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ABSTRACT

We considered two sequences of spiral galaxies with different shapes of the radial gas-phase oxygen abundance distributions from
the galaxies in the survey Mapping Nearby Galaxies at Apache Point Observatory (MaNGA): (1) Galaxies in which the gradient is
well approximated by a single linear relation across the whole disc, that is, galaxies with an S (slope) gradients, (2) galaxies in which
the metallicity in the inner region of the disc is at a nearly constant level and the gradient is negative at larger radii, that is, galaxies
with level-slope (LS) gradients. We also selected galaxies with a nearly uniform oxygen abundance across the whole galaxy, that is,
galaxies with level (L) gradients (or O/H uniform galaxies) with a high oxygen abundance that can be the final evolutionary stage
of the two galaxy sequences described above. The radial nitrogen abundance distributions in galaxies with LS oxygen abundance
distributions also show breaks at radii smaller than the O/H distribution breaks. The observed behaviour of the oxygen and nitrogen
abundances with radius in these galaxies can be explained by the time delay between the nitrogen and oxygen enrichment together
with the variation in the star formation history along the radius. These galaxies clearly show the effect of the inside-out disc evolution
model, which predicts that the galactic centre evolves more rapidly than the regions at greater galactocentric distances. We find that the
shape of the radial abundance distribution in a galaxy is not related to its macroscopic characteristics (rotation velocity, stellar mass,
isophotal radius, and star formation rate) and is independent of its present-day environment. The correlations between the gradient
slopes and macroscopic characteristics of galaxies are weak in the sense that the scatter of the points in each diagram is large. The
galaxies with different abundance distributions (S, LS, or L) in our sample are located within the main sequence of the star-forming
galaxies in the diagram of star formation rate—stellar mass. We also examined the properties of the Milky Way in the context of the

considered galaxy samples.
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1. Introduction

It has been known for a long time that the radial abundance gra-
dients of the discs of spiral galaxies are negative in the sense that
the abundance is higher at the centre and decreases with galacto-
centric distance (Searle 1971; Smith 1975). The chemical enrich-
ment of the interstellar gas in the region at a given galactocentric
distance depends on the star formation history (astration level)
in the region and on the mass exchange between the region and
its environment. Establishing the parameter(s) of spiral galaxies
that govern the star formation history and its variation across the
discs is very important for understanding the chemical evolution
of galaxies.

A number of works have explored whether the gas-phase
metallicity gradient within a galaxy is related to its stellar mass.
However, contradictory results were found. Belfiore et al. (2017)
determined the oxygen abundance distributions is a sample of
star-forming galaxies of different masses using the integral field
unit (IFU) spectroscopy obtained by the survey Mapping Nearby
Galaxies at Apache Point Observatory (MaNGA; Bundy et al.
2015). They reported that the gradient is roughly flat in galax-
ies with masses of 10° M, steepens with mass and reaches a
minimum value at ~3 X 10'° Mg, and then flattens as the galaxy
mass increases. A similar dependence of the metallicity gra-
dient on stellar mass was reported by Mingozzi et al. (2020)
and Franchetto et al. (2021). Pilyugin et al. (2019) studied the

oxygen abundance distributions for late-type MaNGA galaxies
and found that the abundance gradient is roughly constant for
M, < 3x 10 M, flattens near this mass, and again remains
roughly constant for higher masses.

Hoetal. (2015) considered metallicity gradients in 49
local field star-forming galaxies. They found no correlation
between the metallicity gradients in dex/R,s and stellar mass.
Sanchez et al. (2014) examined the radial abundance gradients
in a sample of galaxies measured within the Calar Alto Legacy
Integral Field Area survey (CALIFA; Sanchez et al. 2012, 2016;
Garcia-Benito et al. 2015) and found that all galaxies without
clear evidence of interaction present a common gradient in the
oxygen abundance, with a characteristic slope of —0.16 dex/R;s
and a dispersion of 0.12dex/R,s. Sanchez-Menguiano et al.
(2018) confirmed this result. They derived the distribution of
slopes for the oxygen abundance gradient in a sample of 95
galaxies based on the measurements at the Very Large Telescope
(VLT) with the integral-field spectrograph MUSE and reported
a clear peak in the distribution that suggests a gradient that is
characteristic in spiral galaxies. Pilyugin et al. (2023) found that
the mean value of the gradients for a sample of 451 MaNGA
galaxies and 53 nearby galaxies is —0.20 dex/R,s and the scatter
is 0.10dex/R;s.

Peng & Maiolino (2014) found that the environmental
dependence of the gas metallicity can be different for star-
forming centrals and star-forming satellites, that is, for all
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galaxy members of groups or clusters that are not centrals. The
observed difference in metallicity between star-forming cen-
trals and star-forming satellites decreases towards high stellar
masses. Schaefer et al. (2019) investigated the environmental
dependence of the gas-phase metallicity in a sample of star-
forming galaxies from the MaNGA survey. They found a small
(~0.05 dex) offset in the metallicities of galaxies between satel-
lites and centrals, but the difference in the metallicity gradi-
ents was not obvious. Lian et al. (2019) revealed that the gas
metallicity gradients of low-mass satellites flatten with increas-
ing environmental density. Franchetto et al. (2021) found that at
any given stellar mass, the metallicity profiles of cluster galaxies
are systematically flatter than those of their field counterparts.
Lara-Lopez et al. (2022) analysed the gas metallicity gradients
for a sample of ten Fornax cluster galaxies observed with
MUSE. By comparing the Fornax cluster metallicity gradients
with a control sample, they found a general median offset of
~0.04 dex/R,, and they reported that the gradients of the cluster
galaxies were flatter.

Boardman et al. (2021) investigated gas-phase abundance
gradients across the galaxy mass—size plane using a sample of
MaNGA galaxies. They found that the gradients varied sys-
tematically, so that above 10'° M, smaller galaxies displayed
flatter gradients than larger galaxies at a given stellar mass.
Boardman et al. (2022, 2023) concluded that extended galaxies
have smooth gas-accretion histories that produce negative metal-
licity gradients over time, and more compact and more massive
systems experienced increased merging activity that disrupted
this process, leading to flatter metallicity gradients. In other
words, the authors concluded that the merging activity history
determines the size of the galaxy at a given stellar mass and its
metallicity gradient, and as a consequence, the size of the galaxy
at a given mass is an indicator of the metallicity gradient.

It was found some 40 yr ago (e.g. Vila-Costas & Edmunds
1992; Zaritsky 1992) that there are breaks in the oxygen abun-
dance gradients in some spiral galaxies. Sdnchez-Menguiano
et al. (2016, 2018) found that in addition to the general negative
gradient, an inner drop and an outer flattening can be observed in
the radial profile of the oxygen abundance. Belfiore et al. (2017,
2019) noted that the shape of the gradient can be a function of
the stellar mass of the galaxy in the sense that the massive galax-
ies (M, 2 3 x 10'° M) are characterised by a flattening of the
metallicity gradient in the central regions.

It was suggested that the change in the slopes of the oxy-
gen abundance gradients in spiral galaxies can be attributed to
the impact of galactic barred structures on the abundance distri-
bution in the interstellar medium (e.g. Vila-Costas & Edmunds
1992; Friedli et al. 1994; Martel et al. 2013; Zurita et al. 2021).
However, the influence of the bar (if exists) on the abundance
distribution is not evident. Sanchez et al. (2016) found that the
slope of the abundance gradient is independent of the pres-
ence of the bar. Chen et al. (2023) investigated the metallicity
gradients across the disc of five nearby barred galaxies. They
observed cases with a shallow-steep metallicity radial profile,
with evidence that the bar flattens the metallicity gradients in
the inner region of the galaxy, and they also found patterns in
which the bar appears to drive a steeper metallicity gradient in
the central region of galaxy, producing steep-shallow metallicity
profiles.

The reported correlations between metallicity gradient and
stellar mass (and other macroscopic characteristics) are fuzzy in
the sense that the scatter in the diagram of gradient versus stellar
mass is large. Some fraction of the scatter in the metallicity gra-
dients can be attributed to the uncertainties in the gradient deter-
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minations. Here we select and examine the well-measured spiral
galaxies from the MaNGA survey. The selection (selection cri-
teria) of the galaxies that we analysed is described in Sect. 2.1.
The examination of these well-measured galaxies holds infor-
mation on the real scatter in the diagram of the gradient—stellar
mass (and other macroscopic parameters).

We selected galaxies for which the radial oxygen abundance
distribution is either perfectly approximated by the straight line
across the whole disc or for which the metallicity in the inner
region of the disc is at a nearly constant level and the gradient is
negative at larger radii. These galaxies can be considered repre-
sentatives of two alternative sequences of the abundance distri-
butions in galaxies. We also selected galaxies throughout which
the oxygen abundance is nearly uniform, which are the galax-
ies with the flattest gradients. They can be a limiting case of
the two galaxy sequences described above. We investigated the
relations between the shape of the radial abundance distribution
in a galaxy and its macroscopic characteristics (rotation veloc-
ity, stellar mass, isophotal radius, and star formation rate). The
Milky Way is one of the rare galaxies with very steep gradients.
It is of particular interest to compare the Milky Way with the
galaxies that have flat gradients that we selected here.

The paper is organised in the following way: The data are
described in Sects. 2 and 3 includes the discussion, and Sect. 4
contains a brief summary.

We specify the position of the point in the disc by the frac-
tional radius R, normalised to the isophotal (or optical) radius
R, = R/R»s, which is the radial distance of the isophote at a
surface brightness of 25 magp arcsec™2, corrected for the galaxy
inclination. The determination of the optical radii for our sample
of galaxies is described in Sect. 2.2.1.

2. Two sequences of spiral galaxies
2.1. Sample selection

Our investigation is based on galaxies from the MaNGA sur-
vey (Bundy et al. 2015). Based on the publicly available spec-
troscopy obtained by the MaNGA survey (Data Release 13,
DR13, Albareti et al. 2017 and DR15, Aguado et al. 2019), the
properties of several hundred MaNGA galaxies were examined
using our own line measurements (Pilyugin et al. 2018, 2019,
2020, 2021). For the current study, we selected a sample of
galaxies by visual inspection using the criteria described below.

We selected galaxies for which the curves of the isovelocities
in the measured gas velocity fields resemble a set of parabola-
like curves (hourglass-like appearance of the rotation disc). This
condition provides the possibility to determine the orientation of
the galaxy in space (the pixel coordinates of the rotation centre
of a galaxy, the position angle of the major kinematic axis, and
the inclination angle of a galaxy) and the rotation curve. This
criterion also rejects strongly interacting and merging galaxies.

Galaxies with an inclination angle larger than ~70° were
rejected. On the one hand, a fit of the Ha velocity field in galax-
ies with a high ratio of the major to minor axis can produce
unrealistic values of the inclination angle (Epinat et al. 2008),
and consequently, the esimated galactocentric distances of the
spaxels located far from the major axis can involve large uncer-
tainties. On the other hand, the interpretation of the abundance
in an individual spaxel is not beyond question because the spaxel
spectra involve radiations that originated at different galactocen-
tric distances.

We considered MaNGA galaxies mapped with 91 and 127
fibre IFU, covering 27”5 and 32”75 on the sky (with a large
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number of spaxels over the galaxy image). We only consid-
ered galaxies for which the spaxels with measured emission
lines are well distributed across galactic discs and cover more
than ~0.8 Rys. This condition provides the possibility to estimate
reliable values of the kinematic angles and the rotation curve,
the optical radius, and the shapes of the radial distributions of
the oxygen and nitrogen abundances. Our total sample involves
136 galaxies.

The completed observations of MaNGA galaxies were
included in Data Release 17 (Abdurro’ufetal. 2022). The
MaNGA data products were also revised for all the observations
previously released in DR15 and before (e.g. the flux calibration
was updated). The emission line parameters of the spaxel spectra
for our sample of galaxies are available from the MaNGA Data
Analysis Pipeline (DAP) measurements. To have uniform data, we
re-derived the characteristics of our sample of 136 galaxies using
the last version of DAP measurements manga-n-n-MAPS-SPX-
MILESHC-MASTARSSPfits.gz' for the spectral measurements
and the Data Reduction Pipeline (DRP) measurements manga-
n-n-LOGCUBE fits.gz? for the photometric data. We discuss the
determinations of the geometrical galaxy parameters (the coordi-
nates of the centre, the position angle of the major axis, the incli-
nation angle, and the isophotal radius) and the radial distributions
of characteristics of the galaxies in the next section.

We examined the re-derived radial oxygen abundance distri-
butions in our total sample of 136 galaxies. It is known that the
radial abundance distribution in many galaxies is approximated
satisfactorily by a single linear relation, and the scatter around
the linear relation is usually within 0.05 dex (Zinchenko et al.
2016; Pilyugin et al. 2017). We selected a sample of galaxies in
which the (negative) gradient is approximated by a single linear
relation across the whole disc with a mean value of the deviation
from the relation lower than ~0.01 dex for the binned oxygen
abundance (see Sect. 2.2.2). This strong restriction on the scat-
ter in abundances around the O/H-R relation, coupled with the
above selection criterion that the spaxels with measured abun-
dances should be well distributed across the galactic disc, allows
us to hope that we selected galaxies with well-determined metal-
licity gradients. These galaxies are referred to as galaxies with a
slope-type (S-type) radial abundance distribution. The sequence
of galaxies of the S-type abundance distribution with different
values of the slope is shown in the left panels of Fig. 1.

We also selected another sample of galaxies in which the
metallicity in the inner region of the disc (R < Rpon) is at
a (nearly) constant level and the gradient is negative at larger
radii. We assumed that the oxygen abundance within the region
is at a (nearly) constant level when the gradient is flatter than
~—0.05 dex/R;s. This limiting value of the slope for the selection
of the regions with a uniform (constant) oxygen abundance cor-
responds to the uncertainty in the radial oxygen abundance gra-
dient determined from MaNGA measurements, which was esti-
mated through a comparison of the values of the oxygen abun-
dance gradient determined using three independent MaNGA
observations of the same galaxy (Sect. 2.2.4). The selected
galaxies are referred to as galaxies with a level-slope (LS) radial
abundance distribution. The galaxy sequence of the LS-type
radial abundance distribution with increasing R,on values is
shown in the right panels of Fig. 1.

' https://data.sdss.org/sas/drl7/manga/spectro/
analysis/v3_1_1/3.1.0/SPX-MILESHC-MASTARSSP/

2 https://dr17.sdss.org/sas/drl17/manga/spectro/redux/
v3_1_1/

The galaxies in which the oxygen abundance is at a (nearly)
constant level across the whole disc are referred to as galaxies
with a level-type (L-type) radial abundance distribution. These
galaxies can be considered as the limiting case of the two galaxy
sequences with an S-type abundance distribution (slope close to
zero) and of the galaxy sequence with an LS-type abundance dis-
tribution (the size of the region with constant level of abundance
is close to the isophotal radius of the galaxy, R,on ~ 1.0 Rys);
see the schema in Fig. 1.

Thus, we selected 29 galaxies with an S-type abundance dis-
tribution, 23 galaxies with an LS-type abundance distribution,
and 8 galaxies with an L-type abundance distribution. We inves-
tigated the relations between the abundances and macroscopic
properties of the galaxies with these abundance distributions.

2.2. Determinations of the radial distributions of the
characteristics across the galaxies

2.2.1. Rotation curve and photometric profile

The geometrical parameters of the galaxy (the coordinates of
the centre, the position angle of the major axis, the inclination
angle, and the isophotal radius) are necessary to determine the
galactocentric distances of individual spaxels and to construct
the radial distributions of the characteristics. The pixel coordi-
nates (xo and y,) of the rotation centre of the galaxy, the position
angle PA of the major axis, the inclination angle i, and the rota-
tion curve were derived through the best fit to the observed line-
of-sight velocity field (obtained from the measured wavelength
of the emission He line in the spaxel spectra) using an iterative
procedure. The detailed description is reported in Pilyugin et al.
(2019). In brief, in the first step, the values of xy, yo, PA, i, and
the rotation curve are determined using all the available line-of-
sight velocity measurements. At each step, data points with large
deviations from the rotation curve obtained in the previous step
are rejected, and new values of the parameters and of the rotation
curve Vi, (R) are derived. The iteration is stopped when the abso-
lute values of the difference of x( (and yy) obtained in successive
steps are lower than 0.1 pixels, the difference of PA (and i) is
smaller than 0°1, and the rotation curves agree within 1 km g1
(at each radius). The iteration converges after about ten steps.

The line-of-sight velocity field in sky coordinates and the
derived rotation curve (points) for the MaNGA galaxy M-8274-
12703 are shown in Figs. 2a,b, respectively. The galactocentric
distances of the spaxels determined with the coordinates of the
rotation centre of the galaxy and angles PA and i are used below
to construct the radial distributions of the oxygen and nitrogen
abundances and other characteristics across the disc.

We specified the rotation of the galaxy by the maximum
value of the rotation velocity within the optical radius. To esti-
mate this value, we carried out a least-squares fit of the rotation
curve within the optical radius using an empirical Polyex curve
(Giovanelli & Haynes 2002; Spekkens et al. 2005),

Vie(r) = Vo(1 — &™) (1 + Br/1pe), (1

where V|, sets the amplitude of the fit, r,, is the scale length
that governs the inner rotation curve slope, and 8 determines the
slope of the outer rotation curve. The solid line in Fig. 2b is a
fit with the Polyex curve. The Polyex curve is a good approxi-
mation for the rotation curves with simple shapes, but is not a
satisfactory approximation of complex rotation curves, such as
rotation curves with a hump. In this case, the rotation curve fit
results in an incorrect maximum value of the rotation velocity
within the optical radius. To obtain the correct maximum value
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Fig. 1. Two sequences of galaxies with different shapes of the metallicity gradients. Each panel shows the radial oxygen abundance distribution in
the galaxy. The left panels show the galaxies for which the (negative) gradient is well approximated by a single linear relation across the whole
disc, i.e. the S (slope) gradient. The right panels show the galaxies in which the metallicity in the inner region of the disc (R < Rj, on) is at (nearly)
constant level and the gradient is negative at larger radii, the LS gradient. The grey points denote the abundances for the individual spaxels, the
red circles are the median values of the O/H in bins of 0.05 in the fractional radius R/R,s, and the bars show the scatter in O/H about the median
value in the bins. The line shows the adopted relation for the radial abundance distribution. The gradients flatten along the sequence of galaxies
with the S gradients: —0.329 dex/R,s in S1 (M-8325-12705), —0.199 dex/Rys in S2 (M-8311-12703), and —0.075 dex/Rs in S3 (M-8551-12704).
The size of the inner region with a constant level of abundance R, on increases along the sequence of galaxies with the LS gradients: 0.24 Rys in
LS1 (M-9031-12701), 0.44 R,s in LS2 (M-8466-12702), and 0.69 R,5 in LS3 (M-8453-12703). Galaxy M-8257-12703 can be considered either as
the limiting case of the sequence of galaxies with the S gradients (gradient is close to zero, grad = —0.019 dex/R;s) or as the limiting case of the
sequence of galaxies with an LS gradients (R, on = 1.0 Rys).

of the rotation velocity within the optical radius in these cases,
we did not fit the whole rotation curve with a Polyex curve, but
only the outer part of the rotation curve (circles marked by the
red points in Fig. 2b).

We specified the galaxy size by the optical (or isophotal)
radius R,s, which is the radial distance of the isophote at the
surface brightnes of 25 magp arcsec™2, corrected for the galaxy
inclination. The measurements in the SDSS filters g and r for
each spaxel were converted into B-band magnitudes following
Pilyugin et al. (2018). The observed surface brightness distribu-
tion across the image of the MaNGA galaxy M-8274-12703 in
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sky coordinates (pixels) is shown in Fig. 3a. The radial surface
brightness distribution was constructed using the galactocentric
distances of the spaxels determined with the coordinates of the
centre, the position angle of the major axis, and the inclina-
tion angle obtained from the analysis of the observed velocity
field. The surface brightness distribution was fitted by a broken
exponential profile for the disc and by a general Sérsic profile
for the bulge. The value of the isophotal radius R,s was esti-
mated using the fit corrected for the galaxy inclination. We used
a simple correction for the inclination (factor cosi) for the sur-
face brightness of the disc component. The bulge was assumed
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Fig. 2. Rotation of the MaNGA galaxy M-8274-12703. Panel a: Line-
of-sight velocity field in sky coordinates (pixel). The velocity value is
colour-coded. The circle shows the kinematic centre of the galaxy, the
line indicates the position of the major kinematic axis of the galaxy, and

the ellipse is its optical radius. Panel b: Rotation curve (points) and its
fit (line) within the optical radius.

to be spherical, and its surface brightness was not corrected for
inclination. Because we are interested in the surface brightness
of the outer galaxy regions (determination of the optical radius),
this approach is justified even when the bulge is not spherical.
The photometric profile (points) and its fit (line) within the opti-
cal radius for the MaNGA galaxy M-8274-12703 are shown in
Fig. 3b.

2.2.2. Radial distributions of the oxygen and nitrogen
abundances

The measured line fluxes in the spaxel spectra were cor-
rected for the interstellar reddening using the reddening law of
Cardelli et al. (1989) with Ry = 3.1. The logarithmic extinction
at HB was estimated through a comparison of the measured and
theoretical Fp,/Fyg ratios, where the theoretical value of the
line ratio (=2.87) was taken from Osterbrock & Ferland (2006),
assuming case B recombination. If the measured value of the
ratio Fp,/Fyg was lower than the theoretical value, then the red-
dening was adopted to be zero.

The intensity of strong lines was used to separate different
types of emission-line objects according to their main excitation

80 T T T T T 1 .22
L M-8274-12703 magB i .
il |
60 |~ - .
=
o o —
o i
Aol {18
530 |- —
1=
20k _ .
10
10 |- ] .
. .28
o
0 10 20 30 40 50 60 70 80
X (pixel)
o - T T T | — T T T T
o 20

]

Q, s

~ 15
=} [
3

(2]

A

]
0.0 02 0.4 0.6 0.8 1.0 12 14 16
R/ Ros

o
o
|

) P T PR PR PEET FEET PR

o
®

Fig. 3. Map of the surface brightness and photometric profile of the
MaNGA galaxy M-8274-12703. Panel a: Observed surface brightness
distribution across the image of the galaxy in sky coordinates (pix-
els). The surface brightness value is colour-coded. The circle shows the
kinematic centre of the galaxy, the line indicates the position of the
major kinematic axis of the galaxy, and the ellipse is its optical radius.
Panel b: Photometric profile (points) and its fit (line) within the optical
radius. The photometric profile is obtained for the kinematic angles and
corrected for the galaxy inclination.

mechanism using the standard diagnostic diagram suggested by
Baldwin et al. (1981; Baldwin—Phillips—Terlevich, BPT, classi-
fication diagram). An empirical demarcation line between the
star-forming (SF) and the active galactic nucleus (AGN) spec-
tra in the BPT diagram (solid line in Fig. 4b) suggested by
Kauffmann et al. (2003a) can be interpreted as the upper limit
of pure star-forming spectra. The spectra located left (below) of
the demarcation line of Kauffmann et al. (2003a) are referred to
as SF-like or H1I region-like spectra (blue points in Figs. 4a,b).
The theoretical demarcation line between the star-forming and
the AGN spectra suggested by Kewley et al. (2001; dotted line
in Fig. 4b) can be interpreted as the lower limit of pure AGN
spectra. The spectra located right (above) of the demarcation
line of Kewley et al. (2001) are referred to as the AGN-like spec-
tra (black points in Figs. 4a,b). The spectra located between the
demarcation lines of Kauffmann et al. (2003a) and Kewley et al.
(2001) are referred to as intermediate (INT) spectra (red points
in Figs. 4a,b). The long-dashed line in Fig. 4b is the divid-
ing line between Seyfert galaxies and low-ionisation nuclear
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Fig. 4. BPT types of the spaxel spectra of the MaNGA galaxy
M-8274-12703. Panel a: Map of the BPT types of the spaxel spectra.
The BPT radiation types for individual spaxels are colour-coded. The
circle shows the kinematic centre of the galaxy, the line indicates the
position of the major kinematic axis of the galaxy, and the ellipse is
the optical radius. Panel b: BPT diagram for the individual spaxels with
H1i-region-like (blue), intermediate (red), and AGN-like (black) spec-
trum classification. The solid and short-dashed curves mark the demar-
cation line between AGNs and H 11 regions defined by Kauffmann et al.
(2003a) and Kewley et al. (2001), respectively. The long-dashed line
is the dividing line between Seyfert galaxies and LINERs defined by
Cid Fernandes et al. (2010).

emission line regions (LINERs) defined by Cid Fernandes et al.
(2010).

We estimated the oxygen abundances in the spax-
els with the HII region-like spectra using the R cali-
bration from Pilyugin & Grebel (2016). The oxygen abun-
dance map and the radial distribution for the MaNGA
galaxy M-8274-12703 are shown in Figs. 5a,b, respec-
tively. We also estimated the nitrogen-to-oxygen abun-
dance ratios using the corresponding N/O calibration from
Pilyugin & Grebel (2016) and then determined the nitrogen
abundances log(N/H) =1og(O/H) +1og(N/O). The radial distri-
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Fig. 5. Oxygen abundance in the MaNGA galaxy M-8274-12703.
Panel a: Oxygen abundance map. The distribution across the image of
the galaxy in sky coordinates (pixels). The oxygen abundance value is
colour-coded. The circle shows the kinematic centre of the galaxy, the
line indicates the position of the major kinematic axis of the galaxy,
and the ellipse is the optical radius. Panel b: Radial oxygen abundance
distribution. The grey points denote the abundances for the individual
spaxels, the red circles are the median values of the O/H in bins of 0.05
in the fractional radius R/R,s, and the bars show the scatter in the O/H
about the median value in the bins.

butions of the oxygen and nitrogen abundances for individual
spaxels in the galaxy M-8274-12703 are shown by grey points
in Figs. 6a,b. In order to minimise the influence of spaxels with
unreliable abundances in determining the radial abundance dis-
tribution, we determined the radial abundance distribution using
not the abundances in individual spaxels, but the median values
of the abundances in bins of 0.05dex in R/R,5 (red circles in
Figs. 6a,b).

We verified the validity of the flat gradient in the galaxy
in the following way. Figure 6¢ shows the variation in inten-
sity of the nitrogen emission line N; across the disc. We used
a standard notation for the nitrogen line intensities: N, =
I[N][],1654g+,165g4/l]_[ﬁ. The intensity of the N, line correlates with
the electron temperature in the nebula (e.g. Pilyugin & Grebel
2016), and consequently, with the oxygen abundance. In par-
ticular, it is assumed within the framework of the N, calibra-
tion that the oxygen abundance is a function of the intensity
of the N, line alone (Pettini & Pagel 2014; Marino et al. 2013).
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Fig. 6. M-8274-12703 is an example of a galaxy with an L-type abun-
dance distribution. Panel a: Radial oxygen abundance distribution. The
grey points denote the abundances for the individual spaxels, and the
red circles are the median values of the O/H in bins of 0.05 dex in the
fractional radius R/R;s. The line shows the relation we adopted for the
radial abundance distribution. Panel b: Same as panel a, but for the nitro-
gen abundance. Panel c: Intensity of the emission nitrogen line N, as a
function of radius. The notations are similar to those in panel a. Panel
d: Age of the stellar population as a function of radius. The grey points
denote the ages of the stellar populations in the individual spaxels esti-
mated from the D, (4000) index, the red circles mark the median values
of the ages in bins, and the dashed red line shows the median value of the
ages in all the spaxels within optical radius. The yellow points denote
the luminosity-weighed ages of the stellar populations in the individ-
ual spaxels taken from Sanchez et al. (2022), the blue circles mark the
median values of the ages in bins, and the dashed blue line shows the
median value of the ages in all the spaxels within the optical radius.

For these calibrations, the relation between the variations in the
oxygen abundance A(log(O/H)) and in the N, line A(log(N,))
is A(log(O/H)) ~ 0.5 A(log(N)). Then the small variation in the

N across the disc confirms the flat metallicity gradient in the
galaxy. We emphasise that the value of N, alone does not deter-
mine the accurate abundance in the HII region, and the N/O
ratio and the excitation parameter should be taken into account
(Pilyugin & Grebel 2016; Schaefer et al. 2020).

2.2.3. Radial distributions of stellar ages

Séanchez et al. (2022) estimated the luminosity-weighed ages
of the stellar populations in spaxels of the MaNGA galaxies,
Age, 1w, by fitting the spaxel spectrum with a combination of
simple stellar population spectra. The Age, 1w for galaxies of
our sample are taken from their catalogue’. Figure 6d shows the
stellar ages Age, pw in individual spaxels (yellow points) and
the median values of the stellar ages in bins of 0.05 dex in R/R»s
(blues circles). We specified the stellar age of a galaxy by the
median value of the ages in all the spaxels within the optical
radius Age, 1w, (dashed blue line in Fig. 6d).

The spectral index D, (4000) depends on the age of the stel-
lar population and on the metallicity. Because the variations in
metallicities within each galaxy and between galaxies consid-
ered here are small, we can expect that the index D,(4000) is
mainly a function of the age of the stellar population. The rela-
tion between the age and index D,,(4000) for a solar metallicity
in Fig. 2 from Kauffmann et al. (2003b) is well approximated by
the expression

log(Age, p) = 7.258 X — 1.224, if X > 0.0727
=22.550X - 2.336, if X < 0.0727, 2)

where X = log(D,(4000)), and the age is in billion years. We
converted the spectral index D,(4000) for each spaxel into age
using this expression. Figure 6d shows the stellar ages in indi-
vidual spaxels Age.p (grey points), the median values of the
stellar ages in bins of 0.05dex in R/R,s (red circles), and the
median value of the ages in all the spaxels within the optical
radius Age, p,, (dashed red line in Fig. 6d).

Inspection of Fig. 6d shows that the behaviour of the stel-
lar age Age,p along radius is more or less similar to that of
Age, 1w, although the absolute values of Age,p and Age, 1w
are significantly different. Figure 7 shows Age, 1w, as a func-
tion Age, p, for the galaxies of our sample. Figure 7 shows that
the value of Age, 1w, correlates with the value of Age,p -
This consideration suggests that the use of either Age,p or
Age, 1w results in a qualitatively similar picture, but that the
quantity characteristics can be significantly different.

2.2.4. Sample properties

Three independent MaNGA observations (M-8274-12703,
M-8256-12703, and M-8451-12704) of the same galaxy are
available. The comparison of the values of the characteristics
derived from different observations of the same galaxy pro-
vides the possibility of estimating the uncertainties in charac-
teristics obtained from the MaNGA measurements. In partic-
ular, the uncertainty in the radial oxygen abundance gradient
can be estimated. Figure 8 shows the radial distributions of the
oxygen (panel a) and nitrogen (panel b) abundance distribu-
tions determined using three observations of the same galaxy.
The close inspection of Fig. 8 results in two conclusions. First,
there is a general agreement between the abundance distributions

3 https://data.sdss.org/sas/drl17/manga/spectro/pipe3d/
v3_1_1/3.1.1/
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Fig. 8. Comparison of the radial distributions of the oxygen (panel a)
and nitrogen (panel b) abundances in a galaxy determined from three
independent MaNGA observations of the same galaxy.

obtained from different observations of the same galaxy, but an
appreciable difference is observed in a few bins near the cen-
tre and (or) at the periphery, near the isophotal radius of the
galaxy. Therefore, these bins should be rejected in the deter-
mination of the radial abundance gradient. Second, the deter-
mined values of the oxygen abundance gradient are equal to
—0.0264(x0.0105) dex/R,5 for the M-8256-12703 measurement,
+0.0026(x0.0050) dex/R,5 for the M-8274-12703 measurement,
and —0.0461(+0.0121) dex/R,5 for the M-8451-12704 measure-
ment. Thus, the uncertainty in the oxygen abundance gradi-
ent determined from MaNGA measurements can be as large as
0.05 dex/R25.
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Fig. 9. M-7495-12703 is an example of a galaxy with an LS-type abun-
dance distribution. The notations are the same as in Fig. 6.

The values of the rotation velocity and the optical radius
were also estimated using three independent observations of this
galaxy. The maximum deviation of the rotation velocity from the
mean value for three measurements is ~7% or ~0.029 dex. The
maximum deviation of the optical radius in arcseconds from the
mean value for the three measurement is ~3.5%. The error in the
distance to the galaxy also contributes to the error of the optical
radius in kiloparsec. The reported errors in distances are smaller
than 10% (see below). We adopt an uncertainty of the rotation
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Fig. 10. M-8131-12703 is an example of a galaxy with an S-type abun-
dance distribution. The notations are the same as in Fig. 6.

velocity determined from the MaNGA measurement of ~7% or
~0.029 dex and an uncertainty in the optical radius in kiloparsec
of ~13.5% or ~0.055 dex.

We find eight galaxies with nearly uniform oxygen abun-
dances over the whole galaxy in the sense that the system-
atic variations in the oxygen abundances across the galaxy
are smaller than ~0.05 dex, galaxies with an L-type abundance
distribution. The pattern of the galaxy with this abundance
distribution is shown in Fig. 6. The sample of galaxies with an
LS-type abundance distribution contains 23 galaxies. An exam-
ple of a galaxy with this abundance distribution is shown in
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Fig. 11. Rotation curves normalised to the maximum value of the rota-
tion velocity (panel a) and the photometric profiles (panel b) for the
galaxies from Fig. 1.

Fig. 9. We selected 29 galaxies with an S-type abundance dis-
tribution, where the scatter of the binned oxygen abundance
around the linear O/H-R, relation is smaller than 0.01 dex. An
example of a galaxy with this abundance distribution is shown
in Fig. 10.

Figure 11 shows the rotation curves normalised to the maxi-
mum value of the rotation velocity and the photometric profiles
for the example galaxies with S, LS, and L gradients presented
in Fig. 1. The inspection of Fig. 11 shows that there are no evi-
dent differences between the shapes of the rotation curves (and
the photometric profiles) for the galaxies with different shapes
of the radial oxygen abundance distributions.

Table 1 lists the general characteristics of each galaxy. The
first column gives the MaNGA name for each galaxy. The
isophotal radius Rs in arcminutes of each galaxy is reported in
Col. 2. The position angle and inclination are listed in Cols. 3
and 4. The distance is reported in Col. 5. The distances to
the galaxies were adopted from the NASA/IPAC Extragalac-
tic Database (NED)*. The NED distances use flow corrections
for Virgo, the Great Attractor, and Shapley Supercluster infall
(adopting a cosmological model with Hy = 73kms~! Mpc™!,
Q,, = 0.27, and Q5 = 0.73). The reported errors in distances
are smaller than 10%. The stellar mass is reported in Col. 6.
We chose the spectroscopic My, masses of the Sloan Digital
Sky Survey (SDSS) and BOSS (BOSS stands for the Baryon
Oscillation Spectroscopic Survey in SDSS-III; see Dawson et al.
2013). The spectroscopic masses were taken from the table

4 The NASA/IPAC Extragalactic Database (NED) is operated by the Jet
Populsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration, http:
//ned.ipac.caltech.edu/
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Table 1. General characteristics of the MaNGA galaxies of our sample.

Galaxy Rys PA i d log My Rys Vot log SFR logAgesiw,m logAgespm  BPT
D @emin) ) ) (Mp)  (Me)  (Kpo) (kms)  (Moyr) (Gyr) (Gyr)

@ @ 3 “ (6] ©® Q) ® ® a0 an a2)
7443 12705 0.25 399 649 271.1 10936 1991 210.3 0.295 -0.123 0.000 0
7495 12703 0.38 150  63.0 1307 10.604 14.54 202.6 0.063 0.013 0.139 0
7495 12704 0.44 3514 564 1275 10.872 1641 212.8 0.157 0.161 0.201 2
7815 12704 0.25 755 661 1781  11.072 1299 231.5 0.379 0.167 0.451 0
7960 12703 0.31 3219 513  101.0  10.445 9.18 142.2 -0.347 -0.101 0.149 0
7968 12703 0.27 2904 621 4254  11.653 33.10 366.3 0.605 -0.058 0.437 2
8082 12701 0.39 102 507 1065 10706  12.11 186.4 -0.143 -0.225 0.041 1
8131 12703 0.20 270.1  67.1 1779 10374 10.13 151.8 -0.195 -0.399 -0.084 0
8138 12704 0.47 1657 544 1283 11363 17.54 302.2 0.508 0.143 0.376 1
8141 12704 0.22 1589 432 199.1 10.630 12.74 181.5 0.117 -0.266 -0.010 1
8144 12702 0.25 885 684 2115 10.674 1533 179.9 0.225 -0.281 -0.053 0
8147 12701 0.26 2973 483 98.9 9.779 7.34 128.6 -0.735 -0.336 -0.057 0
8147 12703 0.31 1753 300 1115 0.000 10.16 2124 0.413 -0.282 -0.106 0
8257 12703 0.28 1139 628 1075 10.517 8.63 202.5 0.099 -0.091 0.227 0
8258 12703 0.25 2215 692 2764  11.067  20.10 212.1 0.410 -0.218 0.110 1
8274 12703 0.20 309.3 426 2449 11.031 1413 256.9 0.022 0.131 0.459 1
8311 12701 0.20 3547 377 3022 11.031 17.73 213.7 0.369 -0.015 0.141 0
8311 12703 0.34 1422 651 139.1  10.790  13.62 218.7 0.319 -0.100 0.084 0
831512703 0.21 121.7 412  326.1 11.579  19.92 315.1 0.309 -0.203 0.202 2
8320 09102 0.32 111.6 492 2229 11311  20.75 271.0 0.286 —-0.023 0.218 2
8325 12705 0.18 2784 477 1684 9.926 8.98 136.9 -0.389 -0.158 -0.027 0
8326 09102 0.26 68.7 277 3003  11.258 2242 313.0 0.218 -0.116 0.109 2
8330 12701 0.27 271.0 474 2240 10.674 17.59 188.0 0.242 -0.361 -0.060 0
833212703 0.21 159.7 369 3766 11498  23.19 305.8 0.780 —0.376 0.100 1
8443 12705 0.36 521 639 127.8 10742 1354 215.0 0.129 0.087 0.337 1
8448 12703 0.24 2302 652 3084  11.184 21.83 2955 0.307 0.184 0.263 2
8449 09102 0.35 2245 470 940 9.868 9.50 121.2 -0.186 -0.462 -0.180 0
8453 12703 0.24 1489 61.8 2630 11.035 18.62 244.0 0.331 —-0.028 0.228 0
8454 12702 0.21 2404 399 3169 11.131 19.20 278.4 1.097 -0.183 -0.084 0
8466 12702 0.36 3187 544 1223 10532 12.90 180.4 0.088 —0.155 -0.053 0
8466 12704 0.27 196.8 428 2265 10.622 17.62 154.6 0.255 -0.387 0.050 0
8549 12702 0.32 278.7 50.1 1851  11.129  17.01 263.4 0.117 -0.076 0.120 2
8551 12704 0.33 3215 698 1273 10.727  12.28 202.0 0.309 0.078 0.302 0
8595 12702 0.24 535 520 1964 10462 1347 201.5 0.093 —-0.357 -0.127 0
8600 12702 0.27 107.0 57.6 2544 10973  20.23 2282 0.477 -0.109 0.061 2
8600 12705 0.21 1342 532 189.1  10.198  11.37 1523 —0.284 -0.223 -0.007 0
8613 12702 0.39 683 679 1368 10.787 1535 195.1 -0.187 0.188 0.266 2
8655 09102 0.16 1704 454 1815  10.173 8.23 146.1 0.049 —0.155 0.023 0
8712 12701 0.25 3033 645 2084  10.651  15.00 189.2 0.101 -0.119 0.203 1
8718 12702 0.24 157 584 161.6 10853 11.32 241.9 0.157 0.019 0.217 2
8725 12701 0.20 2234 577 2125 10897 1221 196.0 -0.116 -0.241 0.278 1
8941 12705 0.39 3285 491 60.6 9.378 6.83 95.8 -1.042 -0.419 -0.272 0
8952 12703 0.39 156 634 1307 10.600 14.89 205.5 0.033 -0.111 0.084 0
8990 12703 0.22 3054  38.0 2322 10.620  15.08 183.2 0.382 -0.218 0.017 0
8992 09101 0.23 258 428 103.8 9.687 6.89 107.2 -0.438 -0.295 -0.182 0
8996 12705 0.33 1445 594 1998  11.145 18.99 275.8 0.337 0.012 0.296 2
9002 12704 0.24 314 572 2451 11.031 16.81 250.3 0.166 -0.025 0.233 2
9027 12701 0.38 260.5 426 1363 10996  14.97 261.7 0.718 —-0.307 -0.074 1
9031 12701 0.20 267.8 376 170.0 9.994 9.77 149.0 -0.347 -0.181 0.110 0
9041 12702 0.34 3446 595 137.6  10.876  13.44 210.6 0.264 —-0.192 0.046 1
9041 12703 0.25 1433 612 2378 10.871 17.29 214.7 0.342 -0.273 -0.019 2
9042 09101 0.29 109  56.0 3040 11405 25.64 2914 0.775 0.080 0.364 1
9042 12702 0.20 66.1 51.7 3093 11.015 18.14 237.1 0.761 -0.112 0.054 1
9049 12702 0.22 9.1 509 3780  11.332 2391 301.0 0.541 -0.062 0.174 2
9485 12705 0.38 325 552 1344 11.082  14.82 262.8 0.101 0.024 0.168 2
9493 12701 0.28 793 664  67.0 9.531 5.41 114.0 -1.017 -0.042 0.228 0
9506 12704 0.24 2694 637 2033 10.664  14.09 166.6 0.223 -0.352 -0.024 0
9508 12701 0.24 240.0 585 3928 11.816  27.90 289.8 0.726 0.161 0.416 2
9868 09102 0.31 183.6 40.1 303.1 11456 27.33 306.2 0.597 -0.106 0.020 1
10001 12705 0.20 3085 486 191.6 10.383  11.38 188.8 0.243 -0.261 -0.141 0

Notes. BPT: 0 — H11 region-like spectra at the centre, 1 — intermediate-type spectra, 2 — AGN-like spectra.
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STELLARMASSPCAWISCBCO03, and were determined using the
Wisconsin method (Chen et al. 2012) with the stellar population
synthesis models from Bruzual & Charlot (2003). The reported
errors in the values of the stellar mass are usually within 0.15—
0.2 dex. The isophotal radius in kiloparsec, estimated from the
data in Cols. 2 and 5, is listed in Col. 7. The rotation velocity is
given in Col. 8. The star formation rate is listed in Col. 9. The
median value of the luminosity-weighted stellar ages, Age, 1w,
is reported in Col. 10. The ages for individual spaxels were taken
from Sanchez et al. (2022), and the median value was deter-
mined for all the spaxels within the optical radius. The median
value of the stellar ages estimated using the D,(4000) index,
Age, pm, (see Sect. 2.2.3) is reported in Col. 11. The BPT type
of radiation at the centre of the galaxy (0 — SF, 1 — intermediate,
and 2 — AGN) is given in Col. 12.

Table 2 lists the parameters of the oxygen and nitrogen dis-
tributions in our sample of MaNGA galaxies. The first column
gives the MaNGA name for each galaxy. The central oxygen
12+log(O/H)y and nitrogen 12+log(O/H), abundances (inter-
sect values) are listed in Cols. 2 and 3. The fractional radius of
the inner zone of the constant level of the nitrogen abundance
Ry NH, oxygen 12+10g(O/H)g, ,, and nitrogen 12+log(N/H)g, s
abundances at this radius are reported in Cols. 4, 5, and 6. The
fractional radius of the inner zone of the constant level of the
oxygen abundance R,on, oxygen 12+log(O/H)g,,, and nitro-
gen 12+log(N/H)g, ,, abundances at this radius are reported in
Cols. 7, 8, and 9. The value of R, on = 0 is for galaxies with an
S-type radial abundance distribution, and the value of R, on = 1
is for galaxies with an L-type radial abundance distribution.
The oxygen 12+1og(O/H)g,, and nitrogen 12+log(N/H)g,, abun-
dances at the isophotal radius (intersec values) are listed in
Cols. 10 and 11.

3. Discussion

We compare and discuss the properties of the selected galaxies
with S-, LS-, and L-type abundance distributions. To consider
the relations between macroscopic characteristics of galaxies
(stellar mass, rotation velocity, radius, and SFR), we used the
entire sample of 136 galaxies. Three independent MaNGA
observations of one galaxy in our sample are available. Conse-
quently, this galaxy has three MaNGA names (M-8274-12703,
M-8256-12703, and M-8451-12704). We include this galaxy in
the further analysis one time, the M-8274-12703 observation
(Table 2). We also compare the properties of the Milky Way
and our sample of galaxies. The Milky Way characteristics were
taken from Pilyugin et al. (2023), unless otherwise stated.

3.1. Properties of the radial abundance distributions

The LS-type abundance distribution is the most general approx-
imation of the abundance distributions in our sample of galax-
ies. The abundance distributions of the L, LS, and S types can
be described within this approximation, where R,og = 0 for
galaxies with an S-type abundance distribution, 0 < Ryon < 1
for galaxies with an LS-type radial abundance distribution, and
Ry ou = 1 for galaxies with an L-type abundance distribution.

A prominent feature of LS-type abundances distributions is
that the nitrogen abundance distribution differs from the oxygen
abundance distribution in the sense that the size of the zone in
which the nitrogen abundance is constant is usually smaller than
that for the oxygen abundance (Fig. 12 and Table 2). We esti-
mated the validity of the R, oy in each galaxy with an LS-type
radial abundance distribution in the following way. We deter-

mined deviations in the median oxygen abundance in each bin
from the O/H-R relations for the outer and inner regions. The
deviation of the median oxygen abundance at the point in the
inner region (R < Rjoy) from the O/H-R relation for the inner
region is expected to be smaller than the deviation of the abun-
dance at this point from the O/H-R relation for the outer region,
and vice versa. For a bin in which the median oxygen abundance
does not meet this condition, the absolute value of the differ-
ence dR = Ryin — Rpon between the radial distance of this bin
Rupin and the radius Rj, on can be used to specify an uncertainty
in the R, oy value. For example, the median oxygen abundance
in the bin at the radius of R, = 0.725 in the disc of galaxy M-
8311-12701 does not meet the above condition (Fig. 13a). The
dR value for this bin in M-8311-12701 is equal to 0.014 R,5. We
find bins like this in three more galaxies (dR ~ 0.03 R,5) and do
not find bins like this in other galaxies (19 out of 23) with an LS-
type radial abundance distribution. We estimated the validity of
Ry nm in a similar way. We found bins in which the median nitro-
gen abundance did not meet the above condition in nine galaxies
and no bins like that in other galaxies (14 out of 23) with an
LS-type radial abundance distribution. This consideration sug-
gests that the typical uncertainty in the Ry, op and R, xu does not
exceed half of the bin size.

A close examination of the changes in the oxygen and nitro-
gen abundances with radius shows that there are three differ-
ent zones in a galaxy with an LS-type abundance distribution.
In the outer zone R > Rjopn, the oxygen and nitrogen abun-
dances both increase as the radius decreases (Figs. 13a,b). The
N/O ratio also increases as the radius decreases (Fig. 13c). The
binned oxygen and nitrogen abundances in this zone are located
in the lower envelope of the band outlined by the H1I regions
in the nearby galaxies in the N/O-O/H diagram (Fig. 13d).
Within the zone from R,nu to Ry on, the oxygen abundance is
approximately constant, while the nitrogen abundance increases
as the radius decreases. In the inner zone R < R, ng, the oxy-
gen and nitrogen abundances are both at an approximately con-
stant level. The binned oxygen and nitrogen abundances in this
zone are shifted towards an upper envelope of the band outlined
by the H1I regions in nearby galaxies in the N/O-O/H diagram
(Fig. 13d).

The N/O value for a given O/H contains important informa-
tion about the heavy-element enrichment history of a region, and
consequently, about its star formation history. Edmunds & Pagel
(1978) have noted that because oxygen and nitrogen are pro-
duced in stars of different masses, there can be a significant
time delay between the release of oxygen, which is mainly pro-
duced in massive stars, and that of nitrogen, which is produced
in intermediate-mass stars, into the interstellar medium. The
N/O ratio of a region then becomes an indicator of the time,
Tou, that has elapsed since the last episode of star formation.
The N/O-O/H (or N/H-O/H) diagram has been subject to many
investigations (Edmunds & Pagel 1978; Pilyugin 1992, 1993;
Gavildn et al. 2006; Pilyugin & Thuan 2011; Vincenzo et al.
2016; Schaefer et al. 2020; Johnson et al. 2023, among many
others).

The observed behaviour of the oxygen and nitrogen abun-
dances with radius in the galaxy with an LS-type abundance
distribution can be explained by the time delay between nitro-
gen and oxygen enrichment, together with the variation in the
star formation history along the radius. The lack of systematic
variation with radius of the oxygen abundance at R < Rpon,
Fig. 13a, together with the increase in the N/O ratio as the radius
decreases, Fig. 13c, implies that after the region has reached a
high astration level some time ago, the star formation rate in
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Table 2. Parameters of the oxygen and nitrogen abundance distributions in our sample of MaNGA galaxies.

Galaxy ID (OH)o (N/H)o Rynu  (O/H)ryny (Mg, Roon  (OMH)g,oy  (NHp, oy (O/H)gys — (N/H)pys
7443 12705 8.612 7.860  0.000 8.612 7.860 0.000 8.612 7.860 8.407 7.251
7495 12703 8.623 7974  0.192 8.612 7.930 0.397 8.600 7777 8.439 7.325
7495 12704 8.633 7960  0.321 8.619 7.948 0.542 8.610 7.835 8.541 7.602
7815 12704 8.586 7.868 0.000 8.586 7.868 1.000 8.567 7.579 8.567 7.579
7960 12703 8.607 7.906  0.000 8.607 7.906 0.000 8.607 7.906 8.399 7.284
7968 12703 8.621 7.859 1.000 8.585 7.768 1.000 8.585 7.768 8.585 7.768
8082 12701 8.659 8.019 0.000 8.659 8.019 0.000 8.659 8.019 8.426 7.272
8131 12703 8.598 7.777 0.000 8.598 7.7717 0.000 8.598 7.777 8.334 7.126
8138 12704 8.594 7.940 1.000 8.632 7.822 1.000 8.632 7.822 8.632 7.822
8141 12704 8.656 7.803 0.307 8.580 7.779 0.000 8.656 7.803 8.408 7.220
8144 12702 8.545 7.671 0.404 8.521 7.599 0.478 8.517 7.538 8.320 7.104
8147 12701 8.538 7.650  0.000 8.538 7.650 0.000 8.538 7.650 8.289 7.056
8147 12703 8.605 7.949 0.000 8.605 7.949 0.127 8.604 7.879 8.482 7.394
8257 12703 8.604 7.920  0.000 8.604 7.920 1.000 8.584 7.685 8.584 7.685
8258 12703 8.592 7.687 0.000 8.592 7.687 0.000 8.592 7.687 8.457 7.376
8274 12703 8.626 7992  0.441 8.627 7.969 1.000 8.628 7.840 8.628 7.840
8311 12701 8.640 8.056 0312 8.627 8.022 0.711 8.611 7.785 8.531 7.614
8311 12703 8.645 7.958 0.000 8.645 7.958 0.000 8.645 7.958 8.447 7.309
8315 12703 8.637 7912  0.533 8.626 7.928 0.682 8.623 7.781 8.498 7.467
832009102 8.690 8.075 0.000 8.690 8.075 0.000 8.690 8.075 8.397 7.230
8325 12705 8.617 7.847 0.000 8.617 7.847 0.000 8.617 7.847 8.288 7.011
8326 09102 8.643 7966  0.353 8.626 7.951 0.499 8.619 7.803 8.434 7.296
8330 12701 8.646 7.931 0.108 8.639 7919 0.137 8.637 7.894 8.348 7.140
8332 12703 8.622 7954  0.670 8.592 7.803 0.691 8.591 7.785 8.528 7.522
8443 12705 8.601 7.872  0.454 8.595 7.867 1.000 8.588 7.686 8.588 7.686
8448 12703 8.703 8.075 0.000 8.703 8.075 0.000 8.703 8.075 8.441 7.349
8449 09102 8.571 7.692  0.000 8.571 7.692 0.000 8.571 7.692 8.211 6.837
8453 12703 8.618 7.872  0.510 8.593 7.817 0.693 8.584 7.686 8.498 7.467
8454 12702 8.635 7.784  0.000 8.635 7.784 0.000 8.635 7.784 8.401 7.200
8466 12702 8.600 7.871 0.339 8.585 7.783 0.440 8.580 7.669 8.300 7.035
8466 12704 8.654 8.035 0.000 8.654 8.035 0.000 8.654 8.035 8.340 7.077
8549 12702 8.610 7912 0.721 8.575 7.658 0.668 8.594 7.677 8.474 7.416
8551 12704 8.604 7.880  0.000 8.604 7.880 0.000 8.604 7.880 8.528 7.531
8595 12702 8.626 7.836  0.000 8.626 7.836 0.000 8.626 7.836 8.385 7.228
8600 12702 8.685 8.079 0.000 8.685 8.079 0.000 8.685 8.079 8.405 7.224
8600 12705 8.589 7.742  0.000 8.589 7.742 0.000 8.589 7.742 8.388 7.233
8613 12702 8.735 8.252  0.000 8.735 8.252 0.000 8.735 8.252 8.414 7.236
865509102 8.545 7.696 1.000 8.489 7.481 1.000 8.489 7.481 8.489 7.481
8712 12701 8.649 7.940  0.000 8.649 7.940 0.000 8.649 7.940 8.427 7.325
8718 12702 8.611 7.903 0.780 8.563 7.606 0.775 8.566 7.608 8.450 7.356
8725 12701 8.636 7.875 0.405 8.613 7.889 0.516 8.607 7.791 8.436 7.362
8941 12705 8.505 7.462  0.000 8.505 7.462 0.000 8.505 7.462 8.007 6.519
8952 12703 8.620 7.925 0.217 8.613 7.924 0.283 8.611 7.870 8.451 7.285
8990 12703 8.634 7.995 0.000 8.634 7.995 0.000 8.634 7.995 8.486 7.442
8992 09101 8.557 7.640  0.000 8.557 7.640 0.000 8.557 7.640 8.252 6.958
8996 12705 8.593 7950  0.822 8.522 7.574 0.744 8.564 7.610 8.425 7.2717
9002 12704 8.707 8.109 0.000 8.707 8.109 0.000 8.707 8.109 8.403 7.263
9027 12701 8.639 8.035 0.000 8.639 8.035 0.000 8.639 8.035 8.459 7.328
9031 12701 8.563 7.875 0.000 8.563 7.875 0.240 8.564 7.669 8.286 7.017
9041 12702 8.663 8.004  0.000 8.663 8.004 0.000 8.663 8.004 8.424 7.271
9041 12703 8.612 7.856  0.517 8.588 7.752 0.593 8.584 7.695 8.476 7.389
9042 09101 8.635 7.957 0.417 8.617 7.932 1.000 8.593 7.588 8.593 7.588
9042 12702 8.617 7.853 0.442 8.583 7.822 0.655 8.566 7.657 8.465 7.390
9049 12702 8.622 7.860  0.502 8.600 7.853 0.587 8.596 7.790 8.500 7.481
9485 12705 8.648 7.949 0.239 8.637 7.966 0.455 8.628 7.807 8.477 7.405
9493 12701 8.633 7.809 0.000 8.633 7.809 0.000 8.633 7.809 8.324 7.159
9506 12704 8.601 7.804  0.000 8.601 7.804 0.000 8.601 7.804 8.319 7.042
9508 12701 8.669 8.017 0.000 8.669 8.017 0.000 8.669 8.017 8.514 7.532
9868 09102 8.616 7.931 0.443 8.600 7.838 0.597 8.594 7.684 8.417 7.281
10001 12705 8.583 7.855 0.108 8.581 7.833 0.197 8.579 7.769 8.398 7.195

Notes. Abundances are in units 12+log(X/H). Radii are the fractional radii normalised to the optical radius Rys.

the region is reduced. This region will produce relatively small
amounts of oxygen on short timescales, while the creation of
nitrogen by previous generations of stars continues, driving N/O
to higher values (Figs. 13c,d). The increase in the N/O ratio as
the radius decreases in the zone of constant oxygen abundance
suggests that the number of the nitrogen-producing stars from
previous generations, which have enough time to complete their
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evolution and eject the nitrogen into the interstellar medium,
increases as the radius decreases. This shows that the value of
Tou(R) increases as the radius decreases. The value of Tog(R)
becomes high enough at the radius R, ny so that a bulk of the
nitrogen-producing stars from previous generations completes
their evolution, the nitrogen abundance reaches a high level at
Ry nm and remains constant at R < R, np (Figs. 13c,d). Thus,
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Fig. 12. Radius of the region with a constant level of the nitrogen abun-
dance R, nu as a function of radius of the region with a constant level
of the oxygen abundance R, oy for galaxies with an LS-type abundance
distribution (circles). The line marks the one-to-one correspondence.
The cross indicates the error bars (see text).

the observed behaviour of oxygen and nitrogen abundances with
radius clearly shows the effect of the inside-out disc evolution
model; the galactic centre evolves more rapidly than the regions
at greater galactocentric distances (Matteucci & Francois 1989).

In Fig. 14 we compare the galaxy positions with different
abundance distributions in the N/O—-O/H diagram. Panel a shows
the N/O-O/H diagram for the (intersect) abundances at the cen-
tres of galaxies, and panel b shows a similar diagram for the
(intersect) abundances at the optical radii. Panel b shows that the
abundances at the optical radii of all the galaxies are located in
the lower envelope of the band outlined by the H1I regions in
nearby galaxies in the N/O—O/H diagram. This implies that the
oxygen enrichment at the optical radius of each galaxy is defined
by the ongoing star formation. Figure 14a shows that the abun-
dances at the centres of most galaxies with an L- and LS-type
abundance distribution are located close to the upper envelope of
the band. This shift of N/O to higher values suggests that the con-
tribution of the star formation at the current epoch in the centres
of these galaxies to the oxygen enrichment is low. In contrast,
the abundances at the centres of many galaxies with an S-type
abundance distribution are located close to the lower envelope
of the band, that is, their oxygen abundances in the centres are
defined by the ongoing star formation.

In summary, (1) the radial nitrogen abundance distributions
in galaxies with LS-type oxygen abundance distributions also
show breaks at radii smaller than the O/H distribution breaks.
The observed behaviour of oxygen and nitrogen abundances
with radius in these galaxies can be explained by the time delay
between the nitrogen and oxygen enrichment, together with the
variation in the star formation history along the radius. These
galaxies clearly show the inside-out disc evolution, that is, the
galactic centre evolves more rapidly than the regions at greater
galactocentric distances. (2) The abundances at the optical radii
of all the galaxies and at the centres of most galaxies with S-type
abundance gradients are located in the lower envelope of the
band in the N/O-O/H diagram. This implies that the oxygen
enrichment is defined by the ongoing star formation. In contrast,
the abundances at the centres of most galaxies with L and LS gra-
dients are shifted towards the upper envelope of the band. This
suggests that these regions produce relatively small amounts of
oxygen on short timescales, while the production of nitrogen by
previous generations of stars continues, driving N/O to higher
values.
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Fig. 13. M-8311-12701 is an example of a galaxy with an LS-type abun-
dance distribution. Panel a: Radial oxygen abundance distribution. The
grey points denote the abundances for the individual spaxels, the red
circles are the median values of the O/H in bins of 0.05 dex in the frac-
tional radius R/R,s, and the bars show the scatter in the O/H about
the median value in the bins. The line shows the adopted relation for
the radial abundance distribution. The abundance at the radius R, oy is
marked by the cross and at the radius R,ny by the triangle. Panel b:
Same as panel a, but for nitrogen abundance. Panel c: Same as
panel a, but for the N/O ratio. Panel d: N/O vs. O/H diagram. The
yellow points denote HII regions in nearby galaxies (compilation in
Pilyugin & Grebel 2016). The other designations are the same as in
panel a.
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Fig. 14. N/O vs. O/H diagram for the abundances at the centres (panel a)
and at the optical radii (panel b). The circles designate galaxies with
an L-type abundance distribution, the plus signs mark galaxies with an
LS-type abundance distribution, and crosses are galaxies with an S-type
abundance distribution. The yellow points denote H II regions in nearby
galaxies (compilation in Pilyugin & Grebel 2016).

3.2. Properties of the abundance distributions versus
macroscopic characteristics

First, we considered the relations between the macroscopic char-
acteristics for galaxies with different radial abundance distribu-
tion types. Figure 15a shows the stellar mass of a galaxy as a
function of its rotation velocity, the so-called Tully—Fisher rela-
tion. Figures 15b,c show the isophotal radius of a galaxy as a
function of its rotation velocity and stellar mass, respectively.
The line in each panel is a linear fit to the data points of the
total sample. Figure 15 shows that galaxies with radial abun-
dance distribution types S, LS, and L satisfactorily follow each
relation. These galaxies cannot be distinguished on the base of
their macroscopic characteristics alone.

The Milky Way is one of the galaxies with the steepest radial
oxygen abundance gradient, that is, the Milky Way is the exact
opposite to galaxies with an L-type radial abundance distribu-
tion. It is of particular interest to compare the macroscopic prop-
erties of the Milky Way and the galaxies with an L-type radial
abundance distribution. The Milky Way lies below the size—
rotation velocity and size—stellar mass relations (Figs. 15b,c).
This is not surprising because this was revealed and discussed
in a number of studies (e.g. Hammer et al. 2007; Licquia et al.

A41, page 14 of 20

13 T T T

a)

o
x
LS +
MW

1.9 2.1 2.3 25 2.7
logV (km/s)

rot

1.8 T T T

(kpc)

14 F

12 |

10 |

logR,5
X

06 |

0.4 L L L
19 21 23 25 2.7

logV

rot

18 1 1 1 1 1

(kpc)

logR,g

10.0 12.0

logM

10.5

11.0 115

star (Msun)

Fig. 15. Relation between the macroscopic galaxy properties. Panel a:
Stellar mass as a function of rotation velocity. Panel b: Isophotal radius
against rotation velocity. Panel c: Isophotal radius vs. stellar mass. The
grey points in each panel designate the galaxies of the total sample, and
the line is the linear best fit to these data. The cross shows the error bars.
The circles denote the selected galaxies with an L-type radial abun-
dance distribution, the plus signs mark galaxies with an LS-type radial
abundance distribution, and crosses are galaxies with an S-type radial
abundance distribution. The green asterisk marks the Milky Way.

2016; but see McGaugh 2016). Galaxies with an L-type abun-
dance distribution also show reduced sizes on average. Six out
of eight galaxies lie below the size—rotation velocity and size—
stellar mass relations, while the two most massive galaxies lie
above these relations (Figs. 15b,c). Thus, the positions of the
MW in the diagrams for the macroscopic characteristics follow
those of galaxies with an L-type abundance distribution, that
is, the Milky Way and galaxies with the exact opposite radial
abundance distribution cannot be distinguished using the macro-
scopic characteristics alone.

It is interesting to note that only one galaxy (M-7968-12703)
of our galaxy sample with an L-type radial abundance distri-
bution hosts AGN at the centre. The innermost region of the
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Fig. 16. Fractional radius of the inner zone of the uniform oxygen abun-
dance as a function of rotation velocity (panel a), stellar mass (panel
b), optical radius (panel c¢), median value of star ages estimated from
the D,(4000) index (panel d), and the median value of luminosity-
weighed stellar ages from Sanchez et al. (2022, panel e). The circles
denote galaxies with an L-type abundance distribution, the plus signs
mark galaxies with an LS-type abundance distribution, and crosses are
galaxies with an S-type abundance distribution.

AGN-like radiation is surrounded by a ring of intermediate radia-
tion. This is the most massive galaxy (log(M, /M) = 11.653) of
our sample. The radiation of the circumnuclear regions of four

galaxies (M-8138-12704 with a stellar mass of log(M,/My) =
11.363, M-8274-12703 with a stellar mass of log(M,/My) =
11.031, M-8443-12705 with a stellar mass of log(M./My) =
10.742, and M-9042-09101 with a stellar mass of log(M, /M) =
11.405) is of the intermediate BPT type. The circumnuclear
region of the intermediate BPT type suggests that both AGN and
SF contribute to the ionising radiation at the galaxy centre, The
central areas in three O/H uniform galaxies (M-7815-12704 with
a stellar mass of log(M, /M) = 11.072, M-8257-12703 with a
stellar mass of log(M, /M) = 10.517, and M-8655-09102 with
a stellar mass of log(M,/My) = 10.173) involve spaxels with
the H 1I-region-like radiation alone.

Figure 16 shows the fractional radius of the inner zone of
the uniform oxygen abundance as a function of rotation velocity,
stellar mass, optical radius, and the median value of stellar ages.
As the galactic macroscopic characteristics correlate with each
other, the diagrams in the different panels of Fig. 16 are more or
less similar. The examination of Fig. 16 shows that the type of
the abundance distribution in a large spiral galaxy is not related
to its macroscopic characteristics. A galaxy in the stellar mass
diapason 10.5 < log(M,/Mg) < 11.5 can show an S-type abun-
dance distribution (R, oy = 0), the LS type (0 < Ryon < 1),
and an L type (Rp o = 1; Fig. 16b). The fractional radius of the
inner zone of the uniform oxygen abundance in galaxies with an
LS-type radial abundance distribution correlates with the stel-
lar mass (and other macroscopic parameters) in the sense that
the value of the R, og increases with stellar mass. However, the
locations of the galaxies with S- and L-type abundance distribu-
tions disagree with this trend. They cannot be considered as the
lower (upper) end of this trend.

On the other hand, galaxies with an L-type radial abundance
distribution can be considered as the final stage of the galaxy
evolution with S- and LS-type radial abundance distributions
in the following sense. The oxygen abundances are high at the
centres of galaxies for all three radial abundance distributions
(Fig. 14a), that is, the galaxy centres of each abundance dis-
tribution are advanced in chemical evolution near the end. The
oxygen abundances at the optical radii of galaxies with S- and
LS-type abundance distributions are lower than the oxygen abun-
dances at their centres, that is, the edges of these galaxies are less
advanced in chemical evolution than their centres. At the same
time, the oxygen abundances at the optical radii of galaxies with
L-type radial abundance distributions are as high as the oxygen
abundances at their centres (Fig. 14). This shows that the edges
of galaxies with L-type abundance distributions are advanced in
chemical evolution to the same extent as the galaxy centres of
all three radial abundance distributions. At the end of their evolu-
tion, galaxies with S- and LS-type radial abundance distributions
turn into galaxies with L-type radial abundance distributions.

The linear fit is not an adequate approximation for the LS-
type abundance distribution (Fig. 1) and the definition of the
radial gradient in these galaxies is not beyond question. The dif-
ference between the oxygen abundances at the optical radius and
at the centre A(O/H) = log(O/H)g,. —1og(O/H), is used to specify
the radial abundance distribution (gradient) in the galaxies with
LS-type abundance distributions. It is evident that the A(O/H)
value coincides with the standard definition of the gradient in
dex/R;s in galaxies with S- and L-type abundance distributions.
Figure 17 shows the difference between the oxygen abundances
at the optical radius and at the centre as a function of the rota-
tion velocity, stellar mass, optical radius, and median value of
star ages for our galaxy sample. The error bars are shown in the
lower left corner of the panels. The line in each panel is the linear
fit to all the data points, excluding the Milky Way.
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Fig. 17. Difference between the oxygen abundances at the optical radius
and at the centre (gradient in dex/Rys) as a function of rotation velocity
(panel a), stellar mass (panel b), optical radius (panel c), and median
value of stellar ages (panels d and e). The blue circles denote galaxies
with L gradients, the red plus signs mark galaxies with LS gradients,
the black crosses are galaxies with S gradients, and the green asterisks
mark two values of the gradient for the Milky Way (see text). The line
is the linear fit to all the data points excluding the Milky Way. The error
bars are shown in the lower left corner of the panel.

Figure 17 shows that the gradient in the galaxy corre-
lates with the rotation velocity, stellar mass, optical radius, and
median value of stellar ages for our galaxy sample. However,
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the correlations are quite weak in the sense that the scatter of
the points in each diagram is large. The mean value of the devi-
ations of A(O/H) from the A(O/H)-V, relation is 0.083 dex,
from the A(O/H)-M, relation, it is 0.086 dex, from the A(O/H)—
Rys relation, it is 0.096 dex, from the A(O/H)-Age, p, rela-
tion, it is 0.081 dex, and from the A(O/H)-Age, 1w relation,
it is 0.090 dex. We note that the large scatter in these diagrams
cannot be attributed to the uncertainty in the A(O/H) values. By
the comparing the values of A(O/H) based on three independent
observations of the same galaxy, we estimated above that the
uncertainty in the A(O/H) determined from the MaNGA mea-
surements does not exceed 0.05 dex. Figure 17 shows that the
gradients in galaxies with LS-type abundance distributions are
flatter on average than in galaxies with S-type abundance dis-
tributions. In agreement with the definition, the galaxies with
L-type abundance distributions show the flattest gradients.

We show two values of the gradient in the Milky Way. Spec-
troscopic measurements of H II regions in the inner part (<4 kpc)
of the Milky Way are not available (Arellano-Cérdova et al.
2020, 2021). The central oxygen abundance was estimated by
extrapolating the linear O/H-R relation (assuming an S-type
gradient) based on the available measurements of HII regions,
which results in a high central (intersect) oxygen abundance
and a steep oxygen abundance gradient of about —0.5 dex/R;s
(Pilyugin et al. 2023). This value of the gradient can be consid-
ered as an upper limit (maximum value) of the gradient in the
Milky Way. If the gradient flattens in the central part of the Milky
Way (e.g. Arellano-Cérdova et al. 2020), then the extrapolation
of the linear relation yields an overestimated value of the central
oxygen abundance and the value of the gradient in dex/R;s in the
Milky Way. Alternatively, we can adopt the oxygen abundances
measured in the HII regions, which are nearest to the centre,
as the representatives of the central oxygen abundance (assum-
ing an LS-type gradient). The value of the gradient estimated in
this way can be considered as a lower limit (minimum value) of
the oxygen abundance gradient in the Milky Way. The maximum
and minimum values of the gradient in the Milky Way are shown
in Fig. 17.

The radial oxygen abundance gradient in the Milky Way
is steeper than in other galaxies we considered (Fig. 17).
The galaxies with steep abundance gradients are small in
number (Sanchez et al. 2012, 2016; Garcia-Benito et al. 2015;
Pilyugin et al. 2023). We note, however, that the gradients
of some galaxies are much steeper than that in the Milky
Way. For example, the oxygen abundance gradient in dex/R»s
in the well-studied galaxy M 101 is steeper by a factor
of about two than in the Milky Way (Kennicutt & Garnett
1996; Pilyugin 2001; Kennicuttetal. 2003; Croxall et al.
2016). The galaxies with L gradients and the Milky Way
show the maximum opposite shifts from the gradient—M,
relation. At the same time, the positions of the MW in the dia-
grams for the macroscopic characteristics (Fig. 15) follow those
of galaxies with L-type abundance distributions. This confirms
our conclusion that the type of the abundance distribution in a
large spiral galaxy is not related to its macroscopic characteris-
tics.

In summary, (1) there are no appreciable differences between
the positions of the galaxies with S-, LS-, and L-type abundance
distributions in the diagrams of the different macroscopic char-
acteristics. (2) The type of the abundance distribution in a large
spiral galaxy is not related to its macroscopic characteristics.
In particular, the positions of the MW in the diagrams of the
macroscopic characteristics show its similarity to galaxies with
L-type abundance distributions, but the MW and galaxies with
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L gradients show the exact opposite shifts from the gradient—
M, relation. (3) Our galaxy sample shows a correlation between
the O/H gradient and the galactic macroscopic characteristics,
but the correlations are weak in the sense that the scatter of the
points in each diagram is large.

3.3. Evolutionary status

The diagram of the star formation rate versus stellar mass
of galaxies (SFR-M,) was studied in numerous investigations
(Brinchmann et al. 2004; Whitaker et al. 2014; Renzini & Peng
2015; Lin et al. 2017; Belfiore et al. 2018; Sanchez et al. 2018;
Miranda et al. 2023; Popesso et al. 2023, among many others).
It is well established that most galaxies lie within two distinct
bands in this diagram: the band of galaxies with a high SFR

(this band is called the star-forming main sequence, or simply
the main sequence) and the band of galaxies with a low (if any)
SFR (called red and dead, quiescent, or quenched sequence). The
region between these two bands is populated by fewer galaxies
and is usually called the green valley. Thus, the position of a
galaxy in the SFR-M, diagram indicates its evolutionary status.

The star-forming galaxies are located within a rather narrow
band in the SFR-M, diagram, with a dispersion in the SFRs
of ~0.2—-0.3 dex (e.g., Speagle et al. 2014; Sanchez et al. 2018).
At the same time, the differences in the value of the star forma-
tion rate in star-forming galaxies of a given stellar mass obtained
in different works can be as large as a factor of three depend-
ing on the adopted stellar mass and SFR diagnostics (e.g. the
assumed stellar initial mass function and the conversion rela-
tion for estimating the star formation rate; Speagle et al. 2014;
Miranda et al. 2023).

We examine whether there is any difference in the positions
of galaxies with different abundance distributions in the SFR—
M, diagram. We estimated the current star formation rate from
the He luminosity of a galaxy Ly, using the calibration relation
of Kennicutt (1998) reduced by Brinchmann et al. (2004) for the
Kroupa initial mass function (Kroupa 2001),

log SFR = log Ly, — 41.28. 3)

The Ha luminosity of a galaxy Ly, was determined as the sum
of the Ha luminosities of the spaxels with H1I region-like spec-
tra. Figure 18 shows the SFR as a function of stellar mass for
our sample of galaxies. Galaxies with different abundance distri-
butions are located in the same area (within the main sequence
of the star-forming galaxies) in the SFR-M, diagram. This
is expected because only the galaxies where the spaxels with
measured emission lines (star formation regions) are well dis-
tributed across the whole image of the galaxy were examined
here because otherwise, the abundance distributions across the
galaxy cannot be determined.

Licquia & Newman (2015) determined the current star for-
mation rate in the Milky Way based on previous measurements
from the literature, assuming a Kroupa initial mass function.
They reported a value of 1.65(+0.19) Mg yr~'. Zari et al. (2023)
mapped the stellar age distribution (<1 Gyr) across an area
of 6kpc x 6kpc of the Galactic disc in order to constrain our
Galaxy’s recent star formation history. When this was extrapo-
lated to the whole disc, they found an effective star formation rate
over the last 10 Myr of 2.3(+0.4) M, yr~! for the Kroupa initial
mass function and of ~3.3 M yr~! for the initial mass function
that accounts for unresolved binaries. The values of the SFR in
the Milky Way obtained by Licquia & Newman (2015) and by
Zari et al. (2023) for the Kroupa initial mass function are shown
by the asterisks in Fig. 18. The examination of Fig. 18 shows
that the Milky Way is located in the same area in the SFR—-M,
diagram as the galaxies of our sample, that is, the Milky Way
and the galaxies of our sample both lie within the main sequence
of the star-forming galaxies.

The galaxies with L-type gradients are at more advanced
stages of evolution than other galaxies of our sample. Figure 19
shows the oxygen abundances at the centre 12+log(O/H), and
at the isophotal radius 12+log(O/H),,, as a function of the rota-
tion velocity and stellar mass for galaxies with L-type gradi-
ents. The oxygen abundances in seven massive (log(My /M) 2
10.5) galaxies lie in a narrow interval around 12+log(O/H) ~
8.62. We emphasise that the oxygen abundances determined
using the emission line spectra are the gas-phase abundances.
Peimbert & Peimbert (2010) estimated the dust depletion of oxy-
gen in Galactic and extragalactic HII regions and found that the
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fraction of oxygen atoms embedded in dust grains is a func-
tion of the oxygen abundance, which is about 0.12 dex for the
metal-rich H1I regions. This depletion has to be considered when
the total (gas+ dust) oxygen abundance is derived. Then the
total oxygen abundances in massive galaxies with L-type gra-
dients are about 12+log(O/H) ~ 8.74. Empirical estimates of
the oxygen yield Yo for the metallicity scale defined by the HI
regions with T,-based oxygen abundances result in Yo = 0.0027
(Pilyugin et al. 2004), Yo = 0.0032 (Bresolin et al. 2004), and
Yo = 0.0030 + 0.035 (Pilyugin et al. 2007). The simple model
of the galactic chemical evolution predicts that the oxygen abun-
dance 12+log(O/H) = 8.74 is reached at a gas mass fraction
i ~ 0.1 for an oxygen yield Yo = 0.0030 and at u ~ 0.15 for an
oxygen yield Yo = 0.0035. The galaxies with L-type gradients
from our sample retain sizeable reservoirs of gas to sustain the
ongoing star formation that accounts for their locations on the
main sequence of star-forming galaxies.

Thus, galaxies with different abundance distributions from
our sample are located in the same area (within the main
sequence of the star-forming galaxies) in the SFR—-M,, diagram.
The Milky Way also lies within the main sequence of the star-
forming galaxies.

3.4. Environments

We considered the environmental dependence of the abun-
dance gradient in galaxy. Debris from an event of several
mergers that occured between 8 and 11 Gyr ago was revealed
in the Milky Way: Gaia-Enceladus-Sausage (Belokurov et al.
2018; Helmi et al. 2018), Thamnos (Koppelman et al. 2019),
Sequoia (Myeong et al. 2019), Kraken (Kruijssen etal. 2019,
2020), and Pontus (Malhan et al. 2022). The capture of the Gaia-
Enceladus-Sausage is the most recent event (Borre et al. 2022;
Dropulic et al. 2023). After this, the Milky Way evolved with-
out significant mergers for the last ~10 Gyr. The steep oxygen
abundance gradient in the Milky Way and its evolution without
significant mergers for a long time agree well with the statement
in Boardman et al. (2022, 2023) that steep metallicity gradients
can be found in galaxies that evolved without mergers and inter-
actions.

We examine whether the very flat gradients in the galaxies
with L-type gradients might be linked to the mergers and inter-
actions. The merging (interacting) histories are unknown for our
sample of galaxies. We can only consider the relation between
the slopes (and shapes) of the gradients in galaxies and their
present-day environments. Five galaxies with L-type gradients
of our sample are in a catalogue of galaxy groups and clus-
ters (Tempel et al. 2018). Three galaxies with L-type gradients
(M-8138-12704, M-8443-12705, and M-9042-09101) are mem-
bers of galaxy groups. Two galaxies (M-8257-12703 and
M-8274-12703) are classified as isolated galaxies. Nine galax-
ies with LS-type gradients are members of galaxy groups, and
14 galaxies are isolated galaxies, 16 galaxies with S-type gradi-
ents are members of galaxy groups, and 11 galaxies are isolated
galaxies (Tempel et al. 2018). This suggests that the slope and
shape of the radial oxygen abundance distribution in a galaxy
(in particular, the nearly uniform oxygen abundances in galaxies
with L-type gradients) is independent of its present-day environ-
ment.

We note, however, that although M-8274-12703 is classified
as an isolated galaxy (Tempel et al. 2018), this galaxy has a close
low-mass satellite that can be seen within the field of view of
the MaNGA measurements. The spot in the surface brightness
distribution can be seen in the image of M-8274-12703 (Fig. 3).
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The difference between the values of the line-of-sight velocity
of the centre of the galaxy and the spot is comparable to the
variation in the values of the line-of-sight velocity in M-8274-
12703 due to its rotation (Fig. 2).

Annem & Khoperskov (2024) noted that close passages of
satellites cause the formation of a substantial number of stars
in the host and that the impact of the satellite perturbations is
mainly visible in the outer disc of the host. One could expect that
the advanced (chemical) evolution of the outer parts of the discs
of the O/H uniform galaxies can be attributed to perturbations
by close satellites. It was noted above that the median values of
the stellar ages in galaxies with L-type gradients (2-3 Gyr) are
higher than in other galaxies. This shows that the contribution
of the star formation in the near past to the total star popula-
tion in the discs of galaxies with L-type gradients is low and
lower than in other galaxies. The lack of significant star forma-
tion (episodes of strong star formation) in the near past can be
considered as indirect evidence in favour of the hypothesis that
galaxies with L-type gradients did not experience perturbations
from neighbouring galaxies during the last period of their evolu-
tion. Therefore, if the advanced (chemical) evolution of the outer
parts of the discs (i.e. the very flat oxygen abundance gradients)
of galaxies with L-type gradients is caused by perturbations from
neighbouring galaxies, then these perturbations took place in the
distant past.

4. Conclusions

We considered two sequences of well-measured spiral galaxies
from the MaNGA survey with different shapes of the radial oxy-
gen abundance distributions. The first sequence involved galax-
ies whose gradient was well approximated by a single linear
relation across the whole disc: the scatter of the binned oxy-
gen abundances around the O/H-R relation was smaller than
~0.01 dex. The galaxies of this sequence are referred to as galax-
ies with S (slope) gradients. The second sequence contained
galaxies with LS (level-slope) gradients, where the metallicity
in the inner region of the disc is at a (nearly) constant level (the
gradient is flatter than —0.05 dex/R5s) and the gradient is negative
at larger radii. A separate subsample of galaxies with a (nearly)
uniform oxygen abundance across the whole galactic radii was
selected as well. These galaxies are called galaxies with L (level)
gradients and can represent a limiting case of the two galaxy
sequences we considered. Our sample involved 29 galaxies with
S-type abundance distributions, 23 galaxies with LS-type abun-
dance distributions, and 8 galaxies with L-type abundance distri-
butions. We compared properties of galaxies with different gra-
dient shapes and that of the Milky Way.

The radial nitrogen abundance distributions in galaxies with
LS-type oxygen abundance distributions also show breaks at
radii smaller than the O/H distribution breaks. The observed
behaviour of the oxygen and nitrogen abundances with radius in
these galaxies can be explained by the time delay between nitro-
gen and oxygen enrichment, together with the variation in the
star formation history along radius. These galaxies clearly show
the effect of inside-out disc evolution, which predicts that the
galactic centre evolves more rapidly than the regions at greater
galactocentric distances.

We find that the abundances at the optical radii of all the
galaxies and at the centres of most galaxies with S-type abun-
dance gradients are located in the lower envelope of the band
in the N/O-O/H diagram. This implies that the oxygen enrich-
ment is defined by the ongoing star formation. In contrast,
the abundances at the centres of most galaxies with L and
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LS gradients are shifted towards an upper envelope of the
band. This suggests that these regions produce relatively small
amounts of oxygen on short timescales, while the production of
nitrogen by previous generations of stars continues, driving N/O
to higher values.

The abundance distribution in (large) spiral galaxies is not
related to their macroscopic characteristics (rotation velocity,
stellar mass, isophotal radius, and star formation rate). The
galaxies in the stellar mass diapason 10.5 < log(M,/My) < 11.5
show S, LS, and L gradients. In particular, the Milky Way can-
not be distinguished from galaxies with L gradients on the basis
of the macroscopic characteristics, although the MW shows very
steep abundance gradient in contrast to extremely flat metallicity
gradients in galaxies with L gradients.

The O/H gradient and the galactic macroscopic characteris-
tics are correlated for our sample of galaxies, but the correlations
are weak in the sense that the scatter of the points in each dia-
gram is large.

The galaxies with different abundance distributions in our
sample and the Milky Way are located within the main sequence
of the star-forming galaxies in the SFR-M, diagram.

The slope and shape of the radial oxygen abundance dis-
tribution in a galaxy (in particular, the nearly uniform oxygen
abundances in galaxies with L gradients) is independent of its
present-day environment. If the very flat oxygen abundance gra-
dients in galaxies with L gradients are caused by perturbations
from neighbouring galaxies, then these perturbations had to take
place in the distant past.
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