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Abstract

During an integral-field spectroscopic study of stars in the massive young open cluster NGC 1866 in the Large
Magellanic Cloud, we serendipitously discovered a faint planetary nebula (PN). We designate it “Ka LMC 1,” and
find that its location near the cluster center, along with the agreement of its radial velocity with that of the cluster,
imply a high probability of membership in NGC 1866. The 200 Myr age of the cluster indicates that the PN’s
progenitor star had an initial mass of about 3.9 M. The integrated spectrum of Ka LMC 1 shows strong emission
lines of [NII], consistent with it being a “Type I” nitrogen-rich PN. The nebula exhibits a classical ring
morphology, with a diameter of ~6", corresponding to an advanced expansion age of about 18,000 yr. Archival
images of NGC 1866 obtained with the Hubble Space Telescope reveal a faint blue central star. Comparison of the
star’s luminosity with predictions from one set of theoretical post-asymptotic-giant-branch evolutionary tracks
(for single stars) implies an age roughly consistent with the dynamical age of the PN, but the agreement with
alternative modern tracks is much poorer. Analysis of the emission-line spectrum suggests considerable dust
extinction within the nebula; however the central star possibly suffers little reddening because we may be viewing
it nearly pole-on in a bipolar PN. Our accidental discovery was made using data that are not ideal for study of Ka
LMC 1; we suggest several avenues of future targeted studies that would provide valuable and nearly unique new
information for constraining models of late stellar evolution.

Unified Astronomy Thesaurus concepts: Open star clusters (1160); Planetary nebulae (1249); Planetary nebulae

nuclei (1250); Post-asymptotic giant branch stars (2121); Late stellar evolution (911)

1. Introduction: Planetary Nebulae in Star Clusters

At the end of a low- or intermediate-mass star’s nuclear-
burning lifetime, it spectacularly transforms from a red giant to a
compact hot star, surrounded by a glowing nebula—a planetary
nebula (PN). This metamorphosis occurs when an asymptotic-
giant-branch (AGB) star (initial mass ~0.8—-8 M. sheds its outer
layers, exposing a core that rapidly evolves to higher surface
temperature. When the star reaches ~30,000 K, UV radiation
ionizes the surrounding ejecta, producing the PN—which lasts a
few times 10* yr before dissipating. The central star then cools
down as a white dwarf (WD) for the rest of eternity. For recent

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

reviews of PNe and their significance for astrophysics, see
Kwitter & Henry (2022), Parker (2022), and Kwok (2022).

If a PN is a verified member of a star cluster, it becomes a
unique laboratory for stellar evolution and nucleosynthesis. For
such objects, we obtain the initial mass and composition of the
PN’s progenitor star—information that cannot be determined for
PNe in the field. The absolute luminosity of the central star can be
found using the cluster’s known distance. This can be converted
to a post-AGB age of the star, based on theoretical evolutionary
tracks, which can be compared with the dynamical age of the PN
derived from its radius and expansion velocity. Additionally, the
chemical composition of the PN, along with the progenitor mass,
provides information about the dredge-up of processed material
from the stellar interior—theoretically predicted to depend
strongly on the initial mass of the progenitor (e.g., Henry et al.
2018; Karakas et al. 2018; Kamath et al. 2023). Moreover, the
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presence of a PN in a cluster establishes the cluster’s main-
sequence turnoff mass as a lower limit on the masses of stars that
end their lives as WDs, rather than exploding as core-collapse
supernovae. As Kwitter & Henry (2022) emphasize, “a PN
located in a star cluster is a rare celestial gift.”

Unfortunately, Nature has been stingy in bestowing this
cosmic largesse. For PNe that potentially belong to Galactic
star clusters, the situation has been described in detail recently
by Bellini et al. (2025) and Fragkou et al. (2025), and earlier
by Moni Bidin et al. (2014), and we summarize here.

Among Galactic globular clusters (GCs), three PNe (see Bond
et al. 2020) have passed the membership criteria of lying within the
tidal radius of the cluster, and having a radial velocity (RV),
interstellar extinction, estimated distance, and central-star proper
motion (PM) that are all in agreement with those of the host
clusters. A fourth candidate, the PN JaFu 1, lies close on the sky to
the Galactic GC Palomar 6, and was long considered a likely
cluster member. However, Bond et al. (2024) used multiple-epoch
imaging of its central star with the Hubble Space Telescope (HST)
to show that its PM is discordant with that of the cluster.

For Galactic open clusters (OCs), the number of PNe
confirmed as members is likewise very small. There are over a
dozen Galactic PNe that lie tantalizingly near OCs on the sky,
but almost all have failed one or more membership tests (see
summaries in Davis et al. 2019 and Kwitter & Henry 2022). In
the past few years, however, there have emerged two well-
confirmed cases of PNe belonging to Milky Way OCs, and two
more good candidates: (1) IPHASX J055226.2+323724 (PN
G177.54+03.1) has convincingly been shown to be a member
of the OC M37, based on the RV of the PN and the PM of its
central star given in Gaia Data Release 3 (DR3; Gaia
Collaboration et al. 2023) both agreeing very well with those
of the cluster (Fragkou et al. 2022b; Griggio et al. 2022). (2)
The PN PHR J1315—6555 was proposed as a member of the
distant Galactic OC AL 1 by Fragkou et al. (2019a). Recently,
Bellini et al. (2025) confirmed its membership through a
precise HST measurement of the PM of the PN’s faint central
star, which agreed with that of the cluster. (3) The PN BMP
J1613—-5406 is a candidate member of the OC NGC 6067
(Fragkou et al. 2019b, 2022a). The PM of its central star based
on Gaia data has a large uncertainty and is moderately
discordant with cluster membership; however, an HST project
(PI: H.EE.B.) is underway that will reduce the uncertainties
considerably and will allow a definitive PM membership test.
(4) The bright bipolar PN Hb 2 lies close to the Galactic OC
NGC 2818.'"” Whether the PN actually belongs to the cluster

19 The nomenclature of this PN and cluster in the literature has been
inconsistent. The nebula was discovered visually in 1828 by James Dunlop,
and in 1838 by John Herschel, who also noted the presence of the neighboring
open star cluster. The PN or the cluster, or both, have been called NGC 2818
by various authors. In order to distinguish them from each other, the cluster or
the PN has sometimes been designated NGC 2818A. Here we are using
Hubble 2 (Hb 2) for the PN, since the nebula was first shown spectroscopically
to be a PN by Hubble (1921), and we call the cluster NGC 2818.

Bond et al.

has been debated for many years, but Fragkou et al. (2025)
recently argued that the PN is a member, based on its RV and
other considerations. Unfortunately, however, the Gaia PM for
its faint nucleus has a large uncertainty, but is discrepant
enough with that of the cluster to cast significant doubt on its
cluster membership.

Outside the Milky Way, PNe known to belong to star
clusters are similarly extremely rare. In the Local Group, a PN
that is a likely member of an OC in M31 was identified by
Bond (2015) and analyzed spectroscopically by Davis et al.
(2019). Larsen & Richtler (2006), in a spectroscopic survey of
OCs in star-forming spiral galaxies outside the Local Group,
discovered three PN candidate members, lying in two OCs in
MS83 (4.5 Mpc) and one in NGC 3621 (6.6 Mpc).

In this paper, we report the serendipitous discovery of a PN
that is a candidate member of a massive young OC in the
Large Magellanic Cloud (LMC). We present details of the
discovery, imaging and spectroscopy of the PN, identification
and photometry of its central star, comments on its
evolutionary status, and suggestions for future work that
would provide further valuable information on this object.

2. Discovery of a PN Superposed on the Massive LMC
Cluster NGC 1866

In a recent study, Kamann et al. (2025, hereafter K25) used
observations with the Multi-Unit Spectroscopic Explorer
(MUSE) integral-field spectrograph (IFS) on the European
Southern Observatory (ESO) Very Large Telescope (VLT) in a
study of stellar rotation in NGC 1856 and NGC 1866, two
massive young star clusters in the LMC. K25 estimate ages of
300 and 200 Myr for these clusters, respectively.

In addition to its utility for stellar spectroscopy, the large
field of view, wide wavelength range, good spectral
resolution, and high throughput all make MUSE an ideal
instrument for discoveries, intentional or serendipitous, of
faint emission-line sources. MUSE observations have
previously led to discoveries of nebulae in star clusters,
both in the Galaxy (e.g., Gottgens et al. 2019) and in the
LMC (for example, Kamann et al. 2020). The superior
sensitivity of MUSE for detection of low-surface-brightness
emission-line objects such as supernova remnants, HII
regions, the diffuse interstellar medium (ISM), and PNe in
nearby galaxies was reported in a pilot study on NGC 300 by
Roth et al. (2018), and exploited in the recent rejuvenation
of the PN luminosity function (PNLF) as a tool for
measurement of extragalactic distances (Roth et al. 2021;
Jacoby et al. 2024). The high sensitivity to emission-line
sources is due to the narrow bandwidth of monochromatic
images provided by integral-field spectroscopy (Roth et al.
2004). For technical details of the MUSE instrument, see
Bacon et al. (2014).
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Figure 1. MUSE synthetic emission-line image of the LMC massive young cluster NGC 1866, showing the newly discovered PN Ka LMC 1—the red elliptical ring
on the northwest side of the cluster with a major axis of ~6" (1.3 pc at the distance of the LMC). Color-coding is [N II] A6584 (red), Ha (green), and [O IIT] A5007
(blue). All wavelengths shifted to the radial velocity of the LMC. Image dimensions are 60” x 60”. The numerous green objects are Be stars, bright at He, in this

young cluster that is rich in rapidly rotating upper-main-sequence stars.

The MUSE data for NGC 1866 discussed here, obtained on
2019 December 27, are available from the public ESO
archive.!! The exposures were 4 x 660s, all done within
1 hr of telescope time. In the course of examining these data, S.
K. was surprised to detect a previously unrecognized faint
emission-line source, an apparent PN. Figure 1 shows a color
rendition'? of the data cube, color-coded to represent emission
lines of [NII], Ha, and [O1II], as described in the figure
caption. Here the PN candidate is seen on the northwest side of
the cluster. A conspicuous slightly elliptical ring, dominated
by [NII] emission, is present, with a major axis of about 6”
(corresponding to a linear size of 1.3 pc, if the PN is at the
LMC distance). Following the standard naming convention'
for PNe, based on the discoverer’s surname, we designate the
nebula “Ka LMC 1.”

' PI: S. Kamann; https://archive.cso.org/data set/ADP.2020-01-09T23:43:
57.105.

12 An image based on the same data, but with a different color palette, was
presented in the K25 discovery paper.

13 See the Hong-Kong/AAO/Strasbourg/Ho (HASH) catalog of PNe at
http: / /hashpn.space /(Parker et al. 2016; Bojici¢ et al. 2017).

3. Nebular Imaging and Spectroscopy
3.1. Monochromatic Imagery

Reductions of the MUSE data for NGC 1866 were carried
out with the standard ESO pipeline (Weilbacher et al. 2020),
which performs the basic calibration steps (e.g., bias subtrac-
tion, spectrum tracing, wavelength calibration and correction
to the solar-system barycenter) on a per-integral-field-unit
(IFU) basis. The data from the 24 IFUs were then combined,
corrected for spaxel-to-spaxel transmission variations using
twilight flats, and flux-calibrated using a standard-star
observation. These steps were repeated for every exposure
obtained within a single observing block. Finally, data from
the different exposures were combined and resampled to a
regular three-dimensional data cube. For further details on
MUSE data reduction, we refer to K25.

Since there is significant overlap of the nebula by bright
cluster stars, whose cores can be orders of magnitude brighter
at emission-line wavelengths than the faint nebula, we used the
residual data cube resulting from the PSF-fitting code
PampelMuse (Kamann et al. 2013), as employed by K25,
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Figure 2. Monochromatic images of Ka LMC 1 after correction of stellar residuals at emission lines of [N II] A6583, [O 111] A5007, Ha, HG, and [S 1I] \6716,
redshifted to the nebular radial velocity of +301.5 km s~'. Each frame has dimensions of 1476 x 146. For reference, the upper-left frame shows the [N II] image
before correction for superposed field stars. Here the white artifacts have amplitudes between —1146 and —4854 flux units per pixel. The greyscale stretch extends
from —70 to 3000 units (asinh scaling). Morphological features are indicated with colored circles: cyan = inner bubble, red = rim, blue = shell. The sky annulus for
DAOPHOT background subtraction, used in creating the integrated spectrum of the nebula, is defined by the blue and magenta circles.

for further processing. The PSF fits to the stars are not perfect,
leaving residuals strong enough to affect monochromatic
images, and thus biasing the spectrophotometry. In order to
eliminate this systematic error, we localized the residuals with
small apertures and replaced them by the flux from adjacent
apertures of identical radius, as a proxy for the true surface
brightness at the locations of the stars.

Figure 2 shows five panels of emission-line maps that have
been corrected for stellar residuals. For reference, an
uncorrected map in [NII] A6583 is shown in the upper left
panel.

The generic flux unit of calibrated MUSE data cubes is
107 erg cm ™2 s~ per spaxel, whose size is 072 x 072. In
faint parts of the PN, the surface brightness, e.g., in He, is only
of order 50 flux units per pixel above background, illustrating
the challenge of photometric measurements.

The morphology of Ka LMC 1is best seen in the bright
[N 1I] emission-line image in the top-center panel in Figure 2.
It is almost a textbook example of PN morphology, exhibiting
an inner bubble, a bright rim, and a faint shell, according to the
nomenclature of Schonberner et al. (2005b). The bubble, rim,
shell, and a surrounding annulus for sky subtraction are
indicated with cyan, red, blue, and magenta circles, respec-
tively, in each panel of Figure 2.

3.2. Integrated Nebular Spectrum

We extracted an integrated spectrum of Ka LMC 1 from the
MUSE data. To do this, we used DAOPHOT (Stetson 1987) to
perform aperture photometry at each layer of the data cube,
with an aperture radius of 3”8 (19 pixels) in order to include
the rim, and a sky annulus with inner and outer radii of 570
(25 pixels) and 6”0 (30 pixels), respectively. This resulted in a
one-dimensional spectrum in the interval 4700-9350 A with
spectral bins of 1.25 A width, which is plotted in Figure 3.

Using a Gaussian line-fitting tool written in IDL (see Roth
et al. 2021), we measured emission-line flux, line width, and
the Doppler-shifted central wavelength for each of the detected
emission lines in the PN spectrum. The results are listed in
Table 1.

A striking feature of the integrated spectrum is the great
strength of the [N II] lines on either side of Ha. This leads to a
tentative classification of Ka LMC 1as a “Type I’ PN, as
defined by Peimbert (1978). We return to an analysis and
discussion of the nebular spectrum in Section 7.

3.3. Absolute [O111] Flux

The PN’s [Om] A5007 emission-line flux of
594 x 10719 erg cm 2 s ! translates into an “[O111]
magnitude” of msgg7; = 21.8, as defined by Jacoby (1989). In
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Figure 3. Integrated spectrum of Ka LMC 1 within an annular aperture that encloses its bright rim. Flux density is plotted in units of 107 erg cm 25! A~'. The
top panel shows the brightest emission lines, and in the bottom panel the scale is expanded to show the weak lines. Selected emission lines are labeled in the top
panel, and include Ho, HB, [O TI] AN4959, 5007, [N II] A5754, [O 1] 6300, [N II] AX6548, 6583, [S 1I] AX6716, 6731, and [Ar III] A\7136. Wavelengths of a few

lines of He 1, [N 1], and [O II] that are weak or undetected are also marked.

Table 1
PN Emission-line Fluxes
Flux
Ton )\rﬂest Flux  Error Acgntr FWDHM Viad
(A) (A) (A) (kms™")

HG 4861.32  21.3 1.3 4866.10 2.7 +294.7 + 3.3
[O 111] 4958.92 19.2 1.1 4964.07 2.6 +311.2 £33
[O 111] 5006.85 59.4 1.1 5011.92 2.9 +303.4 + 3.0
[N 1] 5754.60 7.2 1.1 5760.33 3.0 +298.4 + 6.1
[01] 6300.32 7.6 0.46 6306.34 2.3 +286.3 + 6.1
[N 1] 6548.06 116 0.49 6554.60 2.7 +299.3 £ 2.5
Ha 6562.78  78.0 0.50 6569.33 2.8 +299.1 +£2.5
[N 11] 6583.39 346 0.49 6590.04 2.7 +302.7 £ 2.5
[S 1] 6716.42 17.6 0.86 6723.24 2.6 +304.3 +£ 3.2
[S 1] 6730.78 124 0.83 6737.63 2.5 +304.9 + 3.2
[Armn] 713580  4.35 0.64 7142.96 2.2 +300.6 + 6.5
[S 1] 9068.90 5.82 0.47 9077.88 29 +300.6 + 6.6

Note. Flux units are 107'% erg cm ™2 s™'. The listed line flux error is the formal
uncertainty of the fit. Ay rest-frame wavelength. Aceny: Doppler-shifted
central wavelength as determined from fit. FWHM: line width as measured
from fit. V,,q: barycentric radial velocity computed from measured central

wavelength versus rest frame.

the extremely deep planetary-nebula luminosity function
(PNLF) of the LMC published by Reid & Parker (2010), Ka
LMC 1 resides in the faint tail. It lies roughly 2.5 mag fainter
than the completeness limit of the distribution—explaining
why the PN has remained undiscovered until now—and almost
8 mag below the bright cutoff of the LMC’s PNLF. This very
low luminosity argues in favor of a highly evolved PN whose
central star is at a late evolutionary stage on its cooling track.
The evolutionary status of the central star is discussed further
below (Section 6.3).

3.4. Radial Velocity and Cluster Membership

The final column in Table 1 lists the barycentric RV
computed for each emission line in the spectrum of Ka LMC 1.
The weighted mean RV from these measurements is
+301.5 + 5.8kms '. Barring an unlikely coincidence, this
RV is consistent with the PN belonging to the LMC, rather
than it being a member of the distant halo of the Milky Way
superposed on the cluster.
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We now consider whether Ka LMC 1 is a bound member of
NGC 1866, or belongs to the surrounding LMC field
population. To estimate its membership probability, we used
the RVs for stars in NGC 1866 measured from the MUSE
spectra that are presented in K25. To this data set we added
RVs from Gaia DR3. Specifically, we searched the Gaia
archive for stars brighter than G = 17.5 having RV
measurements, and lying within a projected distance of 1°
from the cluster center. We further required that the stars have
measurements of parallax and photometry in all three Gaia
bands. This resulted in a sample of 1742 stars. Combining the
MUSE and Gaia data enables us to sample both the cluster
kinematics and the LMC velocity field around the cluster.

We adopted the two-component kinematic analysis proce-
dure presented in Section 3.2 of Martens et al. (2023). Briefly,
it is assumed that the observed kinematics can be modeled as a
superposition of two populations. These are a cluster
population, for which the radial stellar-density and velocity-
dispersion profiles can be described by a Plummer (1911)
model; and a field population, for which a constant stellar
surface density and velocity dispersion across the footprint
covered by the data are assumed. Each star entering into the
analysis is assigned a prior on its cluster membership
probability, which is simply the relative projected number
density of the Plummer profile at the projected distance of the
star. To assign the priors, we adopted the cluster scale radius of
a = 29”24 measured by Niederhofer et al. (2024, here-
after N24).

We applied a Markov Chain Monte Carlo analysis to find
the parameters that maximize the likelihood of the model,
given the data. In our case, we optimized six parameters: the
systemic velocity of the cluster, its central velocity dispersion,
the scale radius of its dispersion profile, the mean velocity of
the field population, the field velocity dispersion, and the
fraction of field-to-cluster stars.'® The optimization was
carried out using EMCEE (Foreman-Mackey et al. 2013) and
a chain consisting of 100 walkers, which were propagated for
500 steps, of which the first 250 were discarded as burn-in. In
view of the low expected velocity dispersion of the cluster, we
restricted our stellar sample to stars with RV measurement
uncertainties below +5 kms™'. We also removed all stars with
RVs less than +200km s_l, which we considered to be
foreground Milky Way stars.

For the NGC 1866 cluster, we find a systemic RV of
Veys = +300.8 £ 0.2km s~ !, a central dispersion of
Omax = 5.7 £ 1.0kms™!, and a scale radius of a = 117}
arcsec. The field population has a mean velocity of
Vmean = +291.8 + 1.6kms ' and a dispersion of
Ofiela = 21.8 + 1.2kms ™", Using these parameters, we were

14 Note that Martens et al. (2023) also modeled the rotation of their sample
clusters. In our case, however, we assumed a non-rotating cluster.
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Figure 4. Barycentric radial velocities for stars in the vicinity of NGC 1866,
showing data from MUSE (filled squares), Gaia DR3 stars within 1° of the
cluster (open circles), and the PN Ka LMC 1 (red point with error bars), all
plotted against angular distance from the cluster center. Stellar points are
color-coded, as indicated by the color bar at the right, to represent their
probabilities of cluster membership. See text for details of the data and
probability calculations.

able to determine a posteriori membership probabilities for the
sources in our RV sample.

The results are shown in Figure 4, where the RVs are plotted
against radial distances of the objects from the center of the
cluster. The cluster membership probabilities for each star are
color-coded as indicated by the color bar at the right side.
Filled squares represent RVs measured in the MUSE sample,
and open circles are RVs from the Gaia DR3 1° sample. The
figure illustrates that for the vast majority of sources, their
affiliation with either NGC 1866 or the LMC field is
constrained to high confidence. For Ka LMC 1 itself, plotted
as a red point with error bars, we find a high probability of
98.1% that it belongs to NGC 1866.

3.5. Dynamical Age

Assuming that the PN is at the distance of the LMC, we can
estimate its dynamical age, based on its observed linear radius
and an adopted expansion velocity. For a typical value in PNe
of Vexp = 35 km s7! (e.g., Kwitter & Henry 2022, their Section
7.3), we find the following estimated age of the PN:

—1
Tagn = 18, 000 —2< 3Skms™ ),
0.65 pc Vexp

An age as large as ~18,000 yr is, again, consistent with the
PN being in an advanced stage of evolution. In should be
borne in mind, however, that the assumption of a constant
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Figure 5. Left: Image of the site of the PN in NGC 1866 from a stack of HST/WFC3 F336W images (stars with sharp PSFs), superposed with a partially transparent
MUSE data cube in Ha.. A small cyan circle marks a faint blue star near the center of the PN. Right:HST/WFC3 color image in F336W, F438W, and F814W,

zooming in on the cyan square in the left panel. Height of this frame is 474. A white X marks the geometric center of the nebula. Nearby, inside the circle, is a faint,

very blue star, the likely nucleus of the PN. See text for details of these frames.

expansion velocity is a simplication. As shown with hydro-
dynamical models for the expansion of PNe, one measures
different expansion velocities for different ions, e.g., [OIII]
versus [N1I], and expansion velocities also vary over time
(e.g., Schonberner et al. 2005a). As a rule of thumb, the
dynamical age is shorter than an estimate assuming a typical
constant Vexp.

4. HST Imagery Reveals the Central Star

NGC 1866 is a massive [log(M /M) ~ 4.91; McLaughlin
& van der Marel 2005] young cluster located in the northern
spiral structure of the LMC disk. The Wide Field Camera 3
(WFC3) on HST has been used in three programs to obtain
imagery of the cluster. Two were carried out in 2016 (GO-
14069, PI: N. Bastian; and GO-14204, PI: A. Milone). Filters
used were broad-band F336W, F438W, F555W, and F814W,
along with narrow-band F343N. HST/WFC3 imaged the
cluster again (F814W only) in 2022, under program GO-16748
(PI: F. Niederhofer).

In Figure 5 the left panel shows an enlargement of a stack of
HST/WFC3 images in the F336W filter centered on Ka LMC
1, producing the sharp stellar images. We registered a slice of
the MUSE data cube at the wavelength of Ha at the velocity of
the LMC with the WFC3 frame, and superposed it with
sufficient transparency to retain the WFC3 stellar images. Ka
LMC 1 is visible in the MUSE data as a faint elliptical ring. A
small cyan circle marks the location of a faint blue star seen in
the HST images.

The right panel in Figure 5 zooms in on the area marked by
the cyan square in the left panel. It shows a color rendition of

the HST frames in F336W (blue), F438W (green), and F814W
(red). The white X marks the geometric center of Ka LMC 1.
Nearby, inside a circle, is a faint (V =~ 26.8) and very blue star,
which we identify as the PN nucleus (PNN).

Table 2 gives celestial coordinates and magnitudes for the
PNN. The astrometric frame is based on sources in common
with the Gaia DR3 catalog (see Section 2.3 of N24 for details).
The stellar photometry given in the table was measured as
described in the next section.

5. Stellar Photometry
5.1. Cluster Members

Stellar photometry for members of NGC 1866, derived from
HST/WFC3 data for the cluster, has been analyzed and
interpreted by several teams. These include Milone et al.
(2017, 2018), Costa et al. (2019), Milone et al. (2023), N24,
Ettorre et al. (2025), and K25. These studies have generally
found the cluster to have an age of about 200 Myr, a subsolar
metallicity of [Fe/H] ~ —0.4, and modest interstellar
reddening of E(B — V) ~ 0.12.

Figure 6 plots a color—-magnitude diagram (CMD) for the
cluster: apparent mgzzew magnitude versus mgszew — MEgi4
color. Here the black dots represent stars from the photometric
and astrometric catalog for NGC 1866 published by N24. As
discussed by N24, the photometry for individual stars has been
adjusted for a small amount of differential extinction to a
constant amount, using techniques described by Milone et al.
(2023). We plot only well-measured stars, using the same
selection criteria as in N24; these are based on photometric and
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Figure 6. HST/WFC3 color—-magnitude diagram for NGC 1866 (black dots).
Superposed is a MIST isochrone (red line) for a distance modulus of
(m — M) = 18.30, age of 200 Myr, metallicity of [Fe/H] = —0.4, reddening
E(B — V) = 0.12, and a single rotation velocity of 0.4 times critical. The blue
filled circle with error bars marks the observed magnitude and color of the
PN’s central star. Timestamps along a MIST post-AGB evolutionary track for
the PNN are marked, starting from the time at which its temperature reached
log(Ter/K) = 3.85. The circled point at the upper left marks the time at which

the star reached T.¢ = 30,000 K, nominal onset of photoionization of the PN.
See text for details of this figure.

astrometric quality cuts provided by the software package
described in the next subsection.

5.2. Central Star

Unfortunately, our candidate PNN is not contained in the
N24 catalog. N24’s reductions were focused on measuring
high-precision proper motions of stars in NGC 1866. Since the
second-epoch data for this purpose were obtained only in
F814W, the star-finding step of the process was set up to
maximize the number of measured stars in the red band. This
resulted in the omission of the blue PNN, which is so faint at
F814W that it failed the detection algorithm. Therefore, to
obtain photometry for it from the archival WFC3 frames, we
proceeded as follows.

The N24 reductions employed the KS2 software package
(see Bellini et al. 2017 for a detailed description), which
provides three different approaches for measuring stellar
properties. The first one, method 1, produces the best
astrometric measurements, and was used to create the data
catalog published by N24. The other two approaches are more
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Table 2
Parameters for the Candidate Central Star of Ka LMC 1

Parameter Value
R.A. (J2000) 5:13:35.561
Decl. (J2000) —65:27:41.23
me3zew [mag] 24.76 + 0.10
mpgiaw [mag] 26.71 £+ 0.60

Note. Coordinates are in the Gaia DR3 frame for equinox J2000, epoch
2016.0. Magnitudes are on the Vega scale. Quoted magnitude errors are
internal only and are approximate. See text for details.

suitable for photometry of faint stars, at the expense of poorer
position estimates. In particular, KS2’s method 3 is the one
that provides the best photometry for the faintest sources.'”

We re-ran the KS2 reduction package on the same first-
epoch WFC3 data used by N24, but performed the star-finding
step on the F336W images only. This approach allowed the
package to find the central star in these frames. Its flux was
then measured using method 3. Time-dependent zero-points
were adopted as described by Calamida et al. (2022), yielding
a Vega-scale F336W magnitude. To this we applied a
correction for differential extinction, determined as described
in the previous subsection, of —0.056 £ 0.008 mag. The result
is listed in the third line in Table 2; the quoted error is
internal only.

However, the PNN is too faint in the redder frames to be
found directly by the reduction software. Instead, we had to
rely on forced photometry, carried out at the F336W-derived
position. Even then, the signal in the available F438W and
F555W images was too weak to provide a useful measurement.
We did successfully measure the flux with method 3 in
three first-epoch F814W frames with long (678s) exposure
times, from the GO-14204 program described in Section 4.
The resulting F814W magnitude is listed in the fourth row of
Table 2. A differential-reddening correction of —0.021 + 0.003
mag has been applied.

Because of the failure of the star-finding algorithm, the
forced photometry in F§14W will have a large uncertainty. In
order to provide a more reliable error estimate, we inserted
10,000 artificial stars into the individual frames with
magnitudes within +0.25 mag of the measured value. Here
we followed the prescription given in Section 6 of Bellini et al.
(2017). Each artificial source was added one at a time,
measured together with its neighbors, and then removed from
the images, so that the inserted sources never interfered with
each other.

!5 Method 1 measures source positions and fluxes via PSF fitting. Method 3 is
a method of forced photometry: it adopts the stellar position determined in the
finding stage. It then uses that position and the most significant four pixels,
weighted by the expected values of the PSF at those pixels, in order to
determine the best flux estimate for the source.
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An artificial source is considered successfully recovered if
its measured position is within 0.5 pixel of its input position,
and if its measured flux is within a factor of two from its input
flux. Since the finding stage for the PNN was performed on
F336W exposures only, we applied the same rules to artificial
stars. We then further limited the analysis of photometric
errors to artificial sources whose input magnitudes are within
0.1 mag of the PNN magnitude. For them, the photometric rms
of the residuals around the mean was 1.05 mag in F814W.
Dividing this by the square root of three (the number of
individual measurements in the F814W frames) yields the
uncertainty given in the fourth row of Table 2. However, it
should be noted that photometric errors coming from artificial-
star tests are always underestimated since, e.g., artificial
sources are added and then measured with perfect knowledge
of the PSF, while in reality we cannot know the true shape of
the PSF with infinite precision.

The resulting magnitude and color of the PNN are plotted as
a filled blue circle with error bars in Figure 6. Note that the
formal error in the F336W magnitude is smaller than the radius
of the plotting symbol.

We caution that our results may not have been fully
corrected for the effects of a degraded charge-transfer
efficiency (CTE) in the WFC3 detectors. Although our
analysis did include the latest pixel-based CTE correction
algorithm (Anderson 2021), it may still suffer from residual
CTE flux losses. Recently, Kuhn (2024) computed a set of
corrections for such losses, based on observation date, source
flux, distance from the readout amplifiers, and total back-
ground. If we applied this correction, the PNN would become
~0.1-0.3 mag brighter in F336W and ~0.05-0.2 mag bluer in
color than shown in our CMD.

However, these values should not be applied blindly, for
multiple reasons. First, the Kuhn (2024) CTE corrections
represent maximum losses, meaning that the corrections to our
results could be smaller. Second, our data reduction involves
first- and second-pass photometry (see N24 for details), and we
do not yet know how these corrections propagate through the
entire reduction. Lastly, our photometry is registered to that of
one image using bright stars, each of which suffers from a
different CTE loss, according to its position on the detector.
Thus, a comprehensive correction would require a more in-
depth analysis of the effect, which is beyond the scope of this

paper.

6. Stellar Evolution
6.1. Evolution in the Cluster

The CMD of NGC 1866 in Figure 6 shows an extended
main-sequence turn-off and a split in the upper main sequence.
These phenomena are typical features in young Magellanic
Cloud star clusters, and are caused by the effects of a range of
stellar rotation from near zero to close to breakup, as well as a
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range of viewing angles of the stars (e.g., Bastian & de
Mink 2009; Kamann et al. 2023; Wang et al. 2023, and the
references cited in Section 5.1).

Superposed on the CMD in Figure 6 is a red line showing an
isochrone, which we obtained using the MESA Isochrones and
Stellar Tracks (MIST) Web Interpolator.'® The parameters for
this isochrone are the age, metallicity, and reddening given in
the first paragraph of Section 5.1, with a stellar rotation of
V/Verie = 0.4. A distance modulus of (im — M)y = 18.30 has
been assumed (see N24 and references therein). This isochrone
gives a reasonable fit to the main sequence of NGC 1866,
except for the extended and split main-sequence turnoff
region, since only a single rotation and viewing angle was
assumed for the theoretical isochrone.

6.2. Post-AGB Evolution of the Central Star

The isochrone sequence running along the top of the CMD
in Figure 6, and then descending almost vertically, represents
stars in the final post-AGB stage. These objects evolve first to
higher temperatures at nearly constant bolometric luminosity,
and then begin their descent of the WD cooling track. The hot
post-AGB stars lying on the MIST isochrone at mpgz3ew =~ 14
had an initial mass of ~3.88 M, and those at mg336w == 26.5
an initial mass of ~3.91 M. The final mass for these stars,
upon reaching the beginning of the WD phase, is about
0.86 M.

Stellar evolution in the post-AGB phase is extremely rapid,
especially during the initial transition from the AGB to high
temperatures. Thus, in this stage the isochrone shown in
Figure 6 is nearly identical to an evolutionary track for a star
with an initial mass of ~3.9 M. To illustrate the post-AGB
evolutionary timescale, we used the MIST website to obtain a
theoretical track for a star with an initial mass of 3.90 M, and
a metallicity of [Fe/H] = —0.4; the MIST interpolator
converts the theoretical values to WFC3 magnitudes for a
reddening of E(B — V) = 0.12, and we again assume a
distance modulus of (m — M)y = 18.30. Following, e.g., Miller
Bertolami (2016, hereafter MB16), we define the onset of the
post-AGB stage as the time at which the star’s temperature has
risen to log (To¢/K) = 3.85. This point on the track is marked
“0 yr” in Figure 6. Successive positions along the track of the
remnant are labeled with their post-AGB ages, up to a final
point at ~400,000 yr."” Shortly after the 10 yr point, the star
reaches an effective temperature of 30,000 K, marking the
nominal onset of photoionization of the PN; an open circle
surrounding a small filled circle marks this point in the figure.

'6 Paxton et al. (2011), Dotter (2016), and Choi et al. (2016); https://waps.
cfa.harvard.edu/MIST /interp_isos.html.

7 The MIST 3.9 M, track actually ends at a post-AGB age of ~85,000 yr;
the last few age points plotted in Figure 6 are based on an approximate linear
extrapolation.


https://waps.cfa.harvard.edu/MIST/interp_isos.html
https://waps.cfa.harvard.edu/MIST/interp_isos.html
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The timestamps on the post-AGB track demonstrate the
extraordinarily fast initial evolution of the star after it leaves
the AGB. Its traversal across the top of the CMD, transforming
from a luminous red giant to a hot PNN, takes just a few dozen
years. From there, the star fades by nearly 5.5 mag in F336W
in the first 100 yr, and another 3 mag at a post-AGB age of
~500 yr. At this point, however, the evolution slows down
dramatically, as the star approaches its final WD radius.

6.3. Confrontation with Theoretical Evolutionary Tracks

Knowing the position of the central star in the CMD, and
having an approximate dynamical age for the PN of ~18,000
yr (see Section 3.5), we are in a position to use Ka LMC 1 as a
testbed for theoretical models of post-AGB stellar evolution.

We consider two modern sets of models that trace stellar
evolution all the way from the main sequence to the post-AGB
phase. These are the widely cited evolutionary tracks of
MB16, and tracks generated by the MIST tool referred to in
Section 6.1. The MB16 tracks have been calculated only for a
relatively small set of initial stellar masses and compositions.
The MIST website, through interpolation algorithms, allows
any choice of initial mass and metallicity.

In order to compare the tracks with observations, the
theoretical quantities have to be translated into absolute stellar
magnitudes in a given photometric system—in our case
magnitudes in the WFC3 F336W and F814W filters.
Unfortunately, for the MB16 tracks, a translation to WFC3
magnitudes has to our knowledge not been carried out
(confirmed by M. Miller Bertolami, private communication).

We therefore adopted a simple procedure to perform this
step. We assume a blackbody spectral-energy distribution
(SED) at a given central-star effective temperature, To¢. This
approximation is justifiable at optical wavelengths for PNNi
with temperatures in the range of T, >~ 100,000 K; see, e.g.,
the PNN SEDs plotted in Reindl et al. (2024). We normalize to
the luminosity of the Sun, and multiply by the model
luminosities. For the effective wavelength of the F336W
filter, 3355 A, the flux of the model can be read from the
Planck curve, and scaled to the distance modulus of
(m — M)y = 18.30. Finally, the Vega magnitude at the same
wavelength is obtained from the calibration spectrum provided
by Bohlin et al. (2020), allowing normalization to the Vega-
based scale. The F814W magnitude is obtained in analogous
ways. These magnitudes are intrinsic, so observed magnitudes
must be dereddened in order to make comparisons.

The MIST tool performs translations to the WFC3 system,
using SEDs from several libraries of model stellar atmo-
spheres. These results were used for the reddened MIST
isochrone plotted in Figure 6. However, for the sake of
consistency in a direct comparison of the two sets of tracks, we
performed the same blackbody conversions for the MIST
tracks that we applied to the MB16 tracks.
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Figure 7. Zoomed-in detail of the color-magnitude diagram in the vicinity of
the central star. Two theoretical post-AGB evolutionary tracks are plotted,
from MB16 (blue curve) and MIST (orange curve), with initial masses of 4.0
and 3.9 M., respectively. Post-AGB ages along the tracks are marked with
filled circles, color-coded as indicated in the legend. Blue arrows mark the
mryzew levels for the central star, after corrections for a reddening of E
(B — V) = 0.12 (bottom arrow) and 0.22 (top arrow). See text for details and
discussion of this figure.

In Figure 7 we zoom in on the CMD of Figure 6, focusing
on the region near the location of the PN central star. The
orange line plots a MIST post-AGB evolutionary track,
calculated for an initial mass of 3.9 M. and metallicity of
[Fe/H] = —0.4, which are parameters appropriate for
NGC 1866. The blue line plots a post-AGB track from the
MBI16 library. Here we chose the nearest available initial mass
to that of the cluster, 4.0 M. The metallicity for this track is
Z = 0.02, which is unfortunately higher than that of
NGC 1866, but this discrepancy will have a relatively small
effect on the tracks.

Several post-AGB ages are marked with color-coded filled
circles on the two tracks in Figure 7, as indicated in the figure
legend. Here, as noted above, the ages are calculated with
respect to the time at which the effective temperature of the
post-AGB star attains log(7./K) = 3.85. Note that the final
point on the MIST track is at an age of about 85,000 yr.

As Figure 6 shows, the error bar for the color of the PNN is
large, due to the considerable uncertainty in its F814W
magnitude. However, the F336W magnitude is fairly well
constrained, even considering the possible small systematic
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error due to the treatment of CTE (see end of Section 5.2). We
therefore use mps36w to test theoretical predictions.

The bottom arrow on the left side of Figure 7 marks the
F336W magnitude level of the PNN after removal of
extinction corresponding to E(B — V) = 0.12, the reddening
of the host cluster. This magnitude implies a post-AGB age on
the MBI16 track that is reasonably consistent with the
dynamical age of the PN (especially if the magnitude were
brightened slightly through a CTE correction, and/or by
assuming a small amount of dust extinction within the nebula).
However, because of the slow fading rate, small uncertainties
in the magnitude of the star imply large uncertainties in the
implied age. The fading rate on the MIST track is considerably
slower than on the MB16 track, and the PNN’s magnitude
level on the MIST track indicates an age that is highly
inconsistent with the dynamical age.

The top arrow in the figure shows the magnitude of the PNN
corrected for a larger amount of reddening, E(B — V) = 0.22,
which is implied by the analysis of the nebular spectrum
described in the next section. In this case, the MB16 track
would imply an age of the PNN considerably smaller than the
dynamical age, but the MIST age is still much higher than 74y,.
These results are discussed further in Section 8.

Lastly, we note that the post-AGB stars described by the
MB 16 and MIST tracks are burning hydrogen, and they do not
include complications such as late helium-shell thermal pulses.
Moreover, possible interactions with a binary companion are
not considered. Either of these effects could significantly alter
the evolutionary timescale for the central star.

7. Nebular Analysis
7.1. Classification as a Type I PN

As noted in Section 3.2 and shown in Figure 3, the
integrated spectrum of Ka LMC 1 exhibits very strong [N II]
AN6548, 6583 emission lines. This suggests that the nebula
belongs to the class of Type I PNe (Peimbert 1978; Peimbert &
Torres-Peimbert 1983; Torres-Peimbert & Peimbert 1997).
These objects have several properties in common, among
which are: (1) high He and N abundances; (2) bipolar
structure; (3) high central-star mass, often having a high
effective temperature; (4) high nebular mass; (5) high mass of
the main-sequence progenitor star; and (6) complex velocity
fields, including high velocities.

Regarding the morphology of Ka LMC 1, although its
projected shape appears elliptical, a bipolar geometry with two
faint lobes aligned to the line of sight cannot be excluded. This
can be understood considering an imaginary pole-on view of,
say, the bipolar Galactic PN NGC 2346 (Walsh et al. 1991), or
of the supernova remnant N 103B (Yamaguchi et al. 2021).
The shape of Ka LMC 1is remarkably similar to that of the
classical Ring Nebula (NGC 6720), which is generally
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considered to be a bipolar PN viewed nearly pole-on (e.g.,
O’Dell et al. 2007).

In regard to the abundances of He and N, the strength of the
[N1] lines has already been mentioned and is obvious.
However, the HeI line \6678 is seen at best at the detection
limit, and no other He lines are present. He II \4686 would
have been available in the extended mode of MUSE, which
was however not used in the existing observations. Therefore,
even under the assumption of a high-excitation nebula, the He
abundance cannot be constrained from the present data set, and
thus the classification as a Type I PN remains somewhat
ambiguous. The missing HeIl M\686 also means that the
excitation class cannot be determined as an indicator for
central-star temperature. We have to admit that the specifics
and the quality of the nebular spectrum of an object discovered
serendipitously in a program with other aims, remain for now
somewhat limited.

However, if our progenitor mass of 3.9 M., is correct, it
places the object well above the observed lower mass limit for
hot-bottom burning, which is responsible for the dredge-up of
CNO-processed material and the formation of Type I PNe (see
Davis et al. 2019, and discussion therein). Thus, even in the
absence of a measurement of He IT A\4686, we believe that the
classification as a Type I PNe is plausible.

7.2. Plasma Diagnostics and Extinction

Nevertheless, based on the measured emission-line fluxes of
Ha, HB, [NII] AAS755, 6548, and [S1I] AA6717, 6731, we
performed plasma diagnostics using the PyNeb code'®
(Luridiana et al. 2015). The flux uncertainties were propagated
from the emission-line errors together with a 2% flux
calibration error added in quadrature (Weilbacher et al.
2020). The analysis proceeds as follows. First, extinction is
determined from the Balmer decrement with a Monte Carlo
approach. The line fluxes are varied randomly using a normal
distribution, based on the line-flux errors, for a total of 1000
realizations. The median of the resulting distribution is taken
as the extinction value, and the uncertainty taken at the 16th
and 84th percentiles. Initial values of electron temperature
T, = 10,000 K and electron density n, = 1000cm > (i.e., a
standard Case B assumption) are set at the beginning. Based on
the resulting extinction value, and employing the same Monte
Carlo approach, T, is determined from the [N II] lines, and n,
from the [S II] doublet. With these new values, the extinction is
determined again, and the entire sequence iterated until
convergence.

Since the extinction law that should be used for these
calculations is not known a priori, we experimented with two
variants: the Milky Way interstellar extinction curve from
Cardelli et al. (1989), assuming an average ratio of total to

'8 hitps:/ /research.iac.es /proyecto,/PyNeb


https://research.iac.es/proyecto/PyNeb
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Table 3
Reddening and Extinction of the PN Integrated Spectrum for Two Different
Extinction Laws

Extinction Law EB —-V) c(HP) Ay
Cardelli et al. (1989) 0.26 + 0.07 0.38 + 0.10 0.81 + 0.21
Gordon et al. (2003) 0.22 + 0.06 0.35 + 0.09 0.76 + 0.20

selective extinction of Ry = 3.1; and the LMC average curve
from Gordon et al. (2003) with Ry, = 3.41. It is worth noting
that Phillips & Ramos-Larios (2007) used near-infrared
imaging to study two compact young PNe (NGC 7027,
BD +30°3639) and two evolved PNe (A30, A78). They
concluded that the dust in the compact nebulae has extinction
properties similar to those of interstellar grains. However, in
the evolved PNe, it appears that the extinction arises from
much smaller grains, which would imply an extinction law
different from that of the ISM. Thus it is possible that the latter
case may apply as well for the evolved PN in NGC 1866.
Table 3 presents our results based on the two choices of
extinction law. Here, as usual, the logarithmic extinction at HG
is denoted c(Hp).

The difference of only 0.05 mag in the two solutions for the
visual extinction, Ay, is seemingly not dramatic, and is not
very important for the plasma diagnostics. However, the
choice of extinction curve for dereddening the central star’s
F336W magnitude is significant. We note that the derived
values of E(B — V) are larger than the 0.12 obtained from the
cluster stellar photometry (see Section 5.1) by 0.14 and 0.10,
respectively, for the two choices of extinction law. This
additional reddening can plausibly be attributed to dust within
the nebula, of an amount that is not unusual for PNe. For
discussions of internal extinction in PNe and its correlation
with high stellar remnant masses, see, for example, Kwitter
et al. (2012), Jacoby & Ciardullo (2025), and references
therein. We discussed in the previous section whether this
extra internal extinction also applies to the photometry of
the PNN.

In the absence of further information, we adopted the LMC
law from Gordon et al. (2003). On this basis, we constrain the

electron temperature to 7, = 120007400° K, and the electron

density to a low value of n, = 11073} cm ™. Both values are
in accord with a late stage of evolution, e.g., an age greater
than 10,000 yr, in the hydrodynamical PN models presented by

Schonberner et al. (2005b).

7.3. Abundances

An estimate of the N abundance and nebular mass proves to
be difficult: measuring the N abundance requires knowing the
O abundance, for which in turn the ionization correction factor
must be determined. The Ilatter requires emission-line
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intensities for singly and doubly ionized oxygen—however,
no [O1I] lines are detected in our available spectrum.

In summary, due to our limited wavelength coverage and
exposure time, the plasma diagnostics are inconclusive insofar
as a clear Type I classification is concerned—which never-
theless would be consistent with the high PNN progenitor
mass inferred from the cluster age. Targeted and AO-
supported deep MUSE observations of the PN in the extended
mode would help resolve these issues.

8. Summary and Future Work

Using the MUSE integral-field spectrograph on the ESO
VLT, we have discovered a faint PN, designated Ka LMC 1,
superposed on the massive young star cluster NGC 1866 in the
LMC. The discovery was serendipitous, occurring in a
program with a very different aim of spectroscopy of bright
stars in the cluster; thus the data are less than ideal for an
analysis of the PN.

Nevertheless, we have reached several useful conclusions,
which should pave the way for more focused observations in
the future. We show that the PN’s proximity to the cluster
center and the close agreement of its RV with those of cluster
stars make it highly probable that the PN is a physical member
of NGC 1866. This implies that its progenitor star had an
initial mass of about 3.9 M.. Monochromatic images of the
PN, derived from the MUSE data, show a ring-like morph-
ology, possibly indicating a bipolar nebula viewed approxi-
mately pole-on. The integrated spectrum of the PN shows
strong emission lines of [NII]; this is consistent with it
belonging to the Type I class of PNe, arising from relatively
high-mass progenitor stars.

Ka LMC 1 is an old and evolved PN, as indicated by its low
surface brightness, low electron density, and an apparently
high dynamical age of approximately 18,000 yr. We identify
its probable central star in archival images obtained with the
Hubble Space Telescope, allowing us to compare photometry
of the star with predictions of theoretical late stellar evolution.
There is reasonable agreement with the evolutionary tracks of
MB16 if we assume the dynamical age, but only if the central
star suffers similar interstellar extinction to that of the cluster.
Our spectral analysis of the PN indicates the presence of
considerable dust within the nebula; if the star were to share
this higher amount of extinction, then its luminosity would be
incompatible with MB16. This may indicate that we are
viewing the central star through a low-extinction window from
a pole-on viewpoint; however, this remains only a speculation
in the absence of actual kinematic data for the nebula.

There are now a half dozen PNe that appear to be members
of OCs—although some of them have not yet had measure-
ments of the proper motions of their central stars that would
confirm their membership. We list these six PNe in Table 4.
Column (3) lists the progenitor masses for these PNe, covering
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Table 4
Planetary Nebulae Belonging to Open Star Clusters
PN Cluster Progenitor ~ References”
Mass (M)
BMP J1613—6555 NGC 6067 5.6 [€))]
Ka LMC 1 NGC 1866 (LMC) 3.9 2)
M31 B477-1 B477-D075 (M31) 3.4 3)
IPHASX J055226.2 M37 2.8 “)
+323724
Hb 2 NGC 2818 23 (5)
PHR J1315—-6555 AL 1 2.1 (6)

Note.

 References for progenitor masses: (1) Fragkou et al. (2022a); (2) This paper;
(3) Davis et al. (2019); (4) Griggio et al. (2022); Fragkou et al. (2022b);
Werner et al. (2023); (5) Fragkou et al. (2025); however cluster membership is
dubious (see our Section 1); (6) Fragkou et al. (2019a); Bellini et al. (2025).

arange of 2.1-5.6 M. As was noted recently by Bellini et al.
(2025), these high masses are strikingly discordant with
statistical arguments by Badenes et al. (2015) that a large
majority of field PNe in the LMC had initial masses of
1.0-1.2 M., with only a small fraction arising from more
massive stars. A possible explanation for the higher masses
that dominate the progenitors of PNe found in clusters may be
that most OCs dissipate into the field on a timescale shorter
than the evolutionary lifetimes of their relatively low-mass
stars. Thus the PNe that are discovered in OCs will
preferentially arise from higher-mass progenitors lying in the
minority population of younger clusters that are still intact.

It is no surprise that the fortuitous nature of the discovery of
Ka LMC 1, and the consequent limitations of the available
data, impose shortcomings on our initial analysis: (1) The PN
is extremely faint: it lies 8 mag below the bright end of the
LMC PNLF. The MUSE exposure time, which was sufficient
for the spectroscopic study of the cluster stars, was too short to
reach important diagnostic emission lines that would be
needed for an abundance determination and an estimate of the
nebular mass. (2) The nominal MUSE wavelength range
excludes important diagnostic lines in the blue, preventing
accurate determinations of the excitation class of the nebula,
and, again, chemical abundances. (3) The MUSE spectral
resolution is too coarse to measure the nebular expansion
velocity. (4) The angular resolution from ground-based
observations with MUSE is an order of magnitude inferior to
that which can be obtained with HST, thus rendering the
removal of stellar residuals from nebular emission-line maps
difficult. (5) It remains unclear whether the determination of
extinction obtained from the Balmer decrement in the bright
nebular rim, i.e., away from the center, is applicable for the
central star reddening. (6) While the HST/WFC3 photometry in
F336W comes with a reasonable error, the F814W magnitude is
extremely uncertain, and this is a severe handicap when trying to

Bond et al.

constrain the reddening of the central star. (7) There are no
HST/WFC3 images covering a long enough epoch to estimate a
proper motion of the PNN, which would provide further
evidence, along with the radial velocity, of cluster membership.

These limitations could be addressed with future observing
campaigns. MUSE NFM (narrow-field mode) and the upcom-
ing MAVIS would improve the spatial resolution to study the
geometry better. Deep spectroscopy, preferably at medium to
high resolution and at shorter wavelengths, would offer a
better understanding of the kinematics, along with access to
the important diagnostic lines, including [O 1] A3727-29 and
Hell )\4686. These lines are crucial for determining the
elemental abundances of helium, oxygen, and nitrogen, and
could provide a strong confirmation of the classification as a
Type I PN. Such spectroscopy would also enable a measurement
of the expansion velocity of the PN, providing additional
constraints on its geometry and dynamical age. There is also a
crucial need for deeper multi-color optical and UV imaging with
HST, which would provide much more precise photometry for
the central star, and tighter constraints on its extinction.

Lastly, our comparison with theoretical evolutionary tracks
suffered from the limited number of published studies using
state-of-the-art physics, such as the MB16 library. The
discrepancies between the post-AGB tracks from two modern
and widely used tools, as shown in Figure 7, emphasizes the
continuing need for theoretical studies of this still poorly
understood area of stellar astrophysics.
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