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Abstract: Planetary Nebulae (PNe) that are physical members of Galactic open clusters are powerful
probes that allow precise determination of their distance and crucially their initial mass on the main
sequence. Here, we revisit the physical association of the PN BMP J1613-5406 with the open cluster
NGC 6067 and present our preliminary results based on our new ESO/VLT FORS2 data. Our PN
spectral data permit the calculation of a precise radial velocity and reddening to the PN that shows
a tight consistency with the literature corresponding cluster parameters including importantly the
radial velocity. Our measurements, combined with the agreement between the distances of the two

Eu:edcgtfgsr objects and the fact that the PN is located well within the cluster boundaries, confirm that the PN is
Citation: Fragkou, V; Parker, Q A ; physically associated with the cluster. The cluster has a turn-off mass of around 5 solar masses that
Zijlstra, A.A.; Crause, L.; Sabin, L.; indicates a PN initial mass of around 5.6 solar masses. This is closer to the theoretical lower limit
Vézquez, R. Further Studies of the of core-collapse supernova formation than has ever been previously observed, providing a unique
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Planetary Nebulae (PNe) that are physically associated with Galactic star clusters have
the significant advantage that some of their properties can be independently determined
from studies of their host clusters. Such properties include their distances and ages that
crucially allow estimation of their initial and final masses. Although the Gaia EDR3 [1]
extends the sample of PNe whose accurate distances are known for those that have central
stars (CSPN) brighter than the Gaia photometric limits, PNe progenitor masses can only be
straightforwardly determined for PNe that are located in clusters. The numbers of such

proven PNe-cluster associations are small and as such these rare cases serve as unique
opportunities for in-depth PNe studies. These instances also provide key, additional data
for the Initial-to-Final Mass Relation (IFMR) [2] (independent from white dwarf studies)
that is vital for tracing Galactic evolution.
This article is an open access article Today there are only six PNe confirmed to be physical members of Galactic star
distributed under the terms and  clusters, four in globular clusters [3-5] and two in open clusters [6-8]. We have found
conditions of the Creative Commons ~ another PN that is likely a member of the open cluster M37 [9], Parker et al. (in preparation),
Attribution (CC BY) license (https://  but further studies are needed to confirm association due to the lack of a precise PN radial
creativecommons.org/ licenses/by / velocity, a very tight cluster membership constraint given open cluster velocity dispersions
40/). are very small (typically ~1 km/s).
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The case of the bipolar PN BMP J1613-5406 that resides in the open cluster NGC 6067 [8]
is of particular scientific importance because its massive progenitor approaches the theoret-
ical lower limit of core-collapse supernova formation and is actually the closest example
to this limit currently known. Here, we provide a recap of this system, and preliminary
new findings based on our fresh ESO 8 m VLT spectroscopy for the BMP J1613-5406-
NGC 6067 association.

2. Observations and Methods

NGC 6067 has been extensively studied [10-25]. Taking the error weighted aver-
age of the reported cluster’s physical parameters, we estimated their mean values (see
Section 3.1). Gaia DR2 data [1] were also examined for deriving the cluster’s mean distance
and radial velocity.

Open clusters usually have radial velocity dispersions of less than 1 km/s. Hence,
estimating a precise nebular radial velocity for any candidate cluster PN is key to demon-
strating its cluster membership. We collected long slit high resolution echelle spectra from
the HRS/SALT 10 m telescope that gives a radial velocity precision of less than 1 km/s, as re-
quired for our purposes. From three exposures around the PN (RA: 16:13:07 Dec: —54:04:40,
RA: 16:13:03 Dec: —54:08:39, RA: 16:12:59 Dec: —54:06:08) and six target fibres (due to
the nebular extent, the corresponding sky-fibres were counted as science exposures) and
using the strong [NII] 6548 A, Ha and [NII] 6584 A lines, we determined the PN’s accurate
heliocentric mean nebular radial velocity to be compatible with cluster membership.

Additional PN optical spectral observations to cover a greater wavelength region
to that from SALT were obtained for a more in-depth examination of the PN. First we
examined our earlier SPIRAL/AAT 3.9m integral field spectrograph observations from
2008 (2 x 600 s exposures plus sky; IFU centered on RA: 16:13:10 Dec: —54:04:31) using the
580V and 17001 low and intermediate resolution gratings and then our long slit spectral
data from our ESO/VLT XSHOOTER observations from 2014 (6 x 650 s exposures with the
visual arms and 8 x 480 s exposures with the infrared arm, with the slit centered on RA:
16:13:02 Dec: —54:06:33). The reddening towards the PN was also estimated by fitting the
VPHAS+ u-g stellar color of the identified nebular central star [26], which lies only a couple
of arcseconds away from the best estimate of the geometric nebular centre, to published
reddening lines [27] assuming a high temperature blackbody spectrum (predicted given
the observed He II lines in the nebula spectrum). Considering the uncertainties imposed by
its faintness, the central star’s Gaia EDR3 parallax of 1.94 & 0.89 mas marginally agrees
with the cluster’s mean, but further studies are needed to confirm that it is indeed PN’s true
progenitor. Although our VLT XSHOOTER spectrum contains the suspected central star,
its faintness and resultant low S/N of the stellar spectrum and relatively low wavelength
resolution, do not permit a measurement of a reliable stellar radial velocity.

Finally, a PN statistical distance was estimated using the Ha surface brightness-radius
relation [28] and its mean integrated Ha flux of logFy,= —11.556 mW/ m? [29,30] that
implies an Ha surface brightness of 8.38 x 10718 erg cm 25~ !sr ! calculated over the PN
mean angular radius (estimated from its SHS imagery) of 135.5 arcseconds. This yields
a statistical distance of 1.71 fgéi kpc, in good agreement with the mean cluster distances
from both Gaia parallaxes of cluster members and previous cluster studies.

3. Results
3.1. Demonstrating PN-Cluster Membership

Our examination of literature data shows that NGC 6067 has a supersolar metallicity
of [Fe/H] = 0.19 % 0.05, an age of 90 &+ 20 Ma, a reddening of E (B — V) = 0.35 &£ 0.03,
a tidal radius of 12.3 arcminutes, a distance of 1.88 £ 0.10 kpc and an heliocentric cor-
rected radial velocity of —39.79 £ 0.57 km/s. These values agree well with those found
from the most extensive cluster study to date [10]. Furthermore, the examined Gaia data
indicate that the cluster resides at a distance of 1.94 + 0.07 kpc and has a mean radial
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velocity of —39.21 + 0.15 kpc in very good agreement with the mean values estimated from
the literature.

Our SALT HRS spectral data show that BMP J1613-5406 has a mean radial velocity
of —39.93 £ 1.44 km/s, in excellent agreement to that of the cluster. Our SPIRAL and
XSHOQOTER spectra indicate that the PN is high excitation given the prominence of the
He 1I line at 4686 A (see Section 4) and has Type I chemistry [31] ([NII]/Ha > 0.5) and a
reddening of E (B — V) = 0.38 & 1.1 (calculated from the H,/Hg Balmer decrement of our
XSHOQOTER spectra and the extinction law of Cardelli, Clayton and Mathis). Due to the
large reddening measurement error, we consider the reddening value estimated for the
central star from the VPHAS+ data of E (B — V) = 0.28 4 0.04 to be more accurate.

The most crucial criterion for demonstrating that a PN is a cluster member is the
necessary agreement of their radial velocities to within ~1 km/s, as is the case here.
Furthermore, the cluster and PN reddenings and distances also agree within the errors
while the PN lies only 7 arcminutes from the cluster’s center, well within the cluster’s tidal
boundaries. Our findings indicate that PN BMP J1613-5406 (see Figure 1) is a genuine
member of the open cluster NGC 6067. Furthermore, the fact that NGC 6067’s sight line
presents a quite steep velocity-distance gradient (—16 km/s/kpc; [13]) makes a chance
coincidence of the two objects’ radial velocities highly unlikely.
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Figure 1. A 12 x 12 arcminute continuum subtracted (Ha divided by short red) SuperCOSMOS
HaSurvey (SHS: http:/ /www-wfau.roe.ac.uk/sss/halpha/ (accessed on 5 February 2022)) image
of the evolved bipolar PN BMP J1613-6406 and part of its host cluster NGC 6067 from the HASH
(www.haspn.space (accessed on 5 February 2022)) database main image page showing various PN
data and multiwavelength imagery. North is on the top East on the left.

3.2. The PN BMP ]1613-5406

Our own spectral and literature data were also used for an estimation of the nebular
properties. The observed [SII] line ratios from our SPIRAL and XSHOOTER spectra indicate
that the nebular electron density is close to the low-density limit (~30 cm~2). The PN major
and minor diameters were measured from SHS imaging data [32] and using the adopted
cluster distance we calculated its physical size. The HRS mean Half Width Half Maximum
(HWHM) of the Ha line and the [NII] 6584 A line, which is split (i.e., presents two peaks
due to internal nebular expansion) were both used for the calculation of the mean nebular
expansion velocity and thus, its kinematic age. The nebular ionized mass was calculated
following [33]. Using our XSHOOTER and SPIRAL measured emission line ratios we
also calculated the excitation class parameter (for Egy. see [34] and for Ex) see [35]) and
from it we estimated the central star temperature. From the same data and assuming
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that the nebula is optically thick (due to its bipolar shape) we estimated the crossover
central star temperature and magnitude [36]. Moreover, by plotting our calculated values
to evolutionary tracks [37] we estimated the mass of the central star. For the calculation of
central star’s mass we used the mean stellar magnitude that was derived from the crossover
method and applied to both our SPIRAL and XSHOOTER data and its error reflects their
spread. The calculated parameters are summarized in Table 1.

Table 1. Physical properties of the PN BMP J1613-5406.

PN Property Estimated Value
Major and Minor diameter 335 x 215 arcseconds
Statistical distance 1.71 fg:gi kpc
Physical radius 1.27 pc
Tonized PN mass 0.56 Mg
Expansion velocity 40.5km/s
Kinematic age 30,600 yrs
Excitation class Epy 5-7.3
Excitation class Ex >4.3
CS Viross mag 20.3-21.4
CS temperature Tyoss 125-190 kK
CS temperature (from Ex)) >81 kK
CS mass 0.94 £ 0.11 My

The VPHAS+ data indicate that, apart from the CSPN candidate discussed above,
there is no other blue star close to the nebular apparent center. Hence we assume that this
is the actual nebular CSPN. By cross-correlating the VPHAS+ g band magnitudes of stars
in the nebular field with APASS we found a central star V magnitude of around 20.2, close
to the Gaia limit.

4. Discussion and Preliminary New Findings

We have clearly demonstrated that the PN BMP J1613-5406 is a physical member of the
open cluster NGC 6067. The cluster has a turn-off mass of around 5 solar masses. Taking
into account the time required for a star to leave the Main Sequence and pass through the
Asymptotic Giant Branch Phase, theoretical cluster isochrones predict that the initial mass
of the central star would have been ~5.6 solar masses, close to the theoretical lower limit of
core-collapse supernova formation.

Furthermore, we overplot the estimated initial and final mass of BMP ]J1613-5406
to a recent IFMR [2], populated by cluster white dwarfs (see Figure 2). Our point falls
into the sparsely populated intermediate-to-high mass end and fits, withing the errors,
with the shown trend. Since the central star’s final mass is only an approximation, better
photometric data are needed for its direct detection and for directly measuring its precise
mass value.

An in-depth analysis of the PN BMP J1613-5406 is currently in progress (Fragkou et al.
In preparation). For this interim additional study we obtained in 2019 new ESO/VLT FORS2
imaging data and long-slit deep spectra (see Figures 3 and 4) covering the full angular
extent of the PN. These data are used for a decisive identification of the nebular central star,
the measurement of the central star’s U, B, V, R, I Johnson magnitudes and nebular line
fluxes for a greater range of emission lines now seen across a broader wavelength range
in the blue and red optical regions. A more precise determination of the PN reddening
and ionic plus elemental abundances for the identified emission lines are also made (see
Table 2).
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Table 2. Preliminary results of the elemental abundances of the PN BMP J1613-5406 as estimated
from our VLT/FORS2 spectral data.

Element (X) log(X/H)
He —1.10
Ne -3.79
0] —-3.21
N —3.26
S —4.78
Ar —-5.33
14
1.3 4
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1.2 4 ,_{—, .- -
11 ] et
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Figure 2. The IFMR [2] with our point in red. The yellow point refers to the only other instance of a
PN (PHR 1315-6555) in an open cluster [7]. [Figure credit: [8]].
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Figure 3. Our VLT FORS2 nebular blue spectrum where the Hell 4686 A, H p emission lines and [OIII]
4959, 5007 A doublet are clearly visible.
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Figure 4. Our new FORS2 2019 nebular red spectrum. There were problems with sky subtraction due
to the extent of the large angular size PN across the slit that have left many residuals. The Ha line is a
little oversubtracted. Nevertheless, the strong [NII] 4648, 4684 A emission lines indicate the nebular
Type I nature also evident from the earlier SPIRAL data.

For a cluster metallicity [Fe/H] equal to 0.19 [10] our estimated nebular N/O abun-
dance ratio of around 0.89 agrees well with theoretical predictions [38] of chemical yields
for a main sequence star of around 5.6 solar masses.

Our preliminary results show that there is no other blue star in the nebular field apart
from the suspected central star mentioned above (see Figure 5). The central star parameters
reported in Table 1 are derived from indirect methods using our XSHOOTER and SPIRAL
spectral data. Our FORS2 imaging data allow a more reliable direct measurement of the
central stars’s Johnson magnitudes (see Table 3).

Figure 5. A 3 color composite RGB (U:blue, B:green, V:red) FORS2 acquisition image centered on the
suspected faint, blue central star, which is clearly seen as the only blue star of hundreds in the field
(and circled in purple) and is located very close to he geometric centre of the PN itself. The angled
black band is the slit.
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Table 3. New estimates of the (uncorrected for extinction) central star’s UBVRI Johnson magnitudes
as measured from our FORS2 imaging data.

Filter Mag
U 19.20 + 0.28
B 19.67 + 0.03
\Y% 19.99 + 0.04
R 19.26 + 0.05
I 18.99 + 0.12

Due to issues precisely calibrating flux between the two different arms of the FORS2
data the PN reddening was measured instead from the H, and Hg emission lines (which
both fall in the blue arm) and using the extinction law of Cardelli, Clayton and Mathis. It
was estimated to be equal to E (B — V) = 0.34 + 0.13, very close to the cluster reddening
again indicating consistency with cluster membership.

Using our FORS2 data we further plan to estimate the central star’s Zanstra tem-
perature [39], luminosity and mass and to search for a possible low-mass companion [7]
and a comprehensive photo-ionization study of the nebula with cloudy models. The es-
timated nebular chemical composition will facilitate the study of AGB yields of a rather
high-mass star.
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