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Abstract: We present some preliminary findings on the population of planetary nebula where central
stars (CSPN) have been independently identified in the HASH catalogue. Many new discoveries and
candidates have been found (416 at the time of this writing), adding significantly to the previously
known sample of about 600. We also present results from a comparison between our own HASH
measurements of CSPN and those provided in existing CSPN catalogues and those from Gaia. We
show the value of a federated, multi-wavelength database of Galactic PNe like HASH in terms of
not only uncovering faint, new CSPN but of assisting in correct identifications, removing PN mimics
with apparent CSPN, correcting incorrect assignments and providing improved positions. HASH
provides the community with a comprehensive and reliable resource for any study of the CSPN
population of Galactic PNe.
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1. Introduction

Planetary Nebulae (PNe) represent a brief but important phase in the stellar evolution
of low to intermediate mass stars where a final envelope ejection after the post AGB phase
is ionized by the contracting and heating remaining stellar core. This causes this ejected
nebula shroud to glow with a rich emission line spectrum that is a function of the UV
radiation field intensity and the chemical composition and physical parameters of the
shell. The PN central star (CSPN hereafter) drives this activity, and so the temperature,
evolutionary state and type of the CSPN (and, indeed, whether it is in a binary system,
e.g., [1]) are crucial for a better understanding of this key window into stellar evolution
and its implications for ISM enrichment, mass return and stellar death rate. However, until
recently, only about 20% of all known PNe had an equivocally identified CSPN [2] to help
relate PN properties (such as the morphology, ionization state, kinematic age, etc.) to the
underlying properties of the CSPN. These are known to be extremely varied, encompassing
a wide variety of stellar types and characteristics ranging from pop II Wolf-Rayet stars
(IWRY)), different kinds of white dwarfs (DA, DAO, DO), PG1159 stars, Weak emission line
stars (WLES), to early and late O(H) and Of(H) stars (e.g., [2,3]). A key reason CSPN are
often hard to find is their generally extremely low luminosity. This is because although
they are invariably hot, they are also residual stellar cores of a small size, typically similar
to that of our earth. Hence, via the Steffan-Boltzmann Law, the luminosity can be very low,
which, when coupled with their typically large distances, makes them difficult to find with
even large telescopes. In many cases they are beyond the photometric limits of current
surveys including Gaia. The MASH [4] and now HASH [5] PNe multi-wavelength database
of all currently known Galactic and Magellanic Cloud PNe has provided a powerful,
new resource for the community to study both PNe and their CSPN. Here we present
preliminary results of the independently derived Galactic CSPN population now available
through HASH and make some initial comparisons to the findings of [2], with preliminary
Gaia results [6]; we also provide brief comments on what this means for the study of CSPN
in general.
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2. Materials and Methods

This work makes use of the HASH SQL database [5] and CSPN reported in [2] and
preliminary CSPN from Gaia [6] along with software such as Python and visualization packages
such as DS9. The HASH database is a key service for our global PN research community
(HASH: Available online http:/ /www.hashpn.space (accessed 26 January 2022)), hosted by
the Laboratory for Space Research (http:/ /www.lsr.hku.hk, accessed 26 January 2022) at the
University of Hong Kong. HASH currently contains 3805 Galactic PNe (comprising 2668 True,
446 Likely and 691 possible PNe) plus 719 LMC & 102 SMC PNe + 6 others (e.g., in the
Sagittarius dwarf)—refer to Figure 1. There are 4055 reduced 1-D fits spectra also available, and
~500,000 fits cutouts and ~88,000 color images from 20 major multi-wavelength surveys. HASH
also provides direct clickable access for each catalogue entry to Simbad, Aladin, Vizier, MAST,
PanSTARRs [7] and HST imagery, among other resources.

Others

New HASH
ESO

MASH

Kohoutek

Amateurs

IPHAS

Figure 1. Pie charts that show the current base properties of Galactic Planetary Nebula recorded in
the HASH database: (Left panel): Fraction of HASH PNe that are designated as True (T), Likely (L)
or Possible (P) PNe following [4,5]; (Right panel): Breakdown of all currently known 3805 Galactic
PNe (T 2668, L 446, P 691) by major catalogue origin.

With the ever-improving multi-wavelength imaging surveys from different ground-
and space-based projects, such as Gaia [6], PanSTARRs [7] and DECaPS [8], many more faint
CSPN can now be uncovered. However, many distant CSPN have a very low luminosity
with G > 20.7 and are so beyond the photometric limits of the Gaia astrometric survey.
Indeed, the vast majority of known WDs have G > 21, although most have faded since
they were CSPN. Weidmann [2] recently published a paper gathering 619 coordinates from
all known CSPN. The paper [2] is a vetted compendium of CSPN reported from myriad
sources over decades. For this paper, we manually checked all 619 entries in [2] against
all the imagery and multi-wavelength surveys now conveniently available in HASH. The
aim was to independently determine, using the federated power of HASH, the overall
reliability of the Weidmann catalogue, including the accuracy and identification of the
reported CSPN. Some serious issues were uncovered. Next, a comparison with ~37% of
preliminary CSPN reported from Gaia was also undertaken, and some interesting findings
were made. Finally, a careful, though admittedly subjective examination of all available
imagery for ~55% of “True” Galactic PNe in HASH was performed by the first author, based
on decades of experience. This was to independently look for CSPN previously missed or
not previously visible from older, less sensitive and lower-resolution multi-band surveys
compared to those now available in HASH that also benefit from more accurate astrometry.
A significant number of new CSPN have been uncovered. The preliminary results from all
these investigations are presented below. Once these tasks have been completed, a fuller
paper will be submitted.
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3. Results

We present our preliminary results based on three main investigations: First, a direct
comparison between [2] and what HASH provides; next, an investigation into a randomly
selected 37% sub-sample of the CSPN reportedly found by Gaia with confidence >0.85
and how these relate to HASH; and finally, a preliminary report on new CSPN indepen-
dently uncovered by examining, so far, 1460 (~55%) of the 2668 HASH entries for True
Galactic PNe.

3.1. Comparisons with the Weidmann Catalogue of CSPN

All 619 CSPN entries in [2] were carefully checked in HASH. There were 182 (~30%)
CSPN in [2] for actual “True” PNe where we could not be confident that the CSPN had
been correctly identified at the quoted position based on the examination of the available
HASH imagery. Usually, corroboration was straightforward as the CSPN is both blue and
located at or close to the PN’s geometric center. However, for ~30% of CSPN in [2] this
is not the case. We assume here that the actual CSPN can be distinguished from the PN
itself. However, in [2], it might be supposed that for compact PNe, even though the CSPN
cannot actually be discerned, they have assumed that it must be located within the confines
of the compact PN envelope and so have used the position of the PN as that of the CSPN.
Of course, in such cases nothing can really be said about the type of CSPN that is located
but indiscernible within the compact and usually high-surface-brightness PN. Figure 2
provides four examples of different situations where we were unable to confirm the CSPN
listed in [2].

We found the following results, as presented in Table 1. The largest group of 106 (17%)
of the 619 CSPN entries from [2] concerns those compact PNe where no CSPN is evident in
the available imagery, including high-resolution HST data when present.

Pe 2-8 Sh 2-176
PNG PNG
322.4-00.1 120.2-05.3
Too Too Faint
Compact
NGC6886
PNG NGC 650/1
060.1-07.7 PNG
130.9-10.5
Central Star
. . Too many
is not Visible Stafs

Figure 2. Four examples of different situations where we were unable to confirm the CSPN listed
in [2]. The annotation for each panel is self-explanatory.
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Table 1. This table provides the results of our examination of all 619 CSPN listed in [2] based on
available HASH imagery, giving the main reason we cannot confirm the CSPN identification.

Reason CSPN Rejected Cases
PN is too compact so its central star cannot be seen against the PNe itself 106
PN is too faint/large so the CSPN cannot be properly determined 12
Too many blue stars within the PN to choose the correct one 41
CSPN is not visible/evident in HASH imagery 23
Total number of True PN with CSPN rejected 182
Objects we rejected from Weidmann as being non PNe 47
Total number of CSPN rejected for all reasons 229
CSPN remaining for further study 390
CSPN only for a Likely or Possible PN 20
Total number of True PN with CSPN to study 370

3.1.1. Issues with Object Classification

The CPSN listed in [2] made use of PN catalogues prior to HASH. Such compilations
have been shown to be badly contaminated with a variety of mimics (see [9]), and these
have been robustly excluded from HASH. In checking entries in [2], we found 47 objects
(7.6%) that were not PNe according to HASH, as follows: 15 Symbiotic stars, 14 cases of
ionized ISM, six HII regions, three transition objects, with the final nine being a combination
of a variety of other PN mimics like Cataclysmic variables.

3.1.2. Astrometric Comparison and Integrity

After checking against HASH entries, the number of bona-fide CSPN of actual True
PNe is only 370 out of the original 619 CSPN listed in [2]—see Table 2 for details. Of
these 370, 263 (71%) have reported positions that agree with our own determinations
to better than 1 arcsecond. However, 72 have positional differences of between 1 and
<3 arcseconds, 15 have differences of >3 and <5 arcseconds, and for 20 we found differences
of >20 arcseconds for the reported CSPN in [2] and the CSPN we identified in HASH. The
smaller differences of <3 arcseconds are mostly astrometric errors in [2], while the larger
discrepancies mostly reflect different stars that HASH is able to identify as the most likely
CSPN based on access to the latest survey imagery. We believe these results present clear
evidence that a significant fraction of CSPN identified in [2] are erroneous.

3.2. Comparisons with the Gaia Astrometric Survey

Gaia [6] has also internally released the coordinates of 1935 putative CSPN (~50% of all
current T, L, P HASH Galactic PNe), of which 904 (23.7%) have a quoted “reliability” factor
of >0.85. We used the same individual HASH PN checking and verification procedure we
applied to [2] for 338 out of these 904 “high confidence” Gaia CSPN as a ~1/3 randomly
selected sample via standard techniques. Our preliminary results are surprising. Even with
Gaia-assigned “high reliability” cases, by no means did CSPN in the Gaia catalogue all agree
with our checking when using the best available imagery (refer to Table 2 below for specific
details). Nevertheless, unlike for [2], no astrometric problems were found. Others [10-13]
have been using Gaia Early Release data to identify CSPN, with [12] reporting results
for 1725 Galactic CSPN based on Gaia EDR3 data. However, from our HASH study it is
clear that there may be problems with these Gaia CSPN compilations, as Figure 3 clearly
shows for PN ‘Outers 2’ (HASH ID #10957), where the available PanSTARRs and SDSS irg
imagery reveals the true blue CSPN that is also right at the geometric center of the PN. The
Gaia-identified CSPN from [12] is not correct. In some cases, the HASH imagery may also
be an issue, as many PNe in HASH do not have PanSTARRs /SDSS imagery and most do
not of course benefit from HST imagery.
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Figure 3. (Left): SDSS irg color RGB annotated image of PN Ou 2. (Right): IPHAS Hx/R band
quotient image of Ou 2 that shows the round 90” diameter PN and the true CSPN location.

Table 2. Comparison between 338 (~1/3rd random sample) of the 904 raw Gaia CSPN candidates with
putative reliabilities >0.85 and what HASH reveals. We believe that many Gaia CSPN identifications
need to be re-examined, though the EDR3 comparison will be better (in preparation).

Gaia Reliability Number of CSPN % Gaia CSPN ID’d in HASH
0.85-0.90 46 48.9%
0.901-0.95 41 43.9%
0.951-0.99 87 44.8%
0.991-1.00 165 67.3%
Total 338 56.2%

3.3. New CSPN Uncovered with HASH

As of January 2022, there are now 1063 Central stars identified for the 3805 Galactic
PNe currently in HASH or about 28% of all PNe. This is expected to increase as the careful
checking of all HASH PNe is completed by the end of 2022. This list includes all entries
ingested from [2]. Note that only ~1400 True HASH PNe have been thoroughly checked
so far to both confirm CSPN and to reveal the 415 new CSPN also uncovered. Incorrectly
identified CSPN listed in [2] have been removed from HASH according to our verification
processes above and in [9]. So far, 102 of the new CSPN are located at positive Galactic
latitudes and 313 at negative Galactic latitudes. This simply reflects the wider coverage of
H-alpha surveys in the Southern Hemisphere that has provided a large fraction of new PN
discoveries over the last 20 years. Figure 4 gives an example of a HASH database image
page for PN PHR J0843-2514, with the new blue CSPN clearly seen at the center of the
round PN, while Table 3 shows the main survey resource used to identify new CSPN.

Table 3. This table shows which available HASH imagery was used to uncover 332 of the 415 newly
identified CSPN. For the other 83 cases, combinations of available image data were used.

Main Survey Number of CSPN

PanSTARRs [7] 169

SSS Bj [14] 118

HST imagery 16
Popiplan [15] 12
VVV /UKIDSS [16,17] 6
DECAPS [8] 3
SHS/VPHAS [18,19] 5
Amateur deep 2
SDSS u-band [20] 2

Total 332
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Figure 4. HASH database page for PN PHR J0843—2514 showing the faint round PN and newly
identified very faint blue CSPN at its geometric center. Some of the high-level functionality of HASH
can be appreciated in this page in terms of external surveys accessed by clicking on the icons on the
bottom left of the main HASH image page and the tab selection options at the top that allow online
access to the fits images, spectral plots, basic data and more.

4. Discussion

Determining the variation of the diverse population of CSPN is vital to understanding
their host PNe and their morphologies, shaping mechanisms, energetics and the key role
this important but brief phase of stellar evolution plays in Galactic chemical enrichment
and the ISM mass budget. However, if we are to undertake such studies, we must first be
confident that any identified CSPN is actually the bona-fide progenitor for the surrounding
nebula and also try to ensure that we have uncovered as many CSPN as possible so that
they are properly representative of the overall CSPN population. This study has made
extensive use of our HASH database to undertake an independent, preliminary evaluation
of CSPN. We find that only with a careful examination of every PN and CSPN candidate
on an individual basis and by using all the power of multi-wavelength imagery and other
pertinent data in HASH can proper evaluations be made and more reliable CSPN be
identified. This appears to be true for both [2] and Gaia [10-13], where our results show
some potential issues with correct CSPN identification. Fuller details and work on this
topic will be the subject of a paper by Parker et al., which is in preparation.
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