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Abstract

We present a spectroscopic investigation of 25 objects previously reported as possible Planetary Nebulae (PNe) in recent catalogs to
obtain their physical properties and establish their true nature. We found 11 objects showing intense emission lines, 11 objects where it
was not possible to measure Hf, and 3 objects where no lines were present. We used diagnostic diagrams to confirm the true PN nature
of the eight objects. We obtained elemental abundances for the three objects, the values of which are in agreement with the mean PNe
values for our Galaxy. Four objects show [N II] 16583 being more intense than Ha, and for two of them, this can be explained by the
presence of shocks in the gas. Finally, we report angular sizes based on Ha and [O III] 15007 emission.

Resumen

Presentamos un estudio espectroscépico de 25 objetos reportados como posibles Nebulosas Planetarias (NPs) en catalogos recientes
para obtener sus propiedades fisicas y establecer su verdadera naturaleza. Encontramos 11 objetos que muestran lineas de emisién
intensas, 11 objetos donde no fue posible medir HB y 3 que no muestran lineas. Utilizando diagramas de diagnéstico, hemos podido
confirmar ocho objetos como verdaderas NPs. Para tres de estos objetos hemos determinado abundancias elementales que concuerdan
con los valores del conjunto de NPs de nuestra Galaxia. Cuatro objetos muestran la linea [N II] 16583 mas intensa que Ha que puede
explicarse en dos de ellos con la presencia de choques en el gas. Finalmente, reportamos tamarios angulares determinados a partir de la

emisién en Ha y [O I1I] A5007.
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1. Introduction

Planetary Nebulae (PNe) are the product of the gas ejec-
tion of evolved stars with low and intermediate-mass pro-
genitors (~0.8-8M). These stars eject the most exter-
nal layers of their surface at the Asymptotic Giant Branch
(AGB) evolutionary stage, with mass loss rates of approx-
imately 1078 M yr~!. At the tip of the AGB phase, mass
loss reaches up to 107* Mg yr™!, creating an expanding
shell around them (Randall et al., 2020). When the uncov-
ered central hot core reaches an effective temperature (Tqff)
of approximately 30,000 K (Khushbu & Muthumariappan,
2024), it produces energetic photons capable of exciting and
ionizing the previously ejected material, forming a plane-
tary nebula (PN). Subsequent line de-excitation and recom-
bination in the envelope produce a characteristic spectrum
associated with these objects (Osterbrock & Ferland, 2006).
Considering a scenario in which single and binary stars
produce PNe, the predicted Galactic population of these

objects is approximately 46,000 (Moe & De Marco, 2006).
However, by the year 2000, the number of known PNe was
still around 1500 (Kohoutek, 2001), much smaller than ex-
pected. More recently, as of April 2025, the Galactic known
PNe population has increased to 3952 objects according to
the HASH (Parker et al., 2016), a number larger than the
previous findings but still smaller than expected. This dis-
crepancy could be explained by high dust obscuration in the
Galactic plane, the faintness of old PNe, or the compactness
of sources usually identified as stars (Kwok, 2000).

During the last 20 years, many sky surveys have searched
for these elusive objects, marking the golden age of PNe
discovery (Kwitter & Henry, 2022; Parker, 2022). Objects
included in these catalogs generally have a small angular
extent, and some of them are underrepresented by their low
surface brightness. Several authors have begun studying
these objects (e.g. Henry et al., 2010; Acker et al., 2012; Hsia
& Zhang, 2014; Ali et al., 2016; Ritter et al., 2023; Temiz
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et al., 2024) but a considerable number (~1000) still need an
initial study or a deeper analysis of their properties. Since
these objects are poorly studied in the literature, it is nec-
essary to establish their true nature to understand if they
could represent an evolutionary stage that has not been
well-studied before and why many of them are difficult to
detect. The presence of dust, highly evolved objects, or
small-sized emission regions can be claimed to be responsi-
ble for the latter.

Only some of the new objects reported in recent cata-
logs have been confirmed as true PNe (Sabin et al., 2014).
Furthermore, additional studies are needed to obtain and
analyze the physical and chemical properties of the con-
firmed PNe. In this paper, we present a spectroscopic study
of 25 objects reported as potential PNe in catalogs. We de-
rived physical parameters and chemical abundances for
some selected objects.

2. Object selection

We selected our targets from an exhaustive search of var-
ious databases, catalogs, and papers: Acker et al. (1992),
Kohoutek (2001), IPHAS (Drew et al., 2005; Viironen et al.,
2009; Sabin et al., 2014), MASH (Parker et al., 2006; Miszal-
ski et al., 2008), Ferrero et al. (2015), HASH (Bojici¢ et al.,
2017; Parker et al., 2016), and PNST! (Le D1 et al., 2022).
Our main selection criterion was objects reported in any
catalog as a possible PN, a PN candidate, and confirmed
PN with limited or no previous studies.

Table 1 lists all the known, relevant, and updated infor-
mation found in the literature for our selected sample of 25
objects. We also indicate whether spectra, morphologies,
central stars or distances are available. Finally, we added
the HASH and SIMBAD statuses for comparison.

3. Observations and data reduction

Observations were carried out at the Observatorio As-
tronémico Nacional on the Sierra San Pedro Martir
(hereafter OAN-SPM) and the Observatorio Astrofisico
Guillermo Haro (hereafter OAGH). In both cases, we used
a 2.1 m class telescope. We had three observing runs: May
7 to 10, 2016 (OAGH); May 24 to 26, 2022; and July 26 to
28, 2022 (OAN-SPM). Table 2 presents the observing log,
indicating the object names, coordinates, exposure times,
and the corresponding observatories. Observations at OAN-
SPM were obtained with a seeing of 3.1” in May and 2.1-
2.3" in July, while at OAGH, the seeing was 1.8-2.9". At
OAN-SPM, low-resolution long-slit spectra were obtained
using the Boller & Chivens spectrograph with the SI-2 CCD
and a 400 lines mm~! dispersion grating, giving a spectral
resolution of ~ 6 A (FWHM). In the case of the OAGH, low-
resolution long-slit spectra were obtained with the Boller
& Chivens spectrograph, the SITe CCD, and a 150 lines
mm~! dispersion grating, resulting in a spectral resolution

!Planetary Nebula Spectra Trackers (PNST) is a french amateur observa-
tional group designed to uncover and confirm new Galactic PNe.
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of ~ 14 A (FWHM). A slit width of ~ 2.6”” was used in both
observatories. The slit was always oriented at a position
angle (PA) of 90°, except for PN G006.5+08.7, for which a
PA = 144° was used. Appendix A shows the slit positions
and extraction zones over-imposed on the images of the ob-
jects available in HASH. The exposure time for most objects
was 1800 s.

For flux calibration, a wider slit width of ~ 13’ was used
to observe the spectrophotometric standard stars BD+28
4211 and Feige 67. Data reduction was performed following
the IRAF standard procedures for bias, flat, wavelength
calibration, background, and cosmic ray corrections.

4. Results and Discussion

From our sample of 25 objects, we found 11 objects with
clear emission lines, another 11 where few emission lines
were detected but it was not possible to measure Hf, and 3
more with no emission lines. The spectra of the 11 objects
with clear emission lines are shown in Figure 1. Appendix B
presents the spectra of the remaining objects.

We used the ANNEB software (Olguin et al., 2011) for
line identification, to derive the logarithmic extinction co-
efficient c(Hf), to obtain intrinsic line intensities and to
calculate physical conditions (T, and n,), and ionic and
elemental chemical abundances. To obtain ionic abun-
dances, ANNEB uses IRAF’s NEBULAR task (Shaw & Du-
four, 1995) and for deriving elemental abundances uses
ionization correction factors from Kingsburgh & Barlow
(1994). The uncertainties for all derived quantities were cal-
culated by properly propagating errors in line fluxes, with
the number of photons received according to the detector
gain as the source of error. Tables 3 and 4 show the relative
line intensities and derived physical parameters for the 11
objects with multiple emission lines. The extinction func-
tion of Cardelli et al. (1989) was adopted to deredden the
observed line ratios. F(Hf3) corresponds to the observed
Hf flux, and SB(Hp) corresponds to the surface brightness
calculated in the extraction area. Three objects show high
extinction with c(HfS) > 2.0, which explains the observed
weakness of their emission lines.

We present electron temperatures from low-ionization
species for two PNe derived using the [NII] (16548 +
216583) /15755 line ratio. The [O I1I] 44363 line was not de-
tected in our sample, preventing the determination of the
electron temperature using medium-ionization species. In
addition, we present electron densities from low-ionization
species for eight PNe derived using the [SII] 16716/16731
line ratio. The electron densities in the objects where they
could be measured were low, which could indicate that they
are possibly already evolved PNe. Another possible explana-
tion could be that the PNe expanded at typical rates, but the
ejected mass was very low, implying low-mass progenitor
stars.
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Figure 1. Spectra for 11 selected objects.

Figure 2 shows a diagnostic diagram (DD) following Frew
& Parker (2010). Eight of our objects were located inside
the True PNe region.

Table 5 lists the mean ionic abundances for the 11 se-
lected objects, calculated from the collisionally excited and
optical recombination lines. In cases where we could ob-
tain T, and n,, these values were used in the calculations.
Where it was not possible, we adopted T, = 10,000 K and

54

ne = 100 cm™3. Table 6 lists the elemental abundances for
the three objects for which it was possible to derive them.
We added some abundance references for the Sun (Asplund
et al., 2021), Galactic disk PNe (southern in Kingsburgh &
Barlow, northern in Stanghellini et al.) and Galactic bulge
PNe (Tan et al., 2024). Values in our data are supersolar,
except for O/H and S/H abundances in PN G086.2—01.2
(PN Ra 5), which are subsolar. Such a low S/H abundance
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Figure 1. (Continued).
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Figure 2. A log F(Ha)/F([N 11]) versus log F(He) /F([S I1]) diag-
nostic diagram. F([N II]) refers to the sum of the flux of 16548
and 16583 nitrogen lines. F([S IT]) refers to the sum of 16716 and
16731 sulfur lines. All eight objects lie within the PNe region, as
indicated by the empirical boundaries from Frew & Parker (2010).
Uncertainties bars are the same size or smaller than the symbols.

could be explained by the “sulphur anomaly” (Henry et al.,
2012). The elemental abundances we derived are consistent
with the average values for PNe in the Milky Way. Follow-
ing the classification criteria from Quireza et al. (2007), PN

G047.8402.4 can be classified as a Peimbert type Ila and
PN G086.2—01.2 as a Peimbert type I. These results are in
agreement with the original criteria used by Peimbert &
Torres-Peimbert (1983). Type I PNe are related to massive
progenitor stars (~2.4-8.0 M), while type II are related to
less massive progenitors (~1.2-2.4 M, Quireza et al., 2007).
Following equations developed by Maciel et al. (2010), we
have estimated the central star mass (mcg) and the stellar
mass in the main-sequence (mmyg) obtaining mcg = 0.6 Mg
and mys = 1.7 M@ for PN G047.84+02.4 and Mmcsg = 0.7 M@
and mys = 2.3Mg for PN G086.2—01.2. Following the
methodology proposed by Reid & Parker (2010) and using
our dereddened line intensity ratios, we could compute the
excitation class (EC) based on the presence or absence of
He I1 14686 in the nebular spectrum, which defines the EC
of a PN. When a PN has EC < 5, it is considered to have
low EC; if EC > 5, it is deemed to have medium to high
EC. We found that PN G047.84+02.4 and PN G086.2—01.2
are classified in the medium to high EC with values of 5.7
and 6.9, respectively. In addition, adopting the criterion
of F([N11]A6583)/F(Ha) > 1 as the condition for optically
thick PNe (Kaler & Jacoby, 1989), PN G047.8+02.4 and
PN G086.2—01.2 are optically thick. Therefore, we can use
the empirical relationship between EC and T¢¢, defined by
Reid & Parker (2010), to estimate the central star (CS) tem-
perature. In this way, we have found T ~ 1.1 X 10° K for
PN G047.8402.4 and Tep ~ 1.4 X 10° K for PN G086.2—01.2.

Four low ionization objects were found (PN G047.8+02.4,
PN G073.6+02.8, PN G077.4—04.0, and PN G086.2—01.2).
For these objects, the [N 1I] 16583 line is much more in-
tense than Ha, especially in the case of PN G077.4—04.0
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Table 1. Literature information of the observed objects

Name HASH optical spectra® Morph.? Central Star® dgeo (PO)* dyhor (pc)? HASH® SIMBAD/
PN G003.3+66.1 R 1227151802340968832 7297176 464*3 P PN
PN G339.4+29.7 NPN PNC
PN G358.5+09.1 PG PNC
PN G358.4+08.9 PG PNC
PN G006.5+08.7 Bas  4122534632633972992 3327753 3374*7°7% T PN
PN G008.3409.6 SO, 2002, 0.3m, 1X3600s B 4124562102059801216 8402+22%% 799671 T PN
PN G031.3+02.0 S P S
PN G030.5+01.5  SSO, 2008, 2.3m, 1X300s E  4260148618930827008 ... T ELS
PN G040.1403.2  SAAO,2011,1.9m,1x1200s ~ Eamf 4310230750781889920 7961358 47867133 T PN
PN G038.4+02.2  KPNO, 2009, 2.1m, 1x1800s Rt T PN
PN G040.6+01.5  SAAO,2011,1.9m, 1x1200s  B/S} T PN
PN G041.5+01.7  KPNO, 1993, 2.1m, 1x900s ST 4310136536377607040 L PN
PN G047.8+02.4  KPNO, 2009, 2.1m, 1X1800s Et T PN
PN G050.0+01.0 E  4320871725541398400 T PNC
PN G051.8+01.7 S 4514907211117285504 P S
PN G052.0+01.7 E L MIRS
PN G051.7+01.3 OAN-SPM, 2010, 2.1m, 1x1800s  Iaj  4322743914667694208 ... T PN
PN G057.9+01.7 R 2019455895594998784 55567 0" 61741248 T PNC
PN G058.6+00.9 S 2020219403339189760 P PN
PN G073.6+02.8  KPNO, 2009, 2.1m, 1X1800s ~ East T PN
PN G077.4-04.0 Est T PN
PN G086.2—01.2 B T PNC
PN G095.8+02.6 ~ GTC,2011,10.4m, 1x2400s ~ Eps} T PN
PN G098.9-01.1 OAN-SPM, 2011,2.1m, 1x1800s ~ Raj  1981477771828655488 5583'20%1 5501*.%6 T PN
PN G114.4+00.0 Ef  2012536875076571776 33677210 42511219 T PN

—=1197 =920

“ Observatory, date, telescope diameter, and exposure time. Spectra that are not flux-calibrated were not included.
° Morphology. Round (R), elliptical (E), bipolar (B), star—like (S), irregular (I), sided asymmetry (a), multiple shells (m), internal structure
(s), and point symmetry (p). sParker et al. (2006), ¥Sabin et al. (2014), and $Sabin et al. (2021). Morphologies without references assigned

by HASH.

‘DR3 IDs (Gaia Collaboration et al., 2023) according to Chornay & Walton (2021), and Gonzilez-Santamaria et al. (2021).

‘ Geometric distance (dgeo) and photogeometric distance (d,,) calculated by Bailer-Jones et al. (2021).
E‘HASH status. For Planetary Nebula (PN): Possible (P), True (T), and Likely (L). Other objects: Not PN (NPN) and Possible galaxy (PG).
’SIMBAD status. PN Candidate (PNCQ), Star (S), Emission-line Star (ELS), and MIRS (Mid-IR Source).

(PN Ra 4), where [N I1] 16583 is more than twice as intense
as Ha. This phenomenon could be related to shock pro-
cesses in the nebula as an excitation mechanism (Akras &
Gongalves, 2016). To verify this possibility, we used Raga
et al. (2008), Ali & Dopita (2017) and Mari et al. (2023) di-
agnostic diagrams, as shown in Figure 3. We found that PN
G077.4—04.0 is inside a shock region, and the excess of the
[N 11] 16583 line could be explained by photoionization and
low-velocity shock models. In addition, PN G073.6+02.8
is very close to the contour of the high-speed-shock model.
This may indicate that a weaker shock is occurring in the
nebula. [N II] 16583 excess for the remaining two objects
could be explained by photoionization models. The central
stars of each object in this subgroup must have low effective
temperatures.

Table 7 lists 11 objects for which a reliable H measure-
ment was not possible. However, other emission lines were
detected: two objects with several lines and nine with at
least one evident Ha emission. F(Ha) and SB(Ha) are
defined as in Tables 3 and 4 but for Ha. c¢(Hp)jin;; is the
lower limit of c(HpB) derived using an estimation of the
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upper limit of the HS flux. This limit was estimated by
adding synthetic Hf line profiles of different intensities to
our original spectrum and finally choosing a flux where the
line was clearly observed in the resulting spectrum. The
selected upper limit was typically thrice the noise level. We
discarded the four noisiest spectra in the c(Hf )jim;; calcu-
lations because the detected Ha had a very low signal to
noise (S/N).

Table 8 lists the angular sizes of the PNe derived from
the Ha and [O I1I] 15007 emission lines in the 2D long-slit
spectra. Only regions with a flux above 1% of the maximum
intensity of the line were considered. Some of our values
are similar to the major diameters previously reported in
the literature, whereas others are new. All sizes are affected
by seeing at the moment of observation. In addition, in a
few cases, the PA of the slit was misaligned with the main
axis of the source, which could explain the size differences
from the values reported in the literature. The most sig-
nificant difference was found for PN G003.3+66.1. From
our sample, some objects have been previously reported, as
shown in Table 1, but no in-depth studies have appeared
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Table 2. Observed objects

Name RA (2000) DEC (2000) texp (8) OBSERVAT DATE

PN G003.3+66.1 14:16:21.95 +13:52:24.25 3x1800 OAN-SPM 2022 May 24
PN G339.4+29.7 15:08:20.73 —23:14:50.47 1x1800 OAN-SPM 2022 May 24
PN G358.5+09.1 17:07:45.52 —25:03:38.87 1x1800 OAN-SPM 2022 July 27
PN G358.4+08.9 17:08:19.73 —25:13:41.60 1x1800 OAN-SPM 2022 July 26
PN G006.5+08.7¢ 17:28:14.05 —18:44:31.01 3Xx1800 OAN-SPM 2022 May 24
PN G008.3+09.6 17:29:13.10 —16:47:42.60 3x1800 OAN-SPM 2022 May 24
PN G031.3+02.0 18:41:25.95 —00:27:45.41 1x1200 OAGH 2016 May 07
PN G030.5+01.5 18:41:40.43 —01:25:17.72 1x1800 OAGH 2016 May 07
PN G040.14+03.2 18:53:09.40 +07:52:41.00 3x1800 OAGH 2016 May 08
PN G038.4+02.2 18:53:21.74 +05:56:42.12 1x1800 OAGH 2016 May 08
PN G040.6+01.5 18:59:57.00 +07:35:44.00 1x1800 OAGH 2016 May 10
PN G041.5+01.7 19:01:05.72 +08:25:35.93 1x1200 OAGH 2016 May 08
PN G047.8+02.4 19:10:01.10 +14:22:02.00 1x1800 OAN-SPM 2022 July 28
PN G050.0+01.0 19:19:22.92 +15:41:37.15 1x1800 OAGH 2016 May 09
PN G051.8+01.7 19:20:31.62 +17:32:48.92 1x1800 OAGH 2016 May 09
PN G052.0+01.7 19:20:54.53 +17:46:07.90 1x1800 OAGH 2016 May 09
PN G051.7+01.3 19:21:46.61 +17:20:45.80 1x1800 OAN-SPM 2022 July 26
PN G057.9+01.7 19:33:09.03 +22:58:33.63 1x1800 OAGH 2016 May 10
PN G058.6+00.9 19:37:29.33 +23:09:46.56 1x1800 OAGH 2016 May 10
PN G073.6+02.8 20:05:22.00 +36:59:42.00 1x1800 OAN-SPM 2022 July 28
PN G077.4—04.0 20:44:14.10 +36:07:37.00 1x1800 OAN-SPM 2022 July 28
PN G086.2—01.2 21:02:38.73 +44:46:46.00 1x1800 OAN-SPM 2022 July 28
PN G095.8+02.6 21:26:08.30 +54:20:15.00 1x1800 OAN-SPM 2022 July 26
PN G098.9—01.1 21:58:42.30 +53:30:03.00 1x1800 OAN-SPM 2022 July 26
PN G114.4+00.0 23:38:40.43 +61:41:40.90 1x1800 OAN-SPM 2022 July 26

“Only object observed with PA = 144°,

in the literature yet. We want to point out that despite the
existence of some uploaded spectra in the HASH database,
we decided not to use them because they are presumably
being analyzed by the original authors. Therefore, we used
our spectra in this study. A few objects with spectroscopic
or related studies reported in the literature are discussed in
the following section. Additional literature information for
other objects is available in Appendix C.

5. Notes on individual objects

PN G008.3+09.6: Boumis et al. (2006) named this object
as PTB 26. These authors reported an optical spectrum
in which ten emission lines were detected. They derived
c(HB) = 0.62 and an electron density n, < 70 cm™3. We
found 14 emission line fluxes, c(HB) = 0.96 and an electron
density of n, = 147 cm~3. In addition, we report the mean
ionic abundances.

PN G030.5+01.5: HASH status is True PN, while SIM-
BAD reports it as an emission-line star based on Robertson
& Jordan (1989). In our work, we found the expected char-
acteristics of a PN (see emission lines, abundances, and
spectrum in the text), but it does not appear in Figure 2
because the [SII] (A16716, 6731) emission in our spectrum
was found to be unreliable.

PN G040.1+03.2: We found probable C IV broad line at
5806 A. The object was also observed by Sabin et al. (2014),
and the broad emission was also clear. This could be related
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to a PN with a Wolf-Rayet CS, displaying a blended C 1V
doublet (at 5801 and 5812 A) appearing as a broad feature
due to the rapid expansion of the hot stellar wind (DePew
etal., 2011).

PN G041.5+01.7: Named 1858+0821 by van de Steene
et al. (1996). The strengths of [N 11]46548 and 16583 (rel-
ative to Ha=100) reported from a very low S/N spectrum
were 24.4 and 66.4, respectively. In our spectrum we
only found Ha and [N 11] 16583. The [N I1]46548 line is
blended with Ha. To correct the Hax emission by the 16548
contribution, we estimated 16548 using a theoretical ra-
tio [N 111583/ Iesas = 2.96 (Ueta et al., 2019). The final
strengths of the [N II] lines relative to Ha are 16 for 16548
and 47 for 16583. The differences found in the ratios can
be explained by the very low S/N of both spectra. A deeper
spectrum is required to better understand the nature of this
object. However, Urquhart et al. (2009) reported a 6 cm
radio flux density at 5GHz and associated the source with
an object of PN nature.

6. Conclusions

We report a low-resolution spectroscopic investigation of 25
objects suspected to be PNe in this study. Using diagnostic
diagrams, we confirmed eight objects as true PNe, while
the remaining objects did not exhibit sufficient emission
lines for reliable classification. The true PNe include PN
G086.2—01.2, which was previously classified as doubtful
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Figure 3. Diagnostic diagrams to distinguish shock-excited and photoionised regions. Top: proposed by Raga et al. (2008) with
the shock region from Ali & Dopita (2017). Bottom: proposed by Mari et al. (2023). Photoionization models are represented by
blue contours, low-velocity shock models by magenta, and high-velocity shock models by red. Symbols: /\ PN G047.8+02.4, A PN
G073.6+02.8, [] PN G086.2—01.2, and [ll PN G077.4—04.0. Uncertainties are the same size or smaller than the symbols.

and reported as a candidate in SIMBAD. We calculated
the electron temperatures and densities for two and eight
PNe, respectively, where the S/N in the nebula spectra was
appropriate. We were able to report elemental and ionic
abundances for three and 11 objects, respectively. Elemen-
tal abundances are entirely consistent with Galactic PNe
(Kingsburgh & Barlow, 1994, Stanghellini et al., 2006 and
Tan et al., 2024). We derived masses for the central stars of
PN G047.84+02.4 and PN G086.2—01.2 of 0.6 and 0.7 M,
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respectively. Peimbert types are also reported for these two
objects. The large [N II] 16583/Ha line intensity ratios in
PN G077.4—04.0 and PN G073.6+02.8 of 2.5 and 1.2, re-
spectively, suggest a contribution of shock excitation, as
indicated by shock models. A few emission lines were de-
tected for 11 objects for which we could not measure H.
Deeper spectra are needed to confirm their true nature.
We measured Ha and [O I1I] 215007 angular sizes for our
sample, where possible. The remaining three objects were
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Table 3. Intrinsic line intensities (I(HB) = 100) and physical parameters for the first set of objects

Ton Line fa 003.34+66.1 006.54+08.7 008.34+09.6 030.54+01.5 047.84+02.4 057.94+01.7
Hé 4101 0.230 8§+1 27+1

Hy 4340 0.157 48 +1 52+1 48+1 51+2

Hel 4471 0.115 6+1 6+1

Hell 4686 0.050 55+1 30+1 6+1

HpB 4861 0.000 100 +1 100+ 1 100 +1 100 +1 100 +2 100 +1
[O 1] 4959 —0.026 141 +2 236 +2 58+1 409 +2 243 +4 165+1
[O111] 5007 —0.038 366 +3 662 + 6 172 +1 1169 + 4 707 £ 10 471 + 4
[N1I] 5755 —0.185 6+1
Hel 5876 —0.203 12+1 15+1 20+1 14+1 17+1
[01] 6300  —0.263 48 +1

[01] 6363  —0.271 17+1

[N1I] 6548  —0.296 48 +1 28+ 1 143+ 3

Ha 6563 —0.298 286 +4 287 +4 286 +2 286 +2 286+ 6 286+ 3
[N11] 6583 —0.300 130 +2 79+1 5+1 443 +9 47+1
Hel 6678 —0.313 5+1 4+1 6+1 5+1 5+1
[s1] 6716  —0.318 25+1 17+1 51+1 94+1¢
[s1] 6731  —0.320 15+1 13+1 46 +1
Hel 7065 —0.364 5+1 7+1
[Ar 111] 7136  —0.374 15+1 7+1 22+1 19+1
[o11] 7320 —0.398 5+1 5+1°
[O11] 7330 —0.400 12+1

log F(HPB) — — —14.19 + 0.01 —14.26 + 0.01 —13.70 +£ 0.01 —14.22 + 0.01 —14.50 + 0.01 —14.58 + 0.01
SB(Hp)* — — 2.75 4.62 19.40 26.37 9.05 15.73
c(HB) — — 0.09 + 0.01 1.26 + 0.01 0.96 + 0.01 3.33 +£0.01 1.83 +£0.02 3.29 +£0.01
T([N1I]) — — 10,295 + 258

ne([S1]) — — . < 100 147 + 33 381 +90

¢Correspond to 16716 and 16731 sulfur lines blended. ®Correspond to 17320 and 17330 oxygen lines blended. ¢Surface brightness
(x107ergs! cm~2 arcsec™2).

misclassified as possible PNe: PN G339.4+29.7 is a late-
type star, while PN G358.5+09.1 and PN G358.4+08.9 are
galaxies.
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Table 4. Intrinsic line intensities (I(Hf) = 100) and physical parameters for the second set of objects

Ion Line fa 073.6+02.8 077.4—04.0 086.2—01.2 098.9—01.1 114.4+00.0

HS 4101 0.230 84+ 6 34+1

Hy 4340 0.157 66 + 1

Hel 4471 0.115

Hell 4686 0.050 19+1

HpB 4861 0.000 100+ 5 100 + 4 100 + 1 100 + 4 100 + 3

[0 1] 4959 —0.026 230+ 9 66 +3 278 +3 276 +9 193+ 4

[0 1] 5007 —0.038 663 + 23 216 + 8 830+8 851 + 26 535+ 11

[N1I] 5755 —0.185 6+1

Hel 5876 —0.203 22+1 23+1 17+1

[01] 6300 —0.263 42+ 2 34+2 22+1 65+2 88 +3

[o1] 6363 —0.271 19+1 7+1 8+1

[N11] 6548 —0.296 110+ 5 241 + 11 109 + 2 60 + 3 66 +2

Ha 6563 —0.298 286 + 14 286 + 13 285+ 4 287 +13 286+ 8

[N1I] 6583 —0.300 337+ 16 714 + 32 336+ 5 161+ 7 198+ 6

Hel 6678 —0.313 5+1

[S11] 6716 —0.318 57 + 43 +2 27+1 43 33

[s] 6731 —0.320 47 + 34+2 19+1 16 26

Hel 7065 —0.364 4+1

[Ar111] 7136 —0.374 16+1 19+1

[o1] 7320 —0.398 4+1

[o11] 7330 —0.400 4+1

log F(HRB) — — —15.29 +0.01 —15.24 +0.01 —14.18 + 0.01 —15.20 + 0.01 —14.83 +0.01

SB(HP)* — — 1.44 0.92 10.87 0.03 1.11

c(HB) — — 2.53 +0.05 1.78 + 0.05 1.61 + 0.01 1.75 + 0.04 1.26 + 0.03

T.(IN11]) — — 11,445 + 216

ne([S11]) — — 230 + 170 175 + 163 < 100 <100 155 + 111

“Surface brightness (x10~7ergs~' cm~2 arcsec™2).
Table 5. Mean ionic abundances® from all the selected objects

Ton Factor 003.3+66.1 006.5+08.7 008.3+09.6 030.5+01.5 047.8402.4 057.9401.7
Hel* %1071 1.09 + 0.02 1.08 + 0.01 1.55+0.01 1.17 £ 0.02 1.28 +£0.01
He?* %1072 4.48 +0.06 2.40 + 0.04 0.47 + 0.03

N+ x107> 2.65 + 0.03 1.56 + 0.01 0.09 +0.01 7.94 +0.47 0.92 + 0.01
0o+ x10™* 0.86 + 0.07

o+ x10~4 2.57 +0.50 1.95 +0.03
o** x1074 1.36 + 0.01 2.39 +0.01 0.60 + 0.01 4.18 +0.01 2.26 +0.16 1.69 + 0.01
S+ x107° 0.89 + 0.01 0.69 + 0.01 2.19 +0.17 0.34 +0.01
Ar?t %1076 1.41 +0.03 0.62 + 0.01 1.91 + 0.16 1.76 + 0.02
Ion Factor 073.6+02.8 077.4—04.0 086.2—01.2 098.9-01.1 114.4+00.0
Hel* x10~1 1.58 +0.08 1.71 + 0.09 1.32 + 0.02

He?* x1072 1.56 + 0.04

N1+ x107° 6.52 +0.23 14.01 + 0.49 4.65 +0.19 3.31+0.11 3.86 + 0.09
oo+ x10~* 0.94 + 0.03 0.59 + 0.02 0.27 + 0.02 1.26 + 0.05 1.69 + 0.05
o+ x1074 0.81 +0.08

0¥ X107+ 2.35+0.07 0.74 + 0.02 1.88 + 0.09 2.97 +0.07 1.93 +0.03
Si+ %1076 2.47 +0.19 1.79 + 0.14 0.75 +0.03 1.34 +0.05 1.37 +0.08
Ar** x107° 1.47 + 0.09 1.29 + 0.08

“Given as N(X'*)/N(H").
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Table 6. Elemental abundances® from some selected objects

Ion  Factor 006.5+08.7 047.8+02.4 086.2—01.2 Sun® KB94¢ SGCO6¢ TPZ24¢

He 1 0.133+0.002  0.122+0.003  0.147+0.002  0.082  0.115(55)  0.123(75) 0.115 (123)
N X104 1.532+0.357  1.660+0.193  0.676  2.239(47)  2.439(63) 1.862 (122)
0 x1074 4964 +0.548  2.904+0.134 4898  4.786(54)  3.531(67) 5.012 (124)
S X105 1.511+0.124  0.626 + 0.041 1.318  0.832(43) o () 0.794 (124)
Ar X106 2648 +0.583  3.574+0.840  2420+0550 2399  2455(41)  1.262(46) 2.754 (122)

4Given as N(X)/N(H). ®According to Asplund et al. (2021). °Average PNe abundances. KB94 is for Kingsburgh & Barlow
(1994), SGCO06 for Stanghellini et al. (2006), and TPZ24 for Tan et al. (2024). The number of PNe used for each average appear in

parentheses.
Table 7. Objects with few emission lines detected

Ton Line 031.3402.0 040.1+03.2¢ 038.4+02.2 040.64+01.5 041.5+01.7 050.0+01.0
[O111] 4959 13+1
[O111] 5007 30+1 19+1 24+1
[N11] 6548
Ha 6563 100 +1 100 +1 100+ 1 100 +1 100 + 1b 100 £ 1
[N1I] 6583 4+1 40+1
[S1] 6716
[St] 6731
[Ar 1] 7136
log F(Ha) — —14.29 + 0.01 —13.31+0.01 —13.80 + 0.01 —14.89 + 0.01 —14.19 + 0.01 —14.11+0.01
SB(Ha)* — 6.16 16.78 11.01 1.33 10.71 10.73
c(HBimit — > 0.81 > 3.04 > 1.82 > 1.67

“We found also I(CIV) = 16 + 1, see § 5. "Blended with 16548, see § 5. “Surface brightness (x10~*ergs—! cm~2 arcsec2).

Ton Line 051.84+01.7 052.04+01.7 051.74+01.3 058.6+00.9 095.8402.6
[O111] 4959 15+1 12+1
[O 1] 5007 43+1 39+1
[N1I] 6548 29+1 33+1
Ha 6563 100 +1 100 +1 100 + 2 100 +3 100+ 1
[N 6583 97 +2 110 + 2
[St] 6716 16+1 12+1
[S1] 6731 12+1 8+1
[Ar111] 7136 23+1 14+1
log F(Ha) — —14.82 +0.01 —13.72 +0.01 —14.42 +0.01 —15.40 +0.01 —14.19 £ 0.01
SB(Ha)“ — 2.11 13.12 0.53 0.66 1.60
c(HPB)timit — > 1.08 > 2.31 > 3.16

4Surface brightness (x10~'%erg s~! cm~2 arcsec™2).
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Table 8. Object sizes® from our sample

Name [O 111] 5007 Ha 6563 Literature major diameter
(arcsec) (arcsec) (arcsec)
PN G003.3+66.1 106 100 50 (Frew et al., 2016)

PN G339.4+29.7

PN G358.5+09.1

PN G358.4+08.9

PN G006.5+08.7 47 45 51 (Parker et al., 2006)

PN G008.3+09.6 29 38 30 (Parker et al., 2006)
PN G031.3402.0 3

PN G030.5+01.5 8 11

PN G040.1+03.2 5 7 12 (Sabin et al., 2014)
PN G038.4+02.2 4 4 5 (Sabin et al., 2014)
PN G040.6+01.5 3 5 (Sabin et al., 2021)
PN G041.5+01.7 3

PN G047.8+02.4 10 12 10 (Sabin et al., 2014)
PN G050.0+01.0 3 3

PN G051.8+01.7 3

PN G052.0+01.7 5

PN G051.7+01.3 23 25 34 (Sabin et al., 2021)
PN G057.9+01.7 5

PN G058.6+00.9 3

PN G073.6+02.8 10 12 11 (Sabin et al., 2014)
PN G077.4—04.0 14 23 25 (Sabin et al., 2021)
PN G086.2—01.2 15 17 12 (Ferrero et al., 2015)
PN G095.8+02.6 9 12 15 (Sabin et al., 2021)
PN G098.9-01.1 26 26 31 (Sabin et al., 2021)
PN G114.4+00.0 55 56 61 (Sabin et al., 2021)

“Uncertainties are determined by the seeing, with a typical value of 2 arcsec.
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m APPENDICES
A. SLIT POSITION AND SPECTRUM EXTRACTION ZONE
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Figure 4. Visual fields available in HASH for observed objects with images taken from SDSS (York et al., 2000), SSS (Hambly et al.,
2001), SHS (Parker et al., 2005), and IPHAS (Drew et al., 2005), as labeled in the bottom-right corner of each panel. North is up, East
is left. Field size is 2’x2’ in all cases. The solid line represents the long-slit position, which was oriented at PA = 90° for all objects,
except where indicated. The rectangle over the long-slit marks the extraction zone for the spectra shown in Figure 1 and Appendix B.
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Figure 4. (Continued).
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Figure 4. (Continued).
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B. SPECTRA OF THE REMAINING 14 OBJECTS
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Figure 5. Spectra of 14 objects with a few or no emission lines.
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Figure 5. (Continued).

C. ADDITIONAL LITERATURE INFORMATION

There are different collective works in the literature that involve some of the objects in our sample on topics that are not
related to our research. The objects and papers in which they appear are listed in Table 9.

Table 9. Collective works’ that includes objects in our sample

Name 1 2 3 4 5 6 7 8 9 10
PN G003.3+66.1 4 v 4
PN G006.5+08.7 4 v
PN G008.3+09.6 v v
PN G031.3+02.0
PN G030.5+01.5
PN G040.1+03.2
PN G038.4+02.2
PN G040.6+01.5
PN G041.5+01.7 v
PN G047.8+02.4
PN G050.0+01.0 v
PN G052.0+01.7 v
PN G051.7+01.3 v 4
PN G057.9+01.7 v 4 v
PN G058.6+00.9 4 4
PN G073.6+02.8
PN G077.4—-04.0
PN G086.2—01.2
PN G095.8402.6 v
PN G114.4+00.0 . v

—
—

NSNS N
AN N N N

AN N N

AN N N N

1 (Condon et al., 1999) and 3 (Boji&i¢ et al., 2011) reported flux density at 1.4 GHz. 2 Stanghellini et al. (2008) and 6 (Frew et al., 2016)
created a catalog of statistical distances. 4 (Frew et al., 2013) made a catalog of integrated Ha fluxes. 5 (Froebrich et al., 2015) have
identified extended H, features. 7 (Ramos-Larios et al., 2017) found that the spatial distribution of H, confirms its bipolar morphology.
8 (Irabor et al., 2018) reported flux at 5 GHz and brightness temperature. 9 (Jacoby et al., 2021) reported a study of the possible light
curve variability on their CSs. 10 (Hajduk et al., 2021) made radio observations to find evidence of cold plasma component coexisting
with hot plasma, but the objects were undetected by the experiment. 11 (Gémez-Muiioz et al., 2023) created an UV and optical catalog.
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Some individual notes for other objects are:

PN G003.34+66.1 (SkAc 1): Its central star is very well studied by several authors, such as Kepler et al. (2016) showing
the spectra of the white dwarf, Weidmann et al. (2020) indicating its spectral classification and Gentile Fusillo et al. (2021)
listing stellar properties. Also, Douchin et al. (2015) present an image using [O III] 15007 filter. Although it does not
appear in the diagnostic diagram presented in Figure 2, Makarov et al. (2003) classified this object as a probable PN due
to its low heliocentric radial velocity (—17 + 2kms™!).

PN G339.4+29.7 (PN Y—C 2—17): This object was discovered originally by Cesco & Gibson (1973) and it was described
as a PN using only morphological features on a photographic plate; eventually, was cataloged as a Possible PN in
Kohoutek (2001) and no other studies have been conducted to date. The HASH status was Not PN, whereas the SIMBAD
status was PN candidate. We did not find any emission lines in our spectrum, but we identified the object as an evolved
star of spectral type K3I-II.

PN G358.5+09.1 (Terz N 26, LEDA 89007): Discovered by Terzan (1985), who described it as a PN-like diffuse
object from a set of R and B plates. Although Kohoutek (2001) cataloged it as Possible PN, some studies in the
literature for the last 20 years consider this object a galaxy, e.g., Paturel et al. (2003) identified it as an elliptical galaxy,
Tempel et al. (2016) reported a photometric redshift of 0.037633 + 0.000167, and a distance of 165.254 Mpc. HASH
status is possible galaxy, SIMBAD status is PN candidate, and NED status is galaxy. Our spectrum showed no emis-
sion lines or apparent absorption features. Therefore, it is not possible to draw a more definitive conclusion from this study.

PN G358.4+08.9 (Terz N 29, LEDA 89010): Terzan (1985) described it as a red star surrounded by nebulosity, as it ap-
peared in R and B plates. There are few studies in the literature, but Hasegawa et al. (2000) identified this object as a type E
galaxy and reported a redshift of 0.027786 + 0.000167. Nevertheless, Kohoutek (2001) cataloged it as a Possible PN. HASH
status is a possible galaxy, SIMBAD status is PN candidate, and NED status is Galaxy. We did not find emission lines in our
spectrum, but several absorption features corresponding to the G-band, Mgb, NaD, and Ha typical of elliptical galaxies. We
derived a redshift of z = 0.0279 which is in complete agreement with the previously reported value (Hasegawa et al., 2000).

PN G058.6+00.9 (PN PM 1—309, IRAS 19353+2302): Preite-Martinez (1988) proposed this object as a possible PN

based on the far-IR colors of the source and reported density fluxes at 12, 25, 60, and 100 um. He calculated the dust
temperature, assuming that is the unique source observed and estimated the heliocentric distance (5.1 kpc).
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