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Abstract. Radial abundance gradients in the Galactic disk are among the most important observational constraints for studying the
chemical evolution of the Milky Way and other galaxies. Planetary nebulae (PNe) serve as valuable tracers of Galactic chemical
evolution, providing precise abundances for several elements not produced by their progenitor stars. However, PNe radial abundance
studies are hampered by the large uncertainties in their distances. In this work, we utilized the Gaia DR3 database to derive more
accurate distances for a sample of 1,200 Galactic PNe by implementing a matching algorithm to associate Gaia sources with the
central stars of PNe (CSPNe), based on angular proximity and expected Gaia photometric colors and refined by comparing extinction
values derived from the Balmer decrement with those obtained from Galactic extinction maps. Our method identified 419 PNe with
high-probability matches to Gaia sources, with 121 sources with positive parallaxes and relative uncertainties below 15% used to
recalibrate the Ha surface brightness—radius relation. Final distances for the 419 PNe were determined using a Bayesian approach that
combined Gaia parallaxes and surface brightness measurements. For an additional 781 PNe without Gaia counterparts, we provide
distances derived solely from the Ha surface brightness—radius relation. Using the new distances, we determined radial abundance
gradients in the Galactic disk for O/H and the results indicate a flatter gradient than previously reported, with a notable change in
slope around 8 kpc, coinciding with the Milky Way corotation radius.

Resumo. Os gradientes radiais de abundancia no disco Galactico constituem algumas das mais relevantes restri¢des observacionais
para o estudo da evolugdo quimica da Via Lictea e de outras galdxias. Nebulosas planetdrias (PNe) desempenham um papel
fundamental como tragadores da evolu¢do quimica Galéctica, fornecendo abundancias precisas de diversos elementos que ndo
sdo sintetizados por suas estrelas progenitoras. Estudos envolvendo gradientes radiais de abundancia em PNe sdo limitados pelas
grandes incertezas associadas as suas distancias. Neste trabalho, utilizamos os dados do Gaia DR3 para derivar distancias mais
precisas para uma amostra de 1,200 PNe Galacticas. Implementamos um algoritmo para associar fontes do Gaia as estrelas
centrais das PNe (CSPNe), considerando a proximidade angular e as cores fotométricas esperadas, com um refinamento posterior
por meio da comparacdo entre valores de extin¢do derivados do decremento de Balmer e aqueles obtidos em mapas de extin¢do
Galdcticos. O método resultou na identificacdo de 419 PNe com correspondéncias de alta probabilidade a fontes do Gaia. 121
PNe apresentam paralaxes positivas e incertezas relativas inferiores a 15%, sendo utilizadas para recalibrar a relacdo entre brilho
superficial em He e o raio. As distincias finais das 419 PNe foram obtidas por meio de uma abordagem Bayesiana que combina
as paralaxes do Gaia com as medidas de brilho superficial. Para outras 781 PNe sem contrapartida no Gaia, fornecemos distancias
derivadas exclusivamente da relag@o brilho superficial em Ha — raio. A partir dessas novas distancias determinamos os gradientes
radiais de abundancia no disco Galactico para O/H. Os resultados indicam um gradiente mais plano do que o relatado anteri-
ormente, apresentando uma mudanca significativa na inclinag@o por volta de 8 kpc, coincidindo com o raio de corotagdo da Via Lactea.
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1. Introduction

Radial abundance gradients in the Galactic disk are among the
most important observational constraints for studying the chem-
ical evolution of the Milky Way and other galaxies Henry &
Worthey (1999). These gradients result from a combination of
physical processes occurring since the Galaxy formation, includ-
ing gas infall, star formation history, radial gas flows, and stellar
radial migration (Gibson et al. 2013). In the case of the Milky
Way, a significant debate exists in the literature regarding the con-
stancy of the gradient for different galactocentric distances. In the
outer regions of the Milky Way (R > 10 kpc) a flattening of the
radial gradient of the disk is noted by data from different tracers
such as open clusters (Lépine et al. 2011; Monteiro et al. 2021;
Magrini et al. 2023), Huregions (Esteban et al. 2013), Cepheid
stars (Genovali et al. 2014; Minniti et al. 2020), and planetary
nebulae (PNe, Maciel & Costa 2009; Stanghellini & Haywood

2018). However, there are discrepancies in the literature regarding
these results, as evidenced by studies such as Ferndndez-Martin et
al. (2017); Esteban et al. (2017); Arellano-Cdérdova et al. (2020);
Meéndez-Delgado et al. (2022) for Hmregions, and Stanghellini
& Haywood (2010); Pagomenos et al. (2018) and Bucciarelli &
Stanghellini (2023) for PNe, where the gradient is suggested to
maintain the same slope across the entire optical disk. Part of the
disparity between different studies stems from uncertainties in
determining chemical abundances and/or distances.

PNe are the evolutionary endpoints of low- and intermediate-
mass stars, serve as valuable tracers of Galactic chemical evo-
lution due to their strong optical emission lines and the fact
that some elemental abundances remain unaltered during stellar
evolution. Estimating reliable distances for Galactic PNe proves
particularly challenging, as no single physical parameter directly
depends on the distance. Statistical distance methods have there-
fore been developed to derive PNe distances (see Frew et al. 2016,
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hereafter F16, for a comprehensive review). The statistical dis-
tance scale from F16, based on an empirical relation between Ha
surface brightness (Sg,) and the intrinsic radius of the PNe, has
made an important improvement in the determination of PNe dis-
tances. However, statistical distances are subject to considerable
uncertainties, often due to factors of two or more, as discussed
by F16. Consequently, trigonometric techniques remain the di-
rect and reliable individual method to determine the distances of
the PNe when the parallax errors are small (parallax uncertainty
over parallax f < 0.15, Herndndez-Judrez et al. 2024). In this
regard, the recent Gaia mission (Gaia Collaboration et al. 2016,
2018) has revolutionized the determination of the distances for
the Galactic PNe (Gonzalez-Santamaria et al. 2021; Chornay &
Walton 2021).

The Gaia DR3 (Gaia Collaboration et al. 2016, 2023a) pro-
vides unprecedented astrometric parameters, complemented by
photometric and spectroscopic data, for hundreds of CSPNe.
Even after Gaia observations, statistical distances for PNe will
be continuously used, since many PNe will not have Gaia dis-
tance estimates because of the CSPNe are not well identified or
in the cases where the parallaxes have a considerable error. In
this regard, statistical distance methods for PNe have been re-
calibrated by using Gaia astrometric data, as demonstrated by
Stanghellini et al. (2020); Ali et al. (2022) and BS23. In this
work our aim is to revisit the issue of PNe abundance gradients
relying on reliable distances determined from astrometric paral-
laxes provided by Gaia data and from statistical distance scale.
We present a recalibration of the PN distance scale from F16
using the best parallaxes available from Gaia DR3 (Lindegren et
al. 2021), enhancing its ability as a robust distance indicator for
the many PNe which will not have Gaia distance estimates.

2. Methods

Gonzalez-Santamaria et al. (2021) developed a method to iden-
tify CSPNe in Gaia EDR3 based on proximity to the geometric
center of the nebula and photometric color. Similarly, Chornay
& Walton (2020) and Chornay & Walton (2021) employed a
likelihood ratio method to cross-match known PNe with Gaia
EDR3 sources, using empirically derived positional and color
distributions to assess candidate likelihoods. We adopted a pro-
cedure in this work similar to Gonzédlez-Santamaria et al. (2021)
based on angular proximity and expected Gaia photometric col-
ors, which are indicative of CSPNe temperatures. We further
refined the matches by comparing extinction values derived from
the Balmer decrement with those obtained from Galactic extinc-
tion maps. Our method identified 419 PNe with high-probability
matches to Gaia sources. Among these, 121 sources with posi-
tive parallaxes and relative uncertainties below 15% were used
to recalibrate the Ha surface brightness—radius relation and this
calibration enabled us to derive reliable statistical distances for
the entire sample.

Based on our analysis, we consider that the case for parallax
uncertainty over parallax f < 0.15 with 121 calibrators (Figure
1) provides the best fit by comparing the distances obtained from
the calibration and the distances derived from Gaia parallaxes.
The adopted He surface brightness—radius relation in this case
is:

log Rpe = (=0.26 + 0.03) X log S — (1.52 % 0.03). (1)

Final distances for a subsample of 419 PNe were determined
using a Bayesian approach that combined the distances from the
Ha surface brightness—radius relation as priors and Gaia paral-
laxes. For an additional 781 PNe without Gaia counterparts, we

provide distances derived solely from the Ha surface brightness—
radius relation.
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Ficurk 1. Recalibration of the Her surface brightness—radius re-
lation based on Gaia DR3 parallaxes and considering fractional
parallaxes uncertainties f < 0.15. The red line and the orange
shaded region represent the linear fit and the 95% confidence in-
terval, respectively. The blue line represent the linear fit obtained
by F16 for reference. The data are color-coded by the ionized
mass.

3. Resulis

In order to provide a more objective gradient fitting procedure we
will employ in this work the same methodology as in Cardoso et
al. (2025), where a detailed analysis of the O/H radial abundance
gradients derived from the H 11 region is performed in 154 iso-
lated spiral galaxies observed by the CALIFA survey. The prob-
lem of gradient fitting is addressed using a robust unsupervised
automatic fitting procedure that employs a bootstrap process on
the data to escape local minima. To perform the fit of the abun-
dance radial gradient, we use the Python package piecewise
regression (Pilgrim 2021). This method simultaneously fits
breakpoints positions and linear models for the different fit seg-
ments and gives confidence intervals for all the model estimates.
The chosen models are a simple linear fit and piecewise linear
functions presenting one or two breaks in the radial distributions.

Fig. 2 shows the results of the fitted models and Table 1
summarizes the parameters. In this table the columns refer to the
model (linear, one-break and two-break) and the lines the fitted
parameters. In the case of the linear model, | and b; represent the
slope and the intercept. For the one-break and two-break models
they represent the parameters of the first segment. a; is the slope
of the second segment for the one-break and two-break models
and a3 is the slope of the third segment for the two-break model.
hy and h; are the radial positions where a break is detected.

To decide between the models, the Akaike information crite-
rion (AIC, Akaike 1973) is adopted. and we refer to Cardoso et
al. (2025) and references therein for more information. The sec-
ond to last row of Table 1 presents the AIC values for each of the
fitted models. The likelihood of a model given the data £ (m;|x)
calculated based on the IAC values (Burnham & Anderson 2002)
are presented in the last row of Table 1, where the minimum AIC
model is taken as reference.
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Ficure 2. Radial O/H gradient for disk PNe. Top panel: a simple
linear fit with the shaded region representing the 95% confidence
interval (linear model). Middle panel: a fit considering a break
in the radial distribution (one-break model). Bottom panel: a fit
with two breaks (two-break model). The vertical dashed lines
mark the position of the breaks and the shaded regions the 68%
confidence interval.

The most probable model is the one with one break in the
radial distribution, presenting the lowest AIC value. In this case,
there is a break in the radial distribution at 7.84 + 1.40 kpc, close
to the solar radius. Both models with one and two breaks indicate
a flatter gradient inside the solar radius, while outside the solar
radius the gradient is steeper. For the one-break model the slopes
are 0.009 = 0.025 and —0.035 + 0.01 dex/kpc, for the first and
second segments, respectively. The two-break model has slopes
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0.012 £ 0.017, =0.078 £ 0.112 and —0.024 + 0.017 dex/kpc, for
the first, second and third segments, respectively. In this case, the
second segment is the steepest, however with a very short radial
range of about 1.5 kpc. Therefore, in this case there is a step in
the radial O/H abundance distribution near the Sun position.

However, the alternative models have £ (m;|x) > 0.05, so that
the current PNe data do not allow to infer which of the models
are the best to fit the data. For this, we need data with smaller
uncertainties both in the chemical abundances and distances to
confirm the change in slope of the radial O/H gradient near the
solar radius.

TasLE 1. Parameters of the fitted models.

Model

Parameters Linear One-break Two-break
aj (dex/kpc)  —-0.021 £ 0.006 0.009 +0.025 0.012 +£0.017
ay (dex/kpc) - -0.035+0.010 -0.078 £0.112
a3z (dex/kpc) - - -0.024 £ 0.017
by (dex) 8.74 £ 0.05 8.54 +0.15 8.53+0.11
hy (kpe) - 7.84 +1.40 8.33+1.30
hy (kpe) - - 9.78 + 1.70
AIC 31.32 29.23 30.08
L(m;|x) 0.35 1 0.65

To investigate the azimuthal structure in the metallicity dis-
tribution, we adopted a procedure similar to Wenger et al. (2019,
and references therein), using the software package pyKrige!,
which employs kriging (see Feigelson & Babu 2012), to inter-
polate the distribution of oxygen abundances and to produce an
abundance map in the Galactic plane. The interpolation is per-
formed in a grid of Galactic coordinates ranging from -12 to 12
kpc in the x-direction and from -4 to 20 kpc in the y-direction in
steps of 1 kpc. The error map is obtained through a 500 Monte
Carlo realizations by generating random Gaussian values in the
distances and abundances within their uncertainties, adopting
the errors as 1-o- confidence interval derived from the PDF. The
results are shown in Fig. 3.

4. Conclusions

In Fig. 3 the differences in the interpolated chemical abundances
in the O/H map are not very large, but the map revels an azimuthal
asymmetry in the distribution. abundances are higher near the so-
lar circle and near the Galactic Center at positive longitudes. The
higher abundances near X = 0 and Y = 5 kpc seem to coin-
cide with end of the expected position of the Galactic bar. This
asymmetry in the abundance distribution was also noted by Gaia
Collaboration et al. (2023b) using stellar chemical abundances
from Gaia DR3 data and may be related to radial gas flows in-
duced by the Galactic bar from the OLR to the bar corotation
radius, as predicted by chemical evolution models (Cavichia et
al. 2014; Kubryk et al. 2015). In the O/H map it is also possible
to detect the radial O/H abundance gradient, as beyond the solar
circle the abundances drop continuously. The solar circle appears
to be a transition region in the pattern of chemical abundance dis-
tribution. Inside the solar circle the abundances are higher than
in the outside region, creating a bimodal pattern of chemical
abundance distribution. This characteristic is consistent with the
fits obtained in the one-break and two-break models presented in
Fig. 2, where breaks in the radial distribution are detected near
the solar circle. For more information we refer to Cavichia et al.
(2025).

I See https://github.com/bsmurphy/PyKrige.
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Ficure 3. Top: the log(O/H) + 12 abundance map interpolated
using the 2D universal kriging algorithm. Bottom: the respective
log(O/H) + 12 error map. In both panels the red x marks the
position of the Sun and the red dashed semicircunference the
solar radius. The gray ellipse centered at the origin represents the
position of the Galactic bar after Wegg et al. (2015).
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