009 ). The value
resented by Otsuka et al. ( 2017 ) is slightly larger than the other
alues due to the lower electron temperatures derived by these authors
hich induce very large values for O 

+ /H 

+ , N 

+ /H 

+ , S 

+ /H 

+ , and other
ons. A similar fact occurs with the SALT HRS data, where also a
ow temperature is found, although with very large errors. 

Regarding nitrogen, 12 + log(N/H) is around 7.7 in all cases
except in Otsuka et al. 2017 where is larger) which is a subsolar
alue (the solar value is 7.83 as derived by Asplund et al. 2009 ). 

Most 12 + log(S/H) values are around 6.5, a subsolar value
Asplund et al. 2009 reported 7.12). 

12 + log(Ne/H) shows values around 7.95, which is very similar to
he solar abundance (a value of 7.93 is given by Asplund et al. 2009 ).
 larger value of 8.19 is found in Otsuka et al. ( 2017 ). Possible Ne is

nhanced by the production of 22 Ne during stellar nucleosynthesis. 
12 + log(Ar/H) values derived by us are around 6.2, which is a

ubsolar value (Asplund et al. 2009 , reported 6.40 for the Sun). 
12 + log(Cl/H) values are between 4.7 and 4.8. A higher value of

.08 is reported in Otsuka et al. ( 2017 ). In any case, Cl/H abundance
ppears highly subsolar, compared with the value of 5.50 reported
y Asplund et al. ( 2009 ). 
In the case of Fe, the derived values of 12 + log(Fe/H) go from

.2 to 6.1 and are largely subsolar, more than a hundred times lower
han the solar value that according to Asplund et al. ( 2009 ) is 7.50.
here seems to be a large amount of dust in this nebula. Otsuka
t al. ( 2017 ) claimed that the largely depleted Fe/H ratio suggests
hat o v er 99 per cent of the Fe atoms in the nebula w ould be lock ed
ithin silicate grains. 

 DI SCUSSI ON  

he N, Ne, Ar, and Cl abundances, relative to O, presented in Table 3
how that the Stingray Nebula seems to be a normal non-Type I
lanetary nebula with subsolar abundances. 
Neb ular ab undances can be compared to the predictions of stellar

ucleosynthesis models for low-intermediate mass stars at the end
f the AGB phase, computed for different masses and different
etallicities, to estimate the initial mass of the progenitor star.
or instance models by Karakas ( 2010 ) and Ventura et al. ( 2017 )
the latter include dust formation) are suitable for this purpose.
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e found that the chemical abundances of Hen 3-1357 are in 
greement with the abundances in Ventura et al. ( 2017 ) models with
etallicity Z = 0.008. Such models have initially He / H = 10 . 95,
 / H = 8 . 05, N / H = 7 . 806, O / H = 8 . 56, and Ne / H = 7 . 806, in
nits of 12 + log(X/H), and evolve towards larger amounts of C and
 for masses increasing from 1 to 8 M � (see fig. 1 by Ventura et al.
017 ). Considering the N/H and O/H abundances ratios in Hen 3-
357, we can conclude that the star SAO 244567 had an initial mass
etween 1.0 and 1.5 M � because the nebular N is not enhanced as it
hould be for stars with initial masses equal or larger than 2 M �. A
imilar result was obtained by Otsuka et al. ( 2017 ) analysing Karakas
 2010 ) models. 

Ho we ver, the fast variations of the central star, which in about 20 yr
volved from a post-AGB B1 supergiant to a young planetary nebula 
entral star with an ef fecti ve temperature of about 60 000 K around
002, and afterwards started cooling down up to 41 000 K in 2011
Arkhipova et al. 2013 ) do not correspond to the normal evolution of
uch a single low-mass star in advanced stage of evolution. 

The subsequent fall in the nebular excitation degree, which we 
ave demonstrated in this work, shows that the stellar temperature 
s still decreasing. By using the procedure described by Arkhipova 
t al. ( 2013 ) based on an empirical relation determined by Kaler
 1978 ), which uses the [O III ]5007/H β line ratio, we estimated the
resent ef fecti ve temperature of the central star to be less than about
0 000 K which confirms that SAO 244567 is still cooling down. 
An LTP has been suggested to explain these changes. If such a

ypothesis is confirmed, the star should continue cooling down all 
he way towards the AGB phase. 

Following the fast evolution of the central star, the nebula has 
hown rapid changes. The ionization degree of its heavy elements, 
hich increased fast in the 1970–1990 period is now decreasing and 

here is much evidence that such elements are presently recombining. 

 C O N C L U S I O N S  

rom high-resolution spectra obtained in 2009 with the ESO VLT 

VES spectrograph, and in 2021 with the SALT HRS spectrograph, 
hysical conditions and chemical abundances have been obtained 
or the extraordinary and fast evolving planetary nebula Hen 3- 
357, the Stingray Nebula. Our line intensities, physical conditions, 
nd chemistry have been compared with values from the literature, 
erived from 1990 to 2021. We have confirmed that the nebula is
resently recombining as a result of the fast cooling of the central
tar whose ef fecti ve temperature has decreased from about 60 000 K
n 2002 to less than 40 000 K in 2021. 

The chemical abundances have been derived from CELs for a 
umber of elements. Also chemical ab undances ha ve been derived 
rom RLs and the derived ADF(O 

+ 2 ) has a value of 3.5 from ESO
LT UVES data and 2.6 from SALT HRS data. This value for the
DF(O 

+ 2 ) is within the usual v alues deri ved for PNe (see McNabb
t al. 2013 for a compilation of ADF values in a large sample of PNe).
 slightly lower ADF(O 

+ 2 ) value of 1.51 was derived by Otsuka et al.
 2017 ) for Hen 3-1357. 

Our abundance values are in general agreement with values from 

he literature, and show that Hen 3-1357 have subsolar O, N, S, and
r abundances, corresponding to a central star of initial mass similar
r lower than 1.5 M �. 
The fast evolution of the central star of such a mass is unexpected

nd it has important consequences in the nebular behaviour which is
ast recombining. If the central star experienced an LTP, as claimed 
y Reindl et al. ( 2014 , 2017 ) and Lawlor ( 2021 ), it should keep
ooling down in its w ay tow ards the AGB phase. Both, star and
ebula, require a close follow up in order to get deeper insight of
his phenomenon and to impro v e our understanding of the low-mass
tellar evolution. 
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Table B1. Atomic parameters used in PYNEB calcul

Ion Transition probabilities 

N 

+ Froese Fischer & Tachiev ( 2004 ) 
O 

+ Froese Fischer & Tachiev ( 2004 ) 
O 

+ 2 Froese Fischer & Tachiev ( 2004 ) 
Storey & Zeippen ( 2000 ) 

Ne + 2 Galav ́ıs, Mendoza & Zeippen ( 1997 ) 
S + Podobedov a, K elleher & Wiese ( 2009 )
S + 2 Podobedova et al. ( 2009 ) 
Cl + Mendoza ( 1983 ) 
Cl + 2 Mendoza ( 1983 ) 
Ar + 2 Mendoza ( 1983 ) 

Kaufman & Sugar ( 1986 ) 
Ar + 3 Mendoza & Zeippen ( 1982 ) 

Kaufman & Sugar ( 1986 ) 
Fe + Bautista et al. ( 2015 ) 
Fe + 2 Quinet ( 1996 ) 

Johansson et al. ( 2000 ) 

Ion Ef fecti ve recom

H 

+ Storey & 

He + Porter et al. ( 201
N 

+ 2 F ang, Stor
O 

+ 2 Storey, Soch
C 

+ 2 Pequignot, Petit

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
ayal S. S., Zatsarinny O., 2010, ApJS , 188, 32 
 entura P ., Stanghellini L., Dell’Agli F., Garc ́ıa-Hern ́andez D. A., 2017,

MNRAS, 471, 4648 
hang H., 1996, A&AS, 119, 523 
hang Y., Liu X.-W., Liu Y., Rubin R. H., 2005, MNRAS , 358, 457 

PPENDI X  A :  I O N I Z AT I O N  C O R R E C T I O N  

AC TO R S  

xpressions and ICFs used for the total abundances calculation are
isted next. 

(i) He 
H = 

He + 
H + . 

(ii) O 
H = 

O + + O + 2 
H + , ICF(ESO − 09) = ICF(SALT − 21) = 1 . 00 . 

(iii) N 
H = ICF(N) × N + 

H + . ICF(N) = 

O 
O + (Kingsburgh & Barlow

994 ). ICF(ESO − 09) = 1 . 65 , ICF(SALT − 21) = 1 . 44 . 
(iv) Ar 

H = ICF(Ar) × Ar + 2 + Ar + 3 + Ar + 4 
H + , ICF(Ar) = 

1 
1 −N + / N . If only

r + 2 is detectable, Ar 
H = 1 . 87 × Ar + 2 

H + (Kingsburgh & Barlow 1994 ).
CF(ESO − 09) = 2 . 54 , ICF(SALT − 21) = 1 . 87 . 

(v) Ne 
H = ICF(Ne) × Ne + 2 

H + . ICF(Ne) = 

O 
O + 2 (Kingsburgh & Bar-

ow 1994 ). ICF(ESO − 09) = 2 . 53 , ICF(SALT − 21) = 2 . 19 . 

(vi) S 
H = ICF(S) × S + + S + 2 

H + . ICF(S) = 

[
1 −

(
1 − O + 

O 

)3 
]−1 / 3 

. 

Kingsburgh & Barlow 1994 ).
CF(ESO − 09) = 1 . 02 , ICF(SALT − 21) = 1 . 01 . 

(vii) Cl 
O = ICF(Cl) × Cl + + Cl + 2 

O + . ICF(Cl) = 1
Delgado-Inglada, Morisset & Stasinska 2014 ).
CF(ESO − 09) = −−, ICF(SALT − 21) = 1 . 00 . 

(viii) Fe 
O = 

Fe + + Fe + 2 
O + , (Rodr ́ıguez & Rubin 2005 ).

CF(ESO − 09) = ICF(SALT − 21) = 1 . 00 . 

PPENDI X  B:  ATO MIC  DATA  
ations. 

Collisional strenghts 

Tayal ( 2011 ) 
Kisielius et al. ( 2009 ) 

Storey, Sochi & Badnell ( 2014 ) 

McLaughlin & Bell ( 2000 ) 
 Tayal & Zatsarinny ( 2010 ) 

Tayal & Gupta ( 1999 ) 
Tayal ( 2004 ) 

Butler & Zeippen ( 1989 ) 
Galav ́ıs, Mendoza & Zeippen ( 1995 ) 

Ramsbottom & Bell ( 1997 ) 

Bautista et al. ( 2015 ) 
Zhang ( 1996 ) 

bination coefficients 

Hummer ( 1995 ) 
2 ), Porter et al. ( 2013 ) 
e y & Liu ( 2011 ) 
i & Bastin ( 2017 ) 

jean & Boisson ( 1991 ) 
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