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Abstract: The aim of this work is to examine distances to planetary nebulae (PNe) together with
other properties that were derived from them, using the astrometry of Gaia Data Release 2 (DR2).
We were able to identify 1571 objects classified as PNe, for which we assumed distances calculated
following a Bayesian statistical approach. From those objects, we selected a sample of PNe with good
quality parallax measurements and distance derivations, which we called Golden Astrometry PNe
sample (GAPN). In this paper we will review the physical properties of the stars and nebulae in this
subsample of PNe.

Keywords: planetary nebulae; general stars; distances stars; evolution; Hertzsprung-Russell and
colour–magnitude diagrams; galaxy; stellar content

1. Introduction

It is well known that the planetary nebula (PN) phase represents a very short stage in the late
evolution of low- and intermediate-mass stars, during which several solar masses of processed material
can be ejected to the Interstellar Medium in the form of gas and dust. A better knowledge of the
lifetimes of the PNe, the masses of both the central stars and the nebulae, and the total number of objects
of this kind that are populating the Galaxy have important consequences for the understanding of the
chemical evolution of our and other galaxies. In this work we shall use distances to the galactic PNe
obtained from Gaia astrometric mission to infer absolute quantities such as luminosities, bolometric
magnitudes and nebular sizes for a significant sample of PNe. Finally, the evolutionary status of the
sample are studied by complementing this information with literature values on the nebular expansion
velocities, interstellar reddening, temperatures of the central stars and evolutionary models.

2. Materials and Methods

We collected objects from different literature compilations of PNe, including catalogues from
different authors and the Hong Kong/AAO/Strasbourg/Hα (HASH) database. Then, using CDS
services to X-match their positions with Gaia DR2 astrometry, we were able to identify 1571 objects.
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The procedure followed for identifying central stars with astrometry in DR2 is carefully explained
in [1].

To select objects with reliable astrometric data, it was necessary to consider the uncertainties
present in DR2, as explained in Lindegren et al. [2]. According to this work, we also excluded those
objects with low quality astrometric indexes (UWE < 1.96 and RUWE < 1.4), as well as compact
nebulae (because the nebular flux can be brighter than the central star). This filtering allows us to
select a sample of 211 objects, that we named Golden Astrometry PNe (GAPN). Central stars in GAPN
were checked manually, and a visual inspection of the images with SDSS photometry was carried
out in the skyserver, verifying that they were blue objects. These objects were not always located
at the geometrical center of the nebula. Still, it is possible that in a small percentage of objects (as
estimated under 5%) the identification be incorrect. To estimate their distances, we followed the
Bayesian statistical approach proposed by Bailer-Jones et al. [3]. Notice should be paid that this
approach is based on galaxy models and it does not take into consideration the physical properties
or the extinction toward individual stars. To estimate physical radii, luminosities or kinematical
ages, we used the literature values of the apparent sizes of the PNe, radial and expansion velocities,
visual magnitudes, interstellar reddening and effective temperatures. A table with astrometry data
of all objects in the GAPN sample and information about the sources from literature data that we
have used is available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/630/A150.

3. Results

3.1. Galactic Distribution, Completeness

Focusing on our PNe distances distribution, Figure 1 (left panel), we observe that the population
starts decreasing for distances further than 2 kpc, and that the furthest objects in our sample are located
at approximately 4 kpc.

Furthermore, we analysed the completeness of our sample of PNe, using the general sample of
1571 objects. To do it, we calculated their spatial density in the solar neighborhood and we extrapolated
it for the whole galaxy. In Figure 1 (right panel) we represent a cumulative distribution of this PNe
population as a function of distance, together with the increasing function of population according
to the density value obtained before. As can be seen, the prediction is fulfilled up to a distance of
about 2300 pc. This value is similar to that found in the left panel, where the number of PNe drops for
distances larger than about 2 kpc.
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Figure 1. Distances distribution of Golden Astrometry Planetary Nebulae (GAPN) sample (left) and
distances cumulative histogram (blue bars) with the population density function (orange curve) for the
general sample (right).
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3.2. Morphology and Physical Sizes

Planetary Nebulae display a large variety of morphologies. We adopted the morphological
classification for GAPN sample in the HASH database, and found that the vast majority of the nebulae
are catalogued as elliptical (36%), bipolar (24%) or round (20%). To a lesser extent, we have star-like
(6%), irregular (1%) and asymmetric (1%) PNe. Note that there is also a non-negligible percentage
(22%) of objects with unknown morphology in this sample. Such morphological distribution is shown
in Figure 2 (left panel).
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Figure 2. Morphological classification (left) and radii distribution separated in low latitudes and other
latitudes (right).

The knowledge of distances allowed us to obtain the physical size of the PNe from the observed
nebular angular sizes, retrieved from the HASH database, where values are taken from the Hα 10%
isophote. We adopted as a typical size, the average value between minor and major axes angular sizes,
given in this database.

This way, a typical radius for the nebulae (R) can then be obtained without taking into account the
projection effects or the complexity of some of the nebular shapes, simply by computing the product
of the estimated distance by the angular size. Right panel of Figure 2 shows the distribution of such
typical radii for the case of low latitude nebulae, with latitude values between −10 and 10 degrees, as
compared with the remaining objects.

3.3. Expansion Velocities and Kinematical Ages

Once we had calculated nebular physical radii for most of the GAPN objects, we searched the
literature for expansion velocity measurements in order to estimate the corresponding kinematical
ages. We excluded from this analysis those objects displaying a clear non-spherical morphology,
those known to have a binary central star (CS) and those with H-deficient spectra. Then, based
mostly on the literature values of expansion velocities from Frew [4] we obtained self-consistent
values for a subsample of 45 PNe (see section 5 in [1]). Furthermore, following the prescription by
Jacob et al. [5], we applied an overall correction factor for the expansion velocities of 1.5 to take into
account expected observational limitations. As it can be seen in the left panel of Figure 3, most of
expansion velocities take values between 30 and 50 kms−1. While the mean value turns out to be
< Vexp >= (38 ± 16) km · s−1.

Once we have the radius and the expansion velocity of each of these PNe, we can estimate their
kinematical age. In the right panel of the same figure we show the obtained values distribution. In
addition, we can calculate an average value for the kinematical age:

< TK >= (23.4 ± 6.8) kyr.
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This value can be somehow underestimated, due to the fact that young PNe are easier to detect
(as they are brighter) than old ones, so probably our sample might have a bias towards young PNe.
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Figure 3. Expansion velocities (left) and kinematical ages distributions (right).

3.4. Temperatures and Luminosities of the Central Stars

The knowledge of accurate distances allows to derive new luminosity values that can be used
to place the stars in a Hertzsprung-Russel (HR) diagram and to compare with evolutionary models.
For this task, the temperature and bolometric magnitudes of the central stars are needed. We focus on
the GAPN sample whose objects have literature values (apparent visual magnitudes, extinction and
temperature values); mainly using data from Frew [4], but also from different authors (Kaler et al. [6],
Ciardullo et al. [7], Tylenda et al. ([8,9]), Moreno-Ibañez et al. [10] and Napiwotzki [11]). The effective
temperature (Te f f ) is usually estimated by Zanstra method (Zanstra [12]), consisting on measuring
[HI] or [HeII] nebular fluxes. In this work, we focus on the Helium Zanstra Method Te f f literature
values.

As explained in [1], we retrieved visible magnitudes and extinction and temperature values
from the literature, and together with distance estimations we calculated their absolute visible
magnitudes. Then, using the calibration by Vacca et al. [13], we were able to obtain the absolute
bolometric magnitude: MBol = MV + BC, where BC = 27.66 − 6.84 · log(Te f f ). Finally, we derived the
luminosities from these last values.

With these parameters, we can locate the PNe in the HR diagram, together with the evolutionary
tracks by Miller Bertolami [14] and Vassiliadis-Wood [15], as shown in both panels of Figure 4. Then,
by interpolation, we can estimate the mass and evolutionary age (we assume the definition of later
post-AGB phase starting at log(Te f f ) = 3.85 from [14]) of each object.

For a more detailed analysis, we divided the diagram into three regions, according to the
evolutionary phase, corresponding to early, medium and late evolutionary states (see Table 1). Then,
we obtained the mean values and dispersions for the radius, mass and evolutionary age (for each
model). We also calculated an expansion velocity mean value per region, which can be compared with
the mean observational expansion velocity from literature data. These results are shown in Table 1.

As we can see, the nebular mean radius value increases trough the different regions (for both
models), according to the corresponding evolutionary phase. Concerning masses, we see that the mean
value is similar in the three regions. Furthermore, regarding the expansion velocities, the results show
that there is no direct relationship between this value and the evolutionary phase. In both models, the
region in which we found more consistent values (on average) is the early evolutionary phase.
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Figure 4. Central Stars location in the HR diagram, together with the evolutionary tracks by Miller
Bertolami (left) and Vassiliadis-Wood (right). Note that the left panel shows CSPN masses, while the
right panel shows Main Sequence (MS) star masses. Region 1: log( L

L�
) > 3.0 and log(Te f f ) < 4.8; Region

2: log( L
L�

) > 3.0 and log(Te f f ) > 4.8; Region 3: log( L
L�

) < 3.0 and log(Te f f ) > 4.9.

Table 1. Mean values of different parameters in three regions of the HR diagram, together with their
dispersion values, in brackets.

Parameter Region 1 Region 2 Region 3

Number of CSs 11 18 32

<R> (pc) 0.093 (0.040) 0.296 (0.209) 0.787 (0.515)

<MBer
CSPN> (M�) 0.607 (0.061) 0.594 (0.072) 0.607 (0.069)

<MVas
MS> (M�) 2.221 (1.236) 2.144 (1.454) 2.211 (0.972)

<TBer> (kyr) 4.68 (7.49) 23.28 (24.45) 45.18 (57.45)

<TVas> (kyr) 4.47 (5.04) 12.67 (11.48) 56.08 (55.71)

<VBer
exp > (km · s−1) 19.46 (0.04) 12.45 (0.02) 17.05 (0.03)

<VVas
exp > (km · s−1) 20.37 (0.03) 22.88 (0.04) 13.73 (0.02)

<VO
exp> (km · s−1) 20.56 (12.51) 28.97 (4.73) 23.60 (10.97)

Note 1. < R >: typical physical radius, <MCSPN>: CSPN mass, <MMS>: MS star mass, <T>: evolutive age,
<Vexp>: nebular expansion velocity. Superscript Ber means that it is estimated from Miller-Bertlolami tracks,
Vas from Vassiliadis-Wood tracks and O from observations. Note 2. Region 1: log( L

L� ) > 3.0 and log(Te f f ) <

4.8; Region 2: log( L
L� ) > 3.0 and log(Te f f ) > 4.8; Region 3: log( L

L� ) < 3.0 and log(Te f f ) > 4.9.

4. Discussion

We can obtain some conclusions from the analysis of our PNe sample. Firstly, looking at PNe
location, we can conclude that most of them (about 60% of the PNe in our study) are located near the
galactic plane and in the galactic centre direction (longitudes close to 0◦). Concerning distances, we
observe that we can claim completeness up to approximately 2.3 kpc (for the general sample of 1571
PNe) even though we detected some nebulae farther than 4 kpc. It is important to note that many
external factors can contribute to the difficulty to detect PNe and consequently to the incompleteness
of our sample: the presence of high extinctions close to the galactic plane, low surface brightness in
old nebulae (over 104 yr) or the lack of a parallax measurement in Gaia DR2 because either the CSs are
weak objects or the nebulae are too compact.

If we compare our distance estimations results with those derived by other authors (see [1] for
details), we appreciate a significant agreement with those obtained from astrometric methods (USNO
and HST). On the other hand, we found that distances obtained from non-LTE model fitting are in
most cases overestimated and would need to be carefully reviewed.
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Regarding nebular sizes, it can be noted that those PNe close to the galactic plane tend to be
smaller than the rest. In general, most of them have radii larger than the typical PN adopted value of
0.1 pc (Osterbrock and Ferland 2006 [16]). In addition, if we focus on the nebular morphologies, we
can conclude that around 80% of PNe are elliptical, bipolar or round.

Considering physical radii and observational expansion velocities taken from the literature,
we derived the so-called kinematical ages of the nebulae. Although most of the PNe are rather young,
with ages under 15,000 yr, we also found nebulae spanning ages well beyond those values (see [1]
for details). From the average kinematical age value and the mean physical radius of the sample, we
obtained a value for the visibility time (i.e., the amount of time elapsed since the PN was created) of
the PNe population, < TVT >, similar to that derived by Jacob et al. [5].

Finally, we compared the position of the CSs in the HR diagram with the new evolutionary tracks
by Miller Bertolami [14] and those by Vassiliadis-Wood [15]. Models by Miller Bertolami [14] are
brighter and faster than the classical ones due to the different treatment of microphysics and convection.
However, the only region for which [14] provides younger ages is region 3, which corresponds to the
oldest nebulae (see Table 1). It must be taken into account that we have a rather high uncertainty in
the derivation of masses and ages values, and that the statistics is possibly insufficient. Despite this,
the HR diagram positions of the stars provide valuable evolutionary information, and the size of the
envelopes and expansion results quite agree with the evolutionary stage of the CSPNe.

Summarizing, we have confirmed that Gaia distances are compatible with previous astrometric
derivations and that the location of the CSs in a HR diagram provide valuable evolutionary information
when combined with typical radii of the objects and other observational properties.
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Abbreviations

The following abbreviations are used in this manuscript:

PN Planetary Nebula
CS Central Star
DR2 Data Release 2
GAPN Golden Astrometry Planetary Nebulae
HASH Hong Kong/AAO/Strasbourg/Hα

HR Hertzsprung-Russel
MS Main Sequence
WD White Dwarf
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