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RESUMEN

La controversia sobre la variacién en el tiempo de los gradientes radiales de
abundancias puede, en principio, ser resuelta estimando los gradientes a partir de
nebulosas planetarias (PN) que provengan de estrellas centrales (CSPN) de distintas
edades. En este trabajo consideramos cuatro muestras de CSPN cuyas edades han
sido estimadas por tres métodos distintos, y estimamos los gradientes de la abun-
dancia de oxigeno para estos objetos. Los resultados sugieren pequenas diferencias
entre las CSPN mas jévenes y las mas viejas. Los objetos mas jévenes tienen abun-
dancias de oxigeno similares o un poco mayores que las de los objetos mas viejos,
y los gradientes son similaares para ambos grupos. En consecuencia, el gradiente
radial de O/H no ha cambiado apreciablemente durante los tiempos de vida de los
objetos estudiados, de modo que no se espera que los gradientes para las PN sean
muy distintos de los observados en objetos més jévenes, lo cual parece encontrar
sustento en datos observacionales recientes.

ABSTRACT

The controversy on the time variation of the radial abundance gradients can
in principle be settled by estimating the gradients from planetary nebulae (PN)
ejected by central stars (CSPN) with different ages. In this work, we consider four
samples of CSPN whose lifetimes have been estimated using three different methods
and estimate the oxygen abundance gradients for these objects. The results suggest
some small differences between the younger and older CSPN. The younger objects
have similar or slightly higher oxygen abundances compared with the older objects,
and the gradients of both groups are similar within the uncertainties. Therefore,
the O/H radial gradient has not changed appreciably during the lifetime of the
objects considered, so that PN gradients are not expected to be very different from
the gradients observed in younger objects, which seems to be supported by recent
observational data.
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1. INTRODUCTION

Radial abundance gradients are observed in the
galactic disk based on abundance measurements of
several chemical elements in a variaty of astronomi-
cal objects (Henry & Worthey 1999; Maciel & Costa
2010; Maciel, Rodrigues, & Costa 2012). The main
chemical elements are oxygen, neon, sulphur and ar-
gon in photoionized nebulae, and iron in stars. How-
ever, recent work also includes data on many other
elements, especially in Cepheids, such as Ba (An-

drievsky et al. 2013), several a-elements, iron-peak
elements, and even heavier elements (see for exam-
ple Cescutti et al. 2007). In view of the variety
of chemical elements and objects, the gradients are
especially important as constraints of chemical evo-
lution models, which is stressed by the fact that the
gradients do not appear to be constant, but present
both space and time variations, which increases the
number of constraints that must be satisfied by re-
alistic models.
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The problem of the time variation of the abun-
dance gradients —here understood as the slope of the
gradients, usually measured in dex kpc~!- is partic-
ularly important, as it is instrumental in distinguish-
ing between different chemical evolution models. For
example, the model by Chiappini, Matteucci, & Ro-
mano (2001) predicts a continuous steepening of the
gradients with time, while models by Hou, Prantzos,
& Boissier (2000) predict just the opposite behavior.
Estimating the gradients at different epochs is a dif-
ficult problem, as it implies some knowledge of the
ages of the objects involved, apart from their chemi-
cal abundances and distances. As is well known, stel-
lar ages are uncertain, especially considering evolved
objects, with ages greater than about 2 to 3 Gyr (see
for example Soderblom 2009, 2010).

While the present day gradient may be deter-
mined on the basis of the observed abundances of
young objects, such as HII regions, with typical ages
of a few million years, or cepheid variables, with ages
up to a few hundred million years (see for example
Maciel, Lago, & Costa 2005), the gradient at past
epochs is more appropriately studied on the basis
of planetary nebulae (PN) and open clusters. PN
are formed by progenitor stars with masses in the
approximate range of 0.8 to 8 Mg on the main se-
quence, so that their ages would be expected to vary
from about 1 Gyr to several Gyr, as indicated for ex-
ample by Table 7 of Stasiriska (2004). On the other
hand, open clusters have an even broader time range
from a few million years up to several Gyr (see for
example Andreuzzi et al. 2011 or the most recent
version of the open cluster catalogue by Dias et al.
2002).

In a previous work (Maciel, Costa, & Uchida
2003), we studied the time variation of the abun-
dance gradients using planetary nebulae based
largely on their classification according to the Pe-
imbert scheme (Peimbert 1978). While this scheme
succeeds in predicting average ages and central star
masses (see for example Stasiriska 2004, Table 7), the
derived results are of difficult interpretation, since
the adopted classification implies some ambiguity in
the stellar properties for many objects.

In order to improve this investigation, we have
developed five methods to estimate individual ages
of CSPN, as opposed to the average ages implied by
the Peimbert types. These methods are based ei-
ther on the measured nebular abundances or on the
kinematic properties of the nebulae and their cen-
tral stars. In the first paper (Maciel, Costa, & Idiart
2010), we developed three methods based on the

chemical abundances, using (1) an age-metallicity-
distance relation, (2) a simpler age-metallicity re-
lation, and (3) a relation between the central star
masses and the nebular nitrogen abundances (see
also Maciel et al. 2003, 2005). More recently (Ma-
ciel, Rodrigues, & Costa 2011), we developed two
kinematic methods based on the velocity dispersion-
age relation from the Geneva-Copenhagen survey
(Holmberg, Nordstrom, & Andersen 2009) using (4)
the galactic rotation curve or (5) the U, V, W ve-
locity components.

The five methods 1-5 above were applied to dif-
ferent samples of galactic PN with known proper-
ties, and the age distributions were determined in
each case. Based on these results, most CSPN in
the galactic disk have ages under 6 Gyr, and the age
distribution has a prominent peak, but its exact loca-
tion depends on the adopted method. In the present
work, we selected the most accurate of the five meth-
ods developed so far, namely Methods 1, 3, and 5,
and applied them to different samples of galactic PN
in order to investigate the time variation of the ra-
dial abundance gradients. Method 2 fails to produce
a prominent peak in contrast with the most reliable
methods, and Method 4 depends on several assump-
tions regarding the actual PN rotation curve, so that
these methods are not included in the present work.
In § 2 we summarize the main characteristics of the
methods considered in this investigation and in § 3
we describe the PN samples adopted. In § 4 we de-
scribe the procedure used to estimate the gradients
at different times and the main results are presented
and discussed, and in § 5 the main conclusions are
stated.

2. AGE DETERMINATION OF CSPN
2.1. Method 1: The Age-metallicity-radius relation

Method 1 was discussed in detail by Maciel et
al. (2003), where it was also called Method 1, and
it was applied to a sample of planetary nebulae in
the galactic disk by Maciel et al. (2010). It uses a
relationship between the ages of the PN progenitor
stars, the nebular abundances, and the galactocen-
tric distances developed by Edvardsson et al. (1993).
The original relation involves the [Fe/H] metallici-
ties, which are obtained from the oxygen abundances
measured in the nebulae using a relation developed
by Maciel et al. (2003). The age distribution ob-
tained for the original sample of 234 nebulae by Ma-
ciel et al. (2010) is shown in Figure 1. It can be seen
that a well-defined peak exists in the age distribution
at about 4-5 Gyr.
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Fig. 1. Age distribution of the central stars of plane-
tary nebulae for Method 1, based on an age-metallicity-
galactocentric distance relation.

2.2. Method 3: The N/O x CSPN mass relation

Method 3 is based on a relationship between the
mass of the planetary nebula central star and the
N/O abundance ratio measured in the nebulae also
developed by Maciel et al. (2003), and based on
an earlier analysis of a selected sample of galactic
nebulae (Cazetta & Maciel 2000). The method also
assumes an initial mass-final mass relation for the
central stars, and we adopt here Case B of Maciel et
al. (2010), which uses the mass-age relation by Bah-
call & Piran (1983), and was considered the most
realistic case compared with their Case A, which as-
sumes a much simpler mass-age relation leading to
very large lifetimes for the more massive stars.

Figure 2 shows the derived age distribution for
this method as applied by Maciel et al. (2010) to a
sample of 122 galactic nebulae. The distribution is
similar to the previous case in the sense that most
objects have ages lower than about 6 Gyr, and there
is a prominent peak, but the average ages are lower
than in the case of Method 1, which reflects the fact
that in Method 3 the lifetimes of the massive stars
are lower and the probability of finding stars at larger
lifetimes is smaller.

2.3. Method 5: The U,V,W, velocity components

Method 5 corresponds to Method 2 of Maciel et
al. (2011) and it is a kinematic method, in which we
have determined the U, V', W velocity components
and the total velocity T', as well as the velocity dis-
persions oy, oy, ow, and or. Accurate relations
between the velocity dispersions and the stellar ages
were obtained by the Geneva-Copenhagen Survey of
the Solar Neighbourhood (cf. Nordstrom et al. 2004;
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Fig. 2. Age distribution of the central stars of planetary
nebulae for Method 3, based on an relation between the
central star mass and the nebular N/O ratio.
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Fig. 3. Age distribution of the central stars of planetary
nebulae for Method 5, based on the stellar velocities and
on a relation between the velocity dispersion and the
stellar age.

Holmberg et al. 2007, 2009), which allowed the de-
termination of the ages of the CSPN in our sample.

Figure 3 shows the age distribution for Method 5
applied to a large sample of planetary nebulae with
measured radial velocities from the catalogue by Du-
rand, Acker, & Zijlstra (1998) which contains 867
objects. In this case we have adopted the total T
velocities, and distances from the distance scale by
Stanghellini, Shaw, & Villaver (2008, hereafter SSV),
which are available for 403 objects in the catalogue
of Durand et al. (1998). Again, the distribution
shows a prominent peak, although it is somewhat
displaced towards lower ages compared to the distri-
butions shown in the previous figures.
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3. THE PN SAMPLES

We have considered 4 different and indepen-
dent samples of galacic planetary nebulae, hereafter
named Samples A, B, C, and D.

3.1. Samples A, B, and C

Sample A is the same sample used by Maciel et
al. (2003, 2005), which includes 234 well-observed
nebulae in the solar neighbourhood and in the galac-
tic disk. These objects have galactocentric distances
in the range 4 < R(kpc) < 14. The galacto-
centric distances R are calculated from the helio-
centric distances and the galactic coordinates in a
straightforward way for a given value of the solar
galactocentric distance, which is usually adopted as
Ry = 8.0 — 8.5 kpc. The real uncertainty comes
naturally from the heliocentric distances, so that we
have adopted two different PN distance scales, as
discussed below. Sample B is a smaller sample con-
taining 122 PN with sufficient data for Method 3 as
used by Maciel et al. (2003). Sample C is the largest
of the two samples used by Maciel et al. (2011) for
their Method 2, which corresponds to Method 5 of
the present paper. This sample contains all neb-
ulae with accurate radial velocities from the cata-
logue by Durand et al. (1998). We have adopted
the distances by SSV, which reduces the sample to
403 objects. Taking into account only those objects
with accurate oxygen abundances, kinematic ages in
the interval 0 < ¢(Gyr) < 14 and galactocentric dis-
tances in the range 3 < R(kpc) < 12, we have a
final sample of 168 nebulae. The last restriction is
important as the gradient apparently flattens out for
R < 3 kpc and probably also for R > 12 kpc, so that
we will be able to estimate the average disk gradient
at any given epoch.

3.2. Sample D

Henry et al. (2010) obtained a sample contain-
ing 124 planetary nebulae with homogeneously de-
termined chemical abundances, which in principle
allows the determination of more accurate gradi-
ents. These objects are located in the galactic disk,
so that they are adequate to investigate the pres-
ence of radial abundance gradients. In their analy-
sis, Henry et al. (2010) derived an average gradient
of —0.058 £ 0.006 dex kpc~! for the O/H ratio, ac-
counting for uncertainties both in the oxygen abun-
dances and in the radial distances, and using a de-
tailed statistical procedure. The homogeneity of the
sample derives from the fact that all objects have
been observed and analyzed by the same group, us-
ing the same observational and reduction techniques

(see also Henry, Kwitter, & Balick 2004; Milingo
et al. 2010). The adopted distances come largely
from the same source in the literature, namely the
work by Cahn, Kaler, & Stanghellini (1992, here-
after CKS), and the solar galactocentric distance was
taken as 8.5 kpc. Considering the more recent SSV
distance scale by Stanghellini et al. (2008), which
includes data for 101 objects of the sample, Henry
et al. (2010) obtained a somewhat flatter gradient
of —0.042 £ 0.004 dex kpc~!.

We have used the sample by Henry et al. (2010)
and calculated the individual ages using Methods 1,
3, and 5 above, with the oxygen abundances given
in that paper. The N/O abundances needed for
Method 3 were taken from the same group for con-
sistency, as given in Henry et al. (2010), Henry et
al. (2004), and Milingo et al. (2010). For the ob-
jects not found in these samples we have used data
from our own compilations, as given by Maciel et al.
(2010) and Quireza, Rocha-Pinto, & Maciel (2007).
Most of the objects in this sample have galactocen-
tric distances R < 15 kpc, which is particularly inter-
esting, since very few anticentre nebulae with large
galactocentric distances have been analyzed so far,
and the available results suggest a spatial variation
of the gradients which is not fully understood (see
discussions by Henry et al. 2010; Costa, Uchida, &
Maciel 2004).

4. RESULTS AND DISCUSSION

4.1. Estimating the time variation of the abundance
gradients

In this work we have used the method initially
proposed by Maciel et al. (2005), which consists
in separating the planetary nebula samples into two
groups according to their ages. An age limit ¢, is
defined and considered as a free parameter, adopt-
ing values in the range 1 < t;, < 14 Gyr. Then the
average O/H abundances and the magnitude of the
radial gradients are estimated as functions of the age
limit for each of the methods 1, 3, and 5. By com-
paring the average gradients of the “younger” group
with those of the “older” group, we can in principle
detect any systematic differences between the two
groups considered. In practice the adopted range of
the age limit is shorter than indicated above, since
both for very young and very old objects one of the
groups becomes very small, so that the results be-
come statistically inaccurate. However, as we will
see in the following discussion, with age limits in the
range 1 < t;, < 5 Gyr in most cases the results show
a well defined pattern, which is largely independent
of the adopted age limit. The formal uncertainties
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TABLE 1
RESULTS FOR THE TOTAL SAMPLES

Sample  Method N O/H d(O/H)/dR r

A 1 234 8.63+0.26 —0.04+0.01 —-0.35

B 3 111 8.73+£0.20 -0.08+£0.01 —0.68

C 5 168 8.64+0.24 -0.03+0.01 -0.21
D (CKS) 1 124 859+£0.21 -0.04+£0.01 -0.53
D (CKS) 3 119 859+£0.22 -0.04+£0.01 -0.53
D (CKS) 5 91 8.62+0.20 -0.04+£0.01 —-0.53
D (SSV) 1 101 856+0.22 —0.03+0.01 —0.54
D (SSV) 3 97 8.60£0.22 —-0.04£0.01 —0.56
D (SSV) 5 88 8.62+£0.20 -0.03£0.01 —-0.53

TABLE 2
RESULTS FOR SAMPLES A, B, C, METHODS 1, 3, 5 (M1, M3, M5)

Young Group

Sample tr N O/H d(O/H)/dR

r N O/H

Old Group
d(O/H)/dR r

A/M1 25 40 8.654+0.27 +0.0240.02
3.0 46 8.68+0.28 —0.00=+0.02
35 64 8744+028 —0.03+0.01
40 8 875+£0.25 —-0.04£0.01
45 137 8.73+0.23 —0.05+0.01
5.0 173 8.71+0.23 —0.05+0.01
B,M3 35 12 8.95+£0.23 —0.09£0.01
4.0 34 887+0.18 —0.09+0.01
4.5 76 879£0.19 —0.09£0.01
50 95 875+0.20 —0.09+0.01
C, M5 1.0 78 8.67£0.23 —0.02£0.01
1.5 91 8.67+£0.22 —-0.02£0.01
20 99 867+0.22 —0.02+0.01
2.5 112 8.66+0.23 —0.02£0.01
3.0 121 8.66+0.23 —0.02+0.01
3.5 127 8.66+0.23 —0.03£0.01
4.0 135 8.66+0.23 —0.03+0.01

+0.13 194 8.63+£0.26 —0.06+0.01 —0.47
—0.03 188 8.62+0.26 —0.06+£0.01 —0.52
—-0.26 170 8.59+0.24 —-0.07£0.01 —0.57
—-0.39 145 856+0.24 —-0.07£0.01 —-0.63
—-049 97 849+0.23 —-0.08£0.01 —0.67
—-0.50 61 843+0.24 —-0.09£0.01 —-0.74
—-0.98 99 870+0.18 —-0.08£0.01 —0.73
—-0.90 77 866+0.17 —-0.08£0.01 —0.82
—-0.83 35 859+0.14 —-0.07£0.01 —-0.84
—0.80 16 857+0.11 —-0.07+0.01 -0.79
—-0.19 90 8.62+0.25 —-0.03£0.01 —0.22
—-0.15 77 860+0.25 —-0.03£0.01 —-0.25
—-0.19 69 860+0.26 —-0.03£0.01 —-0.23
-0.18 56 8.60+0.25 —0.03£0.02 -0.24
—0.21 47 859+0.26 —-0.03£0.02 —-0.19
—-0.22 41 858+0.26 —0.02£0.02 -0.14
—-0.22 33 858+0.27 —-0.02£0.02 -0.17

of the methods adopted here, as estimated by Maciel
et al. (2010, 2011) are about 1-2 Gyr.

4.2. Results for Samples A, B, C, and D

The main results of this paper are shown in Ta-
bles 1-4 and in Figures 4-9. The tables show the
complete results, as follows: Table 1 gives the re-
sults for the complete samples A, B, C, and D for
Methods 1, 3, and 5. The selected sample is shown
in Column 1, the method used is given in Column 2,
the total number N of objects considered, in Col-

umn 3, the average O/H abundances and uncertain-
ties, in Column 4, the derived oxygen gradient slope
(dex kpc1) with uncertainties, in Column 5, and the
correlation coefficient r in Column 6. The average
abundances in Column 4 are simple averages, calcu-
lated irrespective of the galactocentric distances. For
sample D we show the results using both the CKS
and SSV distance scales. Table 2 shows the results
for samples A, B and C considering Methods 1, 3,
and 5, referred to as M1, M3, and M5, respectively,
taking into account two age groups, so that we have
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TABLE 3
RESULTS FOR SAMPLE D, DATA BY HENRY ET AL. (2010), CKS DISTANCES

Young Group Old Group
tr, N O/H d(O/H)/dR r N O/H d(O/H)/dR r
M1 3.0 23 860+£0.21 —-0.07+0.01 —-0.88 101 8.58+0.22 —0.06+0.01 —0.66
35 45 864+0.19 —-0.05+0.01 -082 79 856+0.22 —-0.07£0.01 —-0.77
4.0 78 863+0.17 —-0.04+0.01 -0.70 46 8514+0.26 —0.08+0.01 —0.88
45 97 863+0.17 —-0.04+0.01 -0.66 27 843+0.28 —-0.08+£0.01 —0.94
5.0 111 8.604+0.21 —-0.04+0.01 —-0.64 13 8444021 —-0.084£0.01 —-091
M3 1.0 60 853+£025 —-0.044+001 -059 59 864+0.16 —-0.02+0.01 —-0.43
1.5 84 858+0.23 —-0.04+001 -0.55 35 860+0.17 —0.03+0.01 —0.47
20 96 858+0.23 —-0.04+£0.01 —-0.55 23 860£0.18 —-0.03+£0.02 —0.39
25 99 858+0.22 —-0.04+£0.01 -—-054 20 861+0.19 -0.05+£0.02 —0.52
3.0 102 858+0.22 —-0.03+0.01 —-0.52 17 8.62+0.20 —-0.05+0.02 —0.62
3.5 105 858+0.22 —-0.03+0.01 —-0.52 14 860+0.20 —0.06+0.02 —0.68
M5 1.0 44  8.59+£0.21 —-0.04£0.01 —-0.54 47 8.64+£0.19 -0.03£0.01 -0.49
1.5 53 860+0.21 —-0.04+001 -054 38 864+0.19 —-0.03+0.01 —-0.49
2.0 64 861+£021 —-0.03£0.01 —0.50 27 8.64+£0.19 —-0.04+£0.01 —-0.60
2.5 73 8.61+021 —-0.04+0.01 —-0.53 18 8.654+0.16 —-0.034+0.02 —-0.45
30 75 861+021 —-0.03+£0.01 —-0.52 16 8.65+0.17 —0.05+£0.02 —0.60
3.5 78 8.61+021 —-0.03+0.01 —-0.52 13 8.654+0.19 —-0.074+0.02 —-0.64
TABLE 4

RESULTS FOR SAMPLE D, DATA BY HENRY ET AL. (2010), SSV DISTANCES

Young Group 0Old Group
tr, N O/H d(O/H)/dR r N O/H d(O/H)/dR r
M1 3.0 30 854+0.22 —-0.044+0.01 -074 71 857+0.23 —-0.05+£0.01 —0.67
3.5 47 859+0.20 —-0.04+001 —-0.75 54 854+024 —-0.06+0.01 —0.79
4.0 68 8.59+0.18 —-0.03+£0.01 -0.69 33 850+£0.29 —-0.07+0.01 —0.90
45 81 858+0.18 —-0.03£0.01 —-0.60 20 849+0.34 —-0.08+0.01 —0.93
50 91 8574+0.22 -0.03+£0.01 -0.61 10 851+0.25 —0.094+0.01 —0.92
M3 1.0 47 855+0.27 —-0.04+£0.01 —-062 50 865+0.16 —0.02+£0.01 —-0.41
1.5 68 860+£0.24 —0.044+001 -057 29 8.614+0.18 —0.034+0.01 —0.50
20 78 860+0.23 —-0.04+001 —-058 19 8.61+0.19 —-0.04+0.02 —0.46
2.5 80 860+0.23 —-0.04+001 —-0.57 17 8.604+0.20 —0.054+0.02 —0.56
30 83 860+0.23 —0.04+001 —-055 14 8.62+0.21 —0.06+0.02 —0.67
35 8 860+0.23 —-0.04+0.01 -0.55 12 8.60+0.22 —0.064+0.02 —0.72
M5 1.0 42 859+0.21 —-0.04+£0.01 —-057 46 863+£0.19 —-0.03£0.01 —0.45
1.5 51 860+£0.21 —0.044+001 -056 37 &8.654+0.18 —0.03+0.01 —0.45
20 62 861+021 —-0.04+001 —-053 26 8.66+0.18 —0.03+0.01 —0.56
25 71 861+0.21 -0.04+001 —-0.55 17 8.67+0.14 —0.024+0.02 —0.27
30 73 861+021 -0.03+£0.01 —-054 15 8.67+0.15 —-0.03+0.02 —0.38
35 76 8.61+£021 —-0.03£0.01 —-0.54 12 8.68=£0.16 —-0.05+£0.04 -0.38

for each adopted age limit ¢z in Gyr (Column 2)
the number of objects N in the samples, the average

O/H abundances, the derived gradients and corre-
lation coefficients for both the young (Columns 3,
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Fig. 4. (a) Average O/H abundances for the young and
old groups of PN as a function of the age limit for Method
1, Sample D, data by Henry et al. (2010), and CKS dis-
tances). (b) The same for the estimated O/H gradients
(dex kpc™).

4, 5, and 6) and the old (Columns 7, 8, 9, and 10)
groups. The corresponding results for Sample D are
shown in Tables 3 and 4, for distances by CKS and
SSV, respectively. In fact, the results of this pa-
per concerning the average oxygen abundances and
the O/H gradients are essentially the same for both
the distance scale of Cahn et al. (1992) and that of
Stanghellini et al. (2008).

Examples of the procedure adopted here are
given in Figures 4, 5, and 6 for Methods 1, 3, and 5,
respectively. In these figures, we show the average
O/H abundances for the young and old groups as a
function of the age limit for Sample D, using data
by Henry et al. (2010) with distances by Cahn et
al. (1992) (Figures 4a, 5a, and 6a). In Figures 4b,
5b, and 6b we show the corresponding results for
the oxygen gradient. In both cases the average un-
certainty is shown at bottom left. These figures are
representative of all cases studied here, in the sense
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Fig. 5. The same as Figure 4 for Method 3.

that there is generally a common pattern in the dis-
tribution of the average O/H abundances and the
radial gradient with the age limit, which can be ob-
served also in Tables 2, 3, and 4.

Concerning the average abundances, in most
cases the younger groups are either systematically
more oxygen-rich than the older group or both
groups have similar abundances, irrespective of the
adopted age limit. The former situation is valid for
Samples A, B, and C using Methods 1, 3, and 5,
respectively, as shown in Table 2. Also, for Sam-
ple D, Tables 3 and 4 and Figure 4 confirm this result
for Method 1; for Method 3 the abundances of both
groups are similar within the uncertainties, and the
reverse is observed for Method 5, although the differ-
ences are small. Based on theoretical grounds con-
cerning the chemical evolution of the galactic disk it
is expected that the younger groups should be more
oxygen-rich, as shown in most cases considered here,
in view of the age-metallicity relation observed in
the galactic disk. However, the difference is usually
small, frequently of the same order of, or even smaller
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Fig. 6. The same as Figure 4 for Method 5.

than, the average uncertainty, which can be seen for
example in Figures 4 and 5. The inverse behavior
observed for Method 5 is probably due to the fact
that the ages estimated by this method are generally
very small, as can be seen for example in Figure 3,
which means that most objects tend to belong to
the younger group, thus increasing the average abun-
dances. It should also be mentioned that for the ex-
treme values of the age limit in Tables 2, 3, and 4 one
of the samples becomes underpopulated, so that the
corresponding results are less reliable. In conclusion,
the younger groups have generally slightly higher av-
erage abundances compared to the older groups, but
the difference in most cases are small, which can be
attributed to the well known dispersion in the age-
metallicity relation in the Galaxy (Rocha-Pinto et
al. 2000, 2006; Feltzing, Holmberg, & Hurley 2001;
Bensby, Feltzing, & Lundstrém 2004; Marsakov et
al. 2011).

Considering now the oxygen gradients shown in
Tables 2, 3, and 4 and in the examples of Figures 4,
5, and 6, we can observe that in most cases the gra-
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Fig. 7. O/H abundances as a function of the galactocen-
tric distance for Sample D, data by Henry et al. (2010)
and CKS distances for Method 1 and age limit 4.0 Gyr.
The figures include the slopes (dex kpcfl) and correla-
tion coefficients r. (a) Young group. (b) Old group.

dients for both groups are similar within the uncer-
tainties. This is always true for Methods 3 and 5 as
applied to all corresponding samples, namely, Sam-
ples B, C and D (CKS or SSV). Ounly for Method 1
we notice that the older group seems to have steeper
gradients compared to the younger groups both for
Samples A and D, and the difference may reach
about 0.03 dex kpc~!, as shown in Figure 4b. Here
we may be observing the inverse behavior of the av-
erage abundances discussed above, since Method 1
produces preferentially very large ages, so that most
of the samples will contain relatively aged objects,
which will increase the observed differences between
the gradients. A probably more important reason
for the differences between the linear gradients cal-
culated by Method 1 is that this method assumes a
relation involving the abundances, ages, and galacto-
centric distances (equation 2 of Maciel et al. 2003).
Since the average abundances of both groups do not
differ appreciably, this relation implicitly assumes
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Fig. 8. The same as Figure 7 for Sample D, Method 3,
age limit 2.5 Gyr.

that the gradients of the older groups are somewhat
steeper than those of the younger groups, which is in
fact what is observed in Figure 4b, for example. In
all other cases, as exemplified in Figures 5b and 6b,
both gradients are similar. In fact, from the discus-
sions on the age determinations given in the previous
papers (Maciel et al. 2010, 2011), we would expect
Method 1 to be less reliable compared to Methods 3
and 5. Method 5 is in principle more correct, since
it is based on more robust correlations between the
stellar ages and the kinematic properties, but the
hypotheses made in Maciel et al. (2011) concerning
the stellar proper motions probably lead to an over-
estimate of the number of very young objects, which
indeed can be observed in Figure 3. Moreover, the
age-velocity dispersion relation, as proposed by the
Geneva-Copenhagen survey (Holmberg et al. 2009)
is less accurate for very young objects, so that we
confirm that the results for Method 3, case B, of
Maciel et al. (2010) are probably more accurate.
The differences between the observed gradients of
the young and old groups are shown in the examples
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Fig. 9. The same as Figure 7 for Sample D, Method 5,
age limit 2.5 Gyr.

of Figures 7-9, where we have considered Sample D
by Henry et al. (2010) with distances by CKS. In
Figures 7, 8, and 9 the adopted age limits are 4.0,
2.5 and 2.5 Gyr, corresponding to Methods 1, 3, and
5, respectively. The figures show the corresponding
gradient (dex kpc™!) and the correlation coefficient
in each case.

5. CONCLUSIONS

Based on the results above, the main conclusions
of this paper are:
(i) The younger groups have similar or slightly higher
oxygen abundances compared with the older groups,
especially from the data of Table 2, where the differ-
ences may reach about 0.3 dex, higher than the aver-
age uncertainties. This can be explained by our cur-
rent ideas on galactic chemical evolution, since the
the observed differences are consistent with the dis-
persion in the age-metallicity relation, as discussed
in the previous section.
(ii) The gradients of both groups are similar within
the uncertainties, so that the radial gradient has not
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changed appreciably during the lifetimes of the ob-
jects considered in this paper, which extend to about
5 Gyr, approximately. Therefore, the PN gradient is
not expected to be very different from the gradient
observed in HII regions and cepheid variables, which
seems to be supported by recent observational data
on these objects (cf. Cescutti et al. 2007; Fu et
al. 2009; Pedicelli et al. 2009). For example, model
results by Cescutti et al. (2007) indicate an O/H
gradient of about —0.035 dex kpc™! for the galacto-
centric range considered here, which is similar to the
compiled Cepheid data and also to the present re-
sults, as can be seen for instance in Table 1. Similar
results for Cepheids and HII regions are also com-
piled by Fu et al. (2009) and Colavitti et al. (2009).
The last reference in particular presents some recent
HII data displaying a distribution very similar to the
Cepheid data. Also, Pedicelli et al. (2009) present a
detailed compilation of Fe abundances in Cepheids
with an average slope of —0.05 dex kpc~!. From our
own recent work on the oxygen to iron relation in the
galactic disk (Maciel, Costa, & Rodrigues 2013), we
conclude that the oxygen gradient is approximately
20% smaller than the iron gradient, so that these re-
sults are also in agreement with our present results,
within the uncertainties.

Our main conclusion on the abundance gradients
is in agreement with some recent work by Gibson et
al. (2013) and Pilkington et al. (2012), where it is
shown on the basis of different sets of observational
data and theoretical models that the oxygen gradi-
ent apparently has remained approximately constant
in the local universe, so that the magnitude of the
gradients flattens out for redshift values close to zero.

It would be interesting to extend the present in-
vestigation to other elements observed in planetary
nebulae, such as Ne, Ar, and S. In fact, some pre-
liminary results, involving a more restricted sample
of nebulae for which a morphological classification is
possible, support the present results, in the sense
that no important differences are observed in the
gradients of these elements for younger and older
objects. However, these results must still be viewed
with caution, as the samples are small and prob-
lems such as the “sulphur anomaly” (cf. Henry et
al. 2004) are still to be clarified.

It should be stressed that our goal in this paper
is to investigate any temporal variations of the gra-
dient, and not to determine the actual magnitude
of the oxygen gradient. In fact, from the results
shown in Tables 14, it is apparent that the mag-
nitude of the O/H gradient depends on the adopted
sample, especially considering that most PN sam-

ples are relatively small. However, it may be con-
cluded that the oxygen gradient is probably in the
range d(O/H)/dR =~ —0.03 to —0.07 dex kpc~!,
and our suggested average value is d(O/H)/dR ~
—0.05 dex kpc~!, which is essentially the gradient
derived from the highly homogeneous sample D, as
can be seen from Tables 3 and 4.
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