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ABSTRACT

We search for Milky Way-like galaxies among a sample of approximately 500 galaxies. The characteristics we considered of the
candidate galaxies are the following: stellar mass M, optical radius R,s, rotation velocity V,4, central oxygen abundance (O/H),, and
abundance at the optical radius (O/H)g,;. If the values of R,s and M, of the galaxy were close to that of the Milky Way, then the galaxy
was referred to as a structural Milky Way analogue (sMWA). The oxygen abundance at a given radius of a galaxy is defined by the
evolution of that region (astration level, that is, the fraction of gas converted into stars, as well as gas exchange with the surroundings),
and we then assumed that the similarity of (O/H), and (O/H)g,, in two galaxies suggests a similarity in their (chemical) evolution. If
the values of (O/H), and (O/H)r,, in the galaxy were close to that of the Milky Way, then the galaxy was referred to as an evolutionary
Milky Way analogue (eMWA). If the galaxy was simultaneously an eMWA and sMWA, then the galaxy was considered a Milky Way
twin. We find that the position of the Milky Way on the (O/H);—(O/H)g,, diagram shows a large deviation from the general trend in
the sense that the (O/H)g,, in the Milky Way is appreciably lower than in other galaxies of similar (O/H)o. This feature of the Milky
Way evidences that its (chemical) evolution is not typical. We identify four galaxies (NGC 3521, NGC 4651, NGC 2903, and MaNGA
galaxy M-8341-09101) that are simultaneously SMWA and eMWA and can therefore be considered as Milky Way twins. In previous
studies, Milky Way-like galaxies were selected using structural and morphological characteristics, that is, SMWAs were selected. We
find that the abundances at the centre and at the optical radius (evolutionary characteristics) provide a stricter criterion for selecting

real Milky Way twins.

Key words. galaxies: spiral — galaxies: abundances — ISM: abundances

1. Introduction

The position of the Milky Way in the context of the gen-
eral galaxy population is an important subject of study, as it
concerns identifying whether the Milky Way is really a typ-
ical spiral galaxy and the way(s) in which it differs if it is
not. In a number of investigations, there have been attempts
to establish how typical the Milky Way is amongst galaxies
and how many Milky Way-like galaxies exist. Milky Way-
like galaxies are usually referred to as Milky Way analogues
(MWAS). Boardman et al. (2020b) noted that there is no sin-
gle and commonly accepted definition of an MWA; rather, the
definition can change depending on the goals of a particular
study. Different characteristics of the Milky Way can be used
when comparing it to other galaxies (de Vaucouleurs & Pence
1978; Hammer et al. 2007; Mutch et al. 2011; Licquia et al.
2015, 2016; McGaugh 2016; Fraser-McKelvie et al. 2019;
Boardman et al. 2020b; Fielder et al. 2021), and galaxies may be
identified as being Milky Way-like on the basis of having sim-
ilar qualitative characteristics to the Milky Way or on the basis
of their position relative to the Milky Way in a given parameter
space.

de Vaucouleurs & Pence (1978) identified four nearby galax-
ies (NGC1073, NGC4303, NGC5921, and NGC6744) as
MWAs since their photometric parameters (morphological

type T, isophotal diameter, effective diameter, absolute B mag-
nitude, and mean colour index (B — V)) are in remarkably close
agreement with the corresponding values of the Milky Way.
Mutch et al. (2011) selected MWAS using stellar mass and the
structural parameter fpey as the selection criteria, where the
structural parameter fpey describes the fraction of light that cor-
responds to the de Vaucouleurs component of the light pro-
file and is correlated with the morphological type of galaxy
as well as with the bulge-to-total ratio (B/T). Licquia et al.
(2015) selected a large MWA sample from the Eighth Data
Release (Aihara et al. 2011) of the Sloan Digital Sky Survey I1I
(SDSS-III; York et al. 2000) on the basis of stellar mass and
current star formation rate. Boardman et al. (2020b) presented
a sample of 62 galaxies identified as MWAs on the basis of
their stellar masses and bulge-to-total ratios from the Mapping
Nearby Galaxies at Apache Point Observatory (MaNGA) sur-
vey (Bundy et al. 2015). The selection of MWAs using only two
characteristics of the Milky Way as the selection criteria is based
on the Copernican assumption that the Milky Way is not extraor-
dinary amongst galaxies, that is, any property of the Milky Way
is similar to that of the MWA galaxies selected (Mutch et al.
2011; Licquia et al. 2015; Boardman et al. 2020b).

It is evident that when the process of selecting MWAs
involves using a larger number of parameters as well as more
stringent constraints on a given parameter, it yields a sample of
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MWA galaxies with properties that are closer to the true proper-
ties of the Milky Way. However, the use of a greater number of
selection criteria (or an overly strict definition of “analogue’)
yields few, if any, MWA galaxies (Boardman et al. 2020a).
Indeed, Fraser-McKelvie et al. (2019) found only 176 MWAs
amongst over a million galaxies in the Sloan Digital Sky Sur-
vey (SDSS) Data Release 7 (Abazajian et al. 2009) when select-
ing based on stellar mass, bulge-to-total ratio (B/T), and mor-
phology (the presence of spiral arms and the presence of a
bar). Boardman et al. (2020b) did not find a single MWA in the
SDSS-IV MaNGA survey (Bundy et al. 2015) when attempt-
ing to select based on a combination of stellar mass, star for-
mation rate, bulge-to-total ratio (B/T), and disc scale length.
Those results suggested that some parameter(s) of the Milky
Way galaxy may be unusual or that the combination of its prop-
erties may be rare.

Hammer et al. (2007) compared the Milky Way to disc
galaxies within the same mass range, using its location in the
Tully—Fisher (variant of V, versus k-band luminosity) and other
diagrams. They found for all relationships that the Milky Way
galaxy is systematically offset by 1o, showing a significant defi-
ciency in stellar mass, angular momentum, disc radius, and Fe/H
in the stars in its outskirts at a given Vi, i.e. on the basis
of its location in the (Lj, Vi, and R,5) volume, the fraction
of spirals like the Milky Way was found to be around 7%. In
contrast, McGaugh (2016) found that the Milky Way appears
to be a normal spiral galaxy that obeys scaling relations, such
as Tully—Fisher, and the size-mass relation. He noted that the
galaxy NGC 3521 has a baryonic mass, rotation velocity, and
scale disc length that are very similar to those of the Milky Way;
these quantities are identical within the uncertainties. McGaugh
(2016) concluded that NGC 3521 is a near twin to the Milky
Way. Licquia et al. (2016) considered the three variants of the
Tully—Fisher relation (rotation velocity versus i-band luminos-
ity, stellar mass, and baryonic mass) and found that our Galaxy’s
properties are in excellent agreement with those Tully—Fisher
relations. They also examined the three-dimensional relation
(rotation velocity-luminosity-radius) using the disc scale length
as a measure of size for spiral galaxies. Licquia et al. (2016)
found that the Milky Way lies farther from the relation in com-
parison to 90% of other spiral galaxies, yielding evidence that
it is unusually compact for its rotation velocity and luminosity.
The expected disc scale length for the Milky Way from the rela-
tion is approximately 5 kpc, nearly twice as large as the observed
value. Thus, there is a hint that some parameter(s) of the Milky
Way (e.g. size) may not be perfectly typical and that the combi-
nation of the parameters may be rather rare.

The characteristics of a galaxy can be conditionally divided
into two types. The parameters of the first type (e.g. morphology,
luminosity, stellar mass, rotation velocity) describe the structure
and global characteristics of a galaxy at the present-day epoch
and can be called “structural parameters”. The parameter of the
second type is related to the oxygen abundance of a galaxy. The
oxygen abundance at a given radius of a galaxy is defined by
the evolution of this region of a galaxy (fraction of gas con-
verted into stars, i.e. astration level, and matter exchange with
the surroundings). Then the oxygen abundance can be consid-
ered as an indicator of a galaxy’s evolution and can be called an
“evolutionary parameter”. A galaxy located close to the Milky
Way in the field(s) of the first type of parameters is referred to
in this work as a structural Milky Way analogue (sMWA). A
galaxy located close to the Milky way in the field of the sec-
ond type of parameters is referred to as an evolutionary Milky
Way analogue (eMWA). If a galaxy is simultaneously an SMWA
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and an eMWA, then such a galaxy is considered a twin of the
Milky Way.

In fact, SMWAs were selected and examined in the papers
cited above. The oxygen abundance at the optical radius of the
Milky Way is appreciably lower in comparison to other galaxies
with similar central oxygen abundance (see below). This fea-
ture of the Milky Way evidences that its (chemical) evolution
is not typical. Therefore, it is highly useful to study the evo-
lutionary analogues of the Milky Way. The goal of the current
study is to search for and examine the galaxies that are simul-
taneously SMWAs and eMWAs. We considered three structural
parameters: optical radius, stellar mass, and rotation velocity.
Since rotation curve data are not available for some galaxies or
the rotation velocity has been measured with a large uncertainty
(e.g. in face-on galaxies with low-inclination angles) the posi-
tion in the M,—R,5—V,o has not been determined. The stellar
mass — optical radius diagram was therefore used to select the
sMWAs. The central abundance versus abundance at the opti-
cal radius diagram served in the search for eMWAs. We com-
pared the Milky Way with a sample of spiral galaxies for which
radial abundance distributions, optical radii, stellar masses, and
rotation curves were derived by us or compiled from the litera-
ture. Our sample of the comparison galaxies involves the nearby
galaxies and the galaxies from the MaNGA survey. The obtained
candidates of Milky Way twins are examined in more detail.

This paper is organised in the following way: the Milky Way
characteristics are described in Sect. 2. In Sect. 3, a sample of
(comparison) galaxies is reported. The selection of the Milky
Way-like galaxies is given in Sect. 4. The discussion is in Sects. 5
and 6 contains a brief summary.

2. Characteristics of the Milky Way Galaxy
2.1. Milky Way optical radius Ros

The maximum size of the Galactic stellar disc of the Milky Way
is not yet known. Some studies have suggested an abrupt drop-
off of the stellar density of the disc at galactocentric distances
R > 15kpc. Minniti et al. (2011) considered the clump giants of
the disc as standard candles, calibrated from HIPPARCOS paral-
laxes. They concluded that there is an edge in the stellar disc of
the Milky Way at R =13.9 + 0.5 kpc along various lines of sight
across the Galaxy. Based on the Two Micron All Sky Survey
(2MASS) data, Amores et al. (2017) found a disc truncation at
approximately 16.1 + 1.3 kpc. If age dependence for disc param-
eters is considered, then the disc truncation is 19.4 +1.4kpc
or 18.7+ 1.6 kpc. The density drops by 90% within 1 kpc, and
therefore the cutoff is sharp. In practice, this means that no disc
stars, or very few of them, should be found beyond this limit.

In contrast, Lépez-Corredoira et al. (2018) revealed the pres-
ence of disc stars at R > 26 kpc. Chrobédkov4 et al. (2020) calcu-
lated the stellar density using star counts obtained from Gaia
Data Release 2 up to a galactocentric distance of R=20kpc.
They found that the stellar density maps can be fitted by an
exponential disc in the radial direction hgq=2.07 +0.07 kpc,
with a weak dependence on the azimuth, up to 20kpc
without any cutoff. The flare and warp are clearly visible.
They found the stellar density in the solar neighbourhood
p =0.064 stars pc—> where the solar neighbourhood is defined as
the area where 7.5kpc <R <8.5kpc and —0.05 < z < 0.05 kpc.
Chrobakova et al. (2020) noted that this does not mean that
radial truncations are not possible in spiral galaxies, as there
are other galaxies in which they have been observed many years
ago (van der Kruit & Searle 1981), though the Milky Way is not
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one of them. Is should be noted that an exponential distribution
was also observed for the gas density of the Milky Way with-
out any truncation up to a distance of 40kpc from the centre
(Kalberla & Dedes 2008).

The optical radius can be estimated from the radial distribu-
tions of the surface stellar mass density in the disc described
by Eq. (1) by adopting (M/L)g =1.4 (Flynn et al. 2006). The
radial distribution of the surface stellar mass density in the disc
is described by the expression

R—RO)

X4 = X4 R, €XP (— N

d
where X, r, is the surface stellar mass density at the
solar galactocentric distance (Ry=8.178 £0.013 kpc,
GRAVITY Collaboration 2019) and hgq is the disc scale
length. It should be noted that a two-component disc (thin and
thick discs of different scale lengths) is usually considered (e.g.
McMillan 2017). The single exponential disc is adopted here.

Flynn et al. (2006) found a local stellar disc surface den-
sity of 35.5 Mg pc‘z, while McKee et al. (2015) found the value
of 33.4 Mypc™2. The solar neighbourhood is located in the
interarm region, and the “counted” local stellar disc surface
density should be corrected for the spiral arm enhancement
in order to find the azimuthal average of the surface stel-
lar mass density at the solar galactocentric distance, that is,
a 10% enhancement should be added to the “counted” local
stellar disc surface density (Flynn etal. 2006; Kubryk et al.
2015). This results in a stellar disc surface density at the
solar galactocentric distance of 39 M pc™2 (Flynn et al. 2006)
and 37 M, pc‘2 (McKee et al. 2015). We adopted X, z, =
38 M, pc2. Bland-Hawthorn & Gerhard (2016) analysed 130
papers on disc parameters, with scale lengths ranging from 1.8
to 6.0 kpc. Their analysis of the main papers (15 in all) on this
topic led to g = 2.6 + 0.5 kpc.

Regarding the conversion of the solar units L,pc™ to
magp arcsec™2, we note that the up=25.0magp arcsec™2 corre-
sponds to 6.44 L, pc with the adopted Mp o, = 5.45 (the relation
is up(mag arcsec?) = —2.5logLp (Lo pc™2) +27.022). The value
of the surface brightness of up = 25.0 magp arcsec™> corresponds
to the stellar surface mass density of ~9.0 My pc~2, assum-
ing (M/L)g =1.4 (Flynn et al. 2006). The value of the optical
radius Rys is around 12 kpc for the hgic =2.6 kpe and the stel-
lar disc surface mass density at the solar galactocentric distance
of 38 My, pc™2. This value of the optical radius is close to the
early estimation of the optical radius (R,s = 11.5 kpc) obtained
by de Vaucouleurs & Pence (1978). We adopted R,s =12.0 kpc
for the Milky Way.

2.2. Stellar mass M, and black hole mass Mgy of the Milky
Way

The stellar mass of the Milky Way is the sum of the stellar
masses of disc and bulge. Two comments on the determination
of the stellar mass of the Milky Way should be presented. First,
the mass of a single component exponential disc of a given scale
length can be estimated through the simple relation (McMillan
2017):

@)

where X, o is the central surface mass density of the disc and
hq is the scale length of the surface mass density distribution.
However, a two-component disc (thin and thick disc) is usually
considered. Therefore, the above expression should be applied

Mg = 2754 0h3,

Table 1. Estimations of the stellar mass of the Milky Way from different
publications.

Disc Bulge Total
(1019 Ms) (10" Mg) (10" My)
Flynn et al. (2006) 5.18+0.32
Bovy & Rix (2013) 46+03 0.6 52
Licquia & Newman (2015)  5.17+1.11  091+0.07 6.08+1.14
Licquia & Newman (2016) ~ 4.8*]3 091+£007 5743
McMillan (2017) 0.91+0.09 5.43+0.57
Cautun et al. (2020) 410+040 0.94+0.10 5.04+0.50
R/Ryg
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Fig. 1. Rotation curves of the Milky Way from Burton & Gordon
(1978), Eilers et al. (2019), Ablimit et al. (2020; two variants), and
Sofue (2020).

to each component of the disc. Second, it is often used to derive
not the mass of the pure bulge, but the sum of the mass of the
bulge and disc within the bulge region.

Estimations of the stellar mass of the Milky Way have been
reported in many papers (Flynn et al. 2006; Bovy & Rix 2013;
Licquia & Newman 2015, 2016; Bland-Hawthorn & Gerhard
2016; McMillan 2017; Cautun et al. 2020, among others).
Estimations from some papers are listed in Table 1. We
adopted the following value of the stellar mass of the
Milky Way: M, =5.2x10'° My, or log(M, /M) =10.716. The
mass of the black hole at the centre of the Milky Way
is equal to Mpy=4.15x10°M, or log(Mgu/Ms)=06.618
(GRAVITY Collaboration 2019).

2.3. Rotation velocity Vi

The rotation curve of the Milky Way has been obtained by
many studies (e.g. Burton & Gordon 1978; Eilers et al. 2019;
Ablimit et al. 2020; Sofue 2020). Figure 1 shows the rotation
curves from one early investigation (Burton & Gordon 1978)
and from three recent papers (Eilers et al. 2019; Ablimit et al.
2020; Sofue 2020). Burton & Gordon (1978) have determined
the Galactic rotation curve in the galactocentric distance range
up to 10kpc using molecular gas velocities combined with
atomic gas velocities. Eilers et al. (2019) have measured the cir-
cular velocity curve of the Milky Way with the highest preci-
sion to date across galactocentric distances of 5 < R < 25 kpc.
They used precise parallaxes, spectral data, and photometric
information from the Apache Point Observatory Galactic Evo-
lution Experiment (APOGEE), the Wide-field Infrared Survey
Explorer (WISE), 2MASS data, and Gaia for 23 000 luminous
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Fig. 2. Radial oxygen abundance distribution in the Milky Way.
Panel a: radial abundance gradients obtained by Arellano-Cérdova et al.
(2020, 2021). The black circles designate the HII regions from
Arellano-Coérdova et al. (2020). The dashed black curve is the quadratic
fit to those data. The blue squares mark the HII regions from
Arellano-Cérdova et al. (2021). The solid blue line shows the linear fit
to all the data. Panel b: radial abundance distribution in the Milky Way
obtained in this work (see text). The black circles denote the HII regions
used in the determination of the radial abundance gradient (solid line).
The open circles designate the HII regions excluded from the determi-
nation of the abundance gradient.

red giant stars. Ablimit et al. (2020) analysed about 3500 clas-
sical Cepheids identified from different surveys. They used two
kinematical methods to measure the Galactic rotation curve in
the galactocentric distance range from ~4 to ~19kpc. Sofue
(2020) constructed an unified rotation curve of the Milky Way
from the Galactic centre to the galactocentric distance of about
100 kpc by averaging the published rotation curves that are based
on the molecular gas velocities and on the velocities of approxi-
mately 16 000 red clump giants in the outer disc combined with
velocities of around 5700 halo K giants.

The obtained values of the maximum rotation velocity are
between ~230km s~ and ~245km s~!. The value of the rotation
velocity of the Milky Way that we adopted is Vi =235kms™!,
or logViy =2.371.

2.4. Oxygen abundance

The oxygen abundances of 42 HII regions of the Milky Way
determined through the direct 7. method have been recently
reported by Arellano-Cérdova et al. (2020, 2021). Panel a in
Fig. 2 shows the radial distribution of the oxygen abundances
in the Milky Way obtained by the cited authors. The black cir-
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cles denote the H 1 regions from Arellano-Cérdova et al. (2020).
The dashed black curve is the quadratic fit to those data

12 + log(O/H) = 8.64 — 0.009 x R — 0.0014 x R. 3)

The blue squares in panel a of Fig. 2 designate the HII regions
from Arellano-Cérdova et al. (2021). The solid blue line is the
linear fit to all the data

12 + log(O/H) = 8.84(+0.09) — 0.042(+0.009) X R. )

It is believed that the 7. method, which is based on
the measurements of temperature sensitive line ratios, should
give accurate oxygen abundances. In practice, however, Te-
based oxygen abundances of the same HII region derived in
different works can differ for two reasons: First, there may
be errors in the line intensity measurements. Second, the
T.-based oxygen abundances depend on the relations used to
convert the values of the line fluxes to the electron tempera-
tures and to the ion abundances. The determined abundances
also depend on the adopted relationship between the elec-
tron temperature in low-ionisation zones and electron temper-
atures in the high-ionisation part of the nebula. Differences
between the oxygen abundances in a given HII region pro-
duced by different relations used in the 7, method can be
appreciable. For example, Esteban et al. (2017) found an oxy-
gen abundance of 12 +1og(O/H)r, =8.14 £ 0.05 in the Galactic
H11 region Sh 2—-83, while Arellano-Cérdova et al. (2020) found
12 +1og(O/H)7, = 8.28 £ 0.08 in the same region using the same
spectroscopic measurements. Berg et al. (2015) detected auro-
ral lines in 45 H1I regions in the nearby galaxy NGC 628. They
determined the T.-based abundances in those HII regions and
estimated the radial abundance gradient. They found the cen-
tral (intersect) oxygen abundance 12 +log(O/H), = 8.83 + 0.07
in NGC 628. In their recent paper (Berg et al. 2020), they recal-
culated the ionic and total 7.-based abundances in the same
H1I regions and determined the central (intersect) oxygen abun-
dance 12 +1og(O/H)g = 8.71 £0.06 in NGC 628.

In this paper, the oxygen abundance of the Milky Way is
compared to the oxygen abundances in galaxies determined
through the R calibration from Pilyugin & Grebel (2016). The
T.-based oxygen abundances in HII regions used as the cali-
brating data points in the construction of the R calibration were
derived using the T.-method equations reported in Pilyugin et al.
(2012). Therefore the T.-based oxygen abundance in the Milky
Way and the R calibration-based abundances in other galaxies
correspond to this unique abundance scale (Pilyugin & Grebel
2016; Pilyugin et al. 2022) if only the T.-based oxygen abun-
dances in H1I regions in the Milky Way are determined using
the T.-method equations from Pilyugin et al. (2012). We then
redetermined the oxygen abundances in HII regions of the
Milky Way. The line intensity measurements in the spectra
of the HII regions were taken from the same sources as in
Arellano-Cérdova et al. (2020, 2021). If the measurements of
two auroral lines ([O11]14363 and [N II]A5755) were available
for the H1I region, then the two values of the oxygen abundance
were determined. The first value of the abundance is based on
the electron temperature in high-ionisation parts of the nebula
estimated using the auroral line [O1II]14363 and the electron
temperature in the low-ionisation parts of the nebula obtained
from the relationship between the electron temperature in low-
ionisation zones and electron temperatures in high-ionisation
parts of the nebula. The second value of the abundance is based
on the electron temperature in low-ionisation zones estimated
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from the measured auroral line [N I1]15755 and the electron tem-
perature in high-ionisation zones determined from the relation-
ship between electron temperatures.

The obtained oxygen abundances are presented in the lower
panel of Fig. 2. Because there is no visual evidence for a break
in the O/H gradient, we characterised the O/H gradient in the
Milky Way with a single linear regression. The points with devi-
ations in excess of 0.3 dex from the regression (open circles in
the lower panel of Fig. 2) were rejected when determining the
final relation. The obtained relation,

12 + log(O/H) = 8.76(x0.04) — 0.044(+0.004) X R, )
is shown by the solid line in the lower panel of Fig. 2. The
scatter in O/H around this relation is 0.092 dex for the 54 data
points. The derived O/H-R relation (Eq. (5)) resulted in the value
of the oxygen abundance at the optical radius (R,s = 12kpc) of
12 +1og(O/H)g,, = 8.24.

We emphasise that we do not pretend that the values
of the T.-based abundances for the Milky Way recomputed
here are more accurate than the original abundance values
derived by Arellano-Cérdova et al. (2020, 2021). Our aim is
that the abundances of all the galaxies used here correspond
to the same metallicity scale. This is mandatory for the current
study.

We also note that the derived value of the central (inter-
sect) oxygen abundance in the Milky Way may be slightly
overestimated. The measured radial distributions of the sur-
face mass density of atomic HI and molecular H, hydrogen in
the Milky Way suggests that the gas can be entirely exhausted
(fully converted into stars) within a radius of approximately
1 kpc (McMillan 2017). If this is the case, then the gas-phase
oxygen abundance reaches the maximum (attainable) value at
the radius of around 1kpc and remains constant within this
radius.

Thus, we adopted the following values for the Milky Way
characteristics. The stellar mass is M, =5.2x 10 Mg or
logM, =10.716. The rotation velocity is Vi =235kms™!
or logVi=2.371. The optical radius is Rps=12kpc
or logRys=1.079. The mass of the black hole is
Mgy =4.15x10° My or logMgy =6.618. The central oxy-
gen abundance is 12 + log(O/H), = 8.76. The oxygen abundance
at the optical radius is 12 +log(O/H)g,; = 8.24.

3. A sample of comparison galaxies

The characteristics of the Milky Way are compared with a sam-
ple of galaxies. Our sample of the comparison involves two sub-
samples: a sample of nearby galaxies and a sample of galaxies
from the MaNGA survey. Those subsamples are described in this
section.

3.1. Nearby galaxies

The spectral measurements of HII regions in nearby galaxies
are compiled in Pilyugin et al. (2004, 2014). This data compi-
lation served as the base for the construction of the comparison
sample of nearby galaxies. To have the oxygen abundances in
a unique metallicity scale, only the galaxies where the radial
abundance gradient was determined through the R calibra-
tion from Pilyugin & Grebel (2016) were considered, with one
exception (see below). Therefore, only the spectra with mea-
sured emission lines [O 11]A43727,3729 from the compilation in
Pilyugin et al. (2014) were taken into consideration. New spec-

tral measurements of HII regions in the galaxies were added
(if available).

The galaxy NGC 3521 is the one exception, as the abun-
dances in ten HII regions were estimated through the P cali-
bration and were added to the abundances in three HII regions
determined through the R calibration (Sect. 4.4.1). The rela-
tive accuracy of the P calibration-based abundances is around
0.1 dex, that is, the oxygen abundances estimated through the
P calibration agree with the T.-based abundances within
~0.1dex (Pilyugin & Thuan 2005). However, the P calibration
encounters the following difficulty: It is well known that the rela-
tion between the oxygen abundance and the strong oxygen line
intensities is double valued, with two distinct parts, traditionally
known as the upper and lower branches of the R,3;—O/H diagram
(e.g. Pagel et al. 1979; Pilyugin 2000, 2001). Two distinct rela-
tions between the oxygen abundance and the strong oxygen line
intensities have been established: one for the upper branch (the
high-metallicity calibration) and one for the lower branch (the
low-metallicity calibration). There is a transition zone between
the upper and lower branches (from 12 +1og(O/H)~ 8.3 to
12 +log(O/H) ~ 8.0) where the P calibration cannot be applied
(e.g. Pilyugin & Thuan 2005). Thus, one has to know a pri-
ori on which of the two branches the HII region lies. In the
case of NGC 3521, we overcame this difficulty in the follow-
ing way. It is known that discs of spiral galaxies show radial
oxygen abundance gradients, in the sense that the oxygen abun-
dance is higher in the central part of the disc and decreases with
galactocentric distance. Abundances determined through the
R calibration in three H1I regions in the inner part of NGC 3521
are 12 + log(O/H) ~ 8.6. We thus started from the H1I regions in
the inner part of NGC 3521 and moved outward until the radius
where the oxygen abundance decreases to 12 +1log(O/H) ~ 8.3
(the start of the transition zone between the upper and lower
branches). An unjustified use of the upper branch calibration in
the determination of the oxygen abundance in low-metallicity
HI1I regions would result in wrong estimations. Therefore, we
used the R calibration everywhere, which is workable over the
whole metallicity scale, while we used the P calibration in one
galaxy only.

The distances to galaxies, the angular optical radii, the angles
of the orientation of the galaxy in space, the stellar masses, the
rotation curves, and the masses of the central black holes were
taken from the literature. The rotation curves of a number of
nearby galaxies (e.g. with small inclination angles) were either
not available or estimated with large uncertainties. The estima-
tions of the masses of the central black holes were available for
a small fraction of galaxies only.

The sample of nearby galaxies are reported in Table 2; the list
includes 53 galaxies. Table 2 lists the general characteristics of
each galaxy. The first column provides the name for each galaxy.
The optical (isophotal) radius R,s in arcmin of each galaxy is
reported in the second column. The inclination and the position
angle of the major axis are listed in columns three and four.
The distance is reported in column five. The rotation velocity
is given in column six. The stellar mass is reported in column
seven. The optical radius in kiloparsecs, estimated from the data
in columns two and five, is given in column eight. The oxygen
abundances at the centre 12 + log(O/H)( and at the optical radius
12 +10g(O/H)g,, are listed in columns nine and ten. The mass of
the black hole at the centre of the galaxy is reported in Col. 11.
Notes on the individual galaxies and the references to the sources
of the data are given in Appendix A. The radial abundance dis-
tributions and rotation curves of several candidate Milky Way
twins are presented in Sect. 4.4.
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Table 2. Characteristics of nearby galaxies.
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Galaxy Ry i PA d Vot logM Rys 12 +1og(O/H)y 12 +10g(O/H)g,, logMgy
(arcmin) (°) () Mpe) (kms™H)  (Me)  (kpe) (Mo)
NGC 0224 9527 77 38 0.82 253 11.00 22.72 8.715 8.337 8.15
NGC 0253 13.77 76 235 3.70 211 10.54 14.82 8.493 8.414 7.00
NGC 0300 1094 42 106 194 85 9.32 6.17 8.444 8.019 -
NGC 0598 3540 54 201 0.94 125 9.69 9.68 8.489 8.037 -
NGC 0628 524 6 25 9.91 - 10.36  15.09 8.667 8.257 -
NGC 0753 1.26 50 128 7240 210 1091 26.45 8.586 8.522 -
NGC 0925 524 66 287 9.29 115 9.75 14.15 8.440 8.080 -
NGC 1058 1.51 15 145 10.60 - 9.40 4.66 8.649 8.384 -
NGC 1068 354 35 73 13.97 - 1091 14.38 8.696 8.594 6.75
NGC 1097 467 46 134 13.58 253 10.76  18.43 8.661 8.523 8.38
NGC 1232 371 30 270 21.50 220 10.67 23.18 8.741 8.254 -
NGC 1313 6.12 48 0 4.32 112 9.46 7.69 8.163 8.016 -
NGC 1365 5.61 46 222 19.60 300 10.78 31.98 8.619 8.411 6.60
NGC 1512 446 42 262 18.83 179 10.72 2441 8.741 8.362 7.78
NGC 1598 0.72 55 123 55.80 110 1021  11.73 8.665 8.390 -
NGC 1672 330 43 134 19.40 - 10.73 18.64 8.639 8.510 7.08
NGC 2403 1094 63 124 3.19 134 9.65 10.15 8.465 7.934 -
NGC 2442 275 29 27 2150 - 10.84 17.18 8.606 8.556 7.28
NGC 2805 3.16 36 123 28.70 106 9.98 26.34 8.477 8.106 -
NGC 2835 330 41 1 12.22 - 10.00 11.74 8.498 8.193 6.72
NGC 2903 587 65 204 8.90 215 10.52 15.21 8.707 8.369 7.06
NGC 2997 446 33 108 11.30 185 10.49 14.66 8.725 8.362 5.84
NGC 3031 1069 59 330 3.63 215 10.69 11.29 8.638 8.489 7.81
NGC3184 371 16 179 11.62 210 1041 12.53 8.721 8.395 -
NGC 3351 371 41 192 9.96 196 10.37 10.74 8.696 8.619 6.52
NGC 3359 3.62 53 350 22.60 145 10.18 23.81 8.401 7.966 -
NGC 3521 416 73 340 10.70 227 10.70 12.94 8.78@ 8.29@ 6.85
NGC 3621 488 65 345 17.06 140 10.06 10.03 8.704 8.124 6.00
NGC 4254 2.68 34 68 13.10 183 1042 10.23 8.662 8.408 -
NGC4258 931 72 331 17.58 200 10.71  20.53 8.600 8.443 7.58
NGC4303 323 27 318 16.99 150 10.51 15.95 8.658 8.261 6.58
NGC4321 371 27 153 15.21 270 10.75 16.40 8.616 8.537 6.67
NGC 4395 659 46 324 451 80 9.42 8.65 8.063 8.078 5.64
NGC4501 346 64 141 16.80 280 11.00 16.90 8.774 8.445 7.13
NGC 4625 1.09 31 303 11.75 60 9.08 3.74 8.624 8.489 -
NGC4651 199 53 77 19.00 215 1042  11.00 8.652 8.275 -
NGC 5055 587 59 102 8.87 192 10.73 15.16 8.693 8.414 8.92
NGC 5068 3.62 35 342 520 - 9.41 5.48 8.474 8.316 -
NGC519%4 561 22 173 8.58 219 10.66  14.00 8.700 8.557 -
NGC 5236 6.44 24 225 4.89 190 10.53 9.16 8.688 8.567 -
NGC 5248 3.08 47 109 14.87 196 1041 13.34 8.517 8.550 6.30
NGC 5457 1442 18 37 6.85 - 10.58 28.73 8.688 7.895 6.41
NGC 6384 3.08 55 31 25.90 230 10.76  23.23 8.783 8.410 -
NGC 6744 998 50 16 9.39 200 10.77  27.25 8.840 8.200 6.89
NGC 6946 574 33 243 7.34 186 1045 12.26 8.648 8.390 -
NGC 7331 524 76 168 14.70 244 11.00 22.39 8.590 8.545 8.02
NGC 7518 071 47 294 47.56 - 10.17 9.77 8.675 8.572 -
NGC 7529 043 29 157 63.20 - 9.87 7.82 8.637 8.374 -
NGC 7591 098 68 148 67.30 199 10.57 19.08 8.638 8.553 -
NGC 7793 524 50 290 3.62 95 9.40 5.51 8.477 8.134 -
1C 0342 10.69 31 37 3.45 170 10.37  10.73 8.713 8.287 -
IC5201 426 67 206 9.20 98 9.88 11.39 8.349 7.819 -
1C 5309 067 63 20 55.70 152 10.21 1093 8.614 8.565 -

Notes. The notation  indicates that the abundance distribution was traced using P calibration-based abundances.
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3.2. MaNGA galaxies

Using the publicly available spectroscopy obtained by the
MaNGA survey (Bundy et al. 2015; Albareti et al. 2017, Data
Release 15), the rotation curves, surface brightness profiles,
radial distributions of the oxygen abundance, and the gas veloc-
ity dispersion were determined for a large sample of late-type
galaxies (Pilyugin et al. 2018, 2019, 2020, 2021). As an exam-
ple, Figs. 3 and 4 show the obtained maps and radial dis-
tributions of different characteristics of the MaNGA galaxies
M-8934-12701 and M-8341-09101. The characteristics of the
MaNGA galaxies were determined using our own emission line
measurements. The emission line parameters for those galax-
ies are also available from the MaNGA Data Analysis Pipeline
(DAP) measurements. The geometrical parameters of the galax-
ies (coordinates of the rotating centre, the position angle of the
major kinematic angle, and the inclination angle) were obtained
for a number of galaxies using both our measurements and
the DAP measurements (we used the datacubes from the pub-
licly available Data Release 16; Pilyugin et al. 2021). We also
carried out a quantitative comparison between spaxel proper-
ties (oxygen abundance and gas velocity dispersion) based on
our measurements and the DAP measurements. The geometrical
parameters and spaxel properties of the galaxies based on our
measurements agree with those based on the DAP measurements
(Pilyugin et al. 2021). Thus, our data on the MaNGA galaxies
are robust.

The distances to the galaxies were taken from the
NASA/IPAC Extragalactic Database (NED)'. The NED distances
use flow corrections for Virgo, the Great Attractor, and the Shap-
ley Supercluster infall (adopting a cosmological model with
Hy = 73kms™! Mpc’l, Q, = 027, and Q, = 0.73). We
note that we considered a rather nearby sample of galaxies,
and therefore the choice of parameters for the cosmological
model is not very crucial. We chose the spectroscopic stellar
masses M, of the SDSS and BOSS (i.e. the Baryon Oscillation
Spectroscopic Survey in SDSS-III; see Dawson et al. 2013). The
spectroscopic masses were taken from the table STELLARMASS
PCAWISCBCO03 and were determined using the Wisconsin
method (Chen et al. 2012) with the stellar population synthesis
models from Bruzual & Charlot (2003).

The oxygen abundances were determined through the R cal-
ibration (Pilyugin & Grebel 2016) using the spaxel spectra. The
measured line fluxes F' ‘jbs were corrected for the interstellar red-
dening F = F jbs x 10€m/1, where Chyp is the logarithmic extinc-
tion at HB. The value of Cyg was estimated through a comparison
between the measured and the theoretical Fy,/Fyg ratios,

Chp = (10g(Fua/Frp) ™ — 10g(Fua/Frp)*™)/ (fiaa — fup)s  (6)

using the reddening law (function f)) of Cardelli et al. (1989)
with Ry =3.1. The theoretical value for the (Fyo/Fug)*®" line
ratio (=2.87) was taken from Osterbrock & Ferland (2006),
assuming the case B recombination. If the measured value of
the ratio Fy,/Fug was lower than the theoretical one, then the
reddening was assumed to be zero.

We classified the excitation of the spaxel spectrum using its
position on the standard diagnostic Baldwin—Phillips—Terlevich
(BPT) diagram [N11]26584/Ha versus the [O m1JA5007/HB, as
suggested by Baldwin et al. (1981). As in our previous stud-
ies (Zinchenko et al. 2019; Pilyuginetal. 2020, 2021), the

! The NASA/IPAC Extragalactic Database is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration, http:
//ned.ipac.caltech.edu/

spectra located to the left (below) the demarcation line of
Kauffmann et al. (2003) are referred to as the SF-like or HII
region-like spectra; those located to the right (above) the demar-
cation line of Kewley et al. (2001) are referred to as the AGN-
like spectra; and the spectra located between both demarcation
lines are classified as intermediate (INT) spectra. The oxygen
abundances were determined only in spaxels with HII region-
like spectra.

The final sample of MaNGA galaxies was selected by visual
inspection, considering the obtained surface brightness profile,
rotation curve, and abundance distribution for each galaxy. The
spaxels with measured emission lines and surface brightness
needed to be well distributed across the galactic disc, that is,
covering more than ~2/3R;s. This condition allowed us to esti-
mate values of the rotation velocity, the surface brightness, and
the oxygen abundance both at the centre and at the optical radius
since the extrapolation is relatively small (if any). Unfortunately,
this condition resulted in the loss of galaxies where ongoing star
formation does not occur over a significant fraction of galaxy.
We note that only the spaxel spectra where the used lines are
measured with a §/N >3 were considered. Therefore, the spax-
els with reliable measured spectra can cover less than ~2/3R;s,
even if the total spaxel spectra beyond 2/3R;s are available. The
deprojected fractional galactocentric distances (normalised to
the optical radius Rjs) of each spaxel were estimated using the
kinematic angles for galaxies with inclination angles of i > 30°
and photometric angles for face-on galaxies with inclination
angles of i <30°.

For the current study, galaxies from the MaNGA sample
were selected when the radial oxygen abundance distribution
was satisfactory approximated by a single linear relation. The
approximations of the radial abundance distribution in each
galaxy for both the simple linear fit and the broken linear fit
were estimated (panels c2 in Figs. 3 and 4). We used the dif-
ferences between the intersect values of the oxygen abundances
given by the single linear relation and the abundances given by
the broken linear relation at the galaxy centre A(O/H)( and at the
optical radius A(O/H)g,; as the selection criteria. The absolute
values of A(O/H)g and A(O/H)g,, are usually within 0.05 dex for
the galaxies (Zinchenko et al. 2016; Pilyugin et al. 2017). The
galaxies where the sum of the absolute values of A(O/H)y and
A(O/H)g,, exceed 0.1 dex were rejected.

Thus, our final sample of comparison galaxies includes
504 galaxies, of which 451 are MaNGA galaxies and 53 are
nearby galaxies. Unfortunately, the rotation curves are available
only for 423 galaxies (e.g. rotation curves are not derived for
low-inclination MaNGA galaxies), and the stellar mass estima-
tions are available only for 495 out of 504 galaxies.

4. Milky Way among galaxies

4.1. Comparison of the Milky Way properties with our
reference sample

Figure 5 shows the comparison between the characteristics of
the Milky Way and the galaxies in our sample. In panel a, we
plot the stellar mass of the galaxy M, as a function of its rota-
tion velocity V;o (Tully—Fisher diagram). Since the gas mass in
spiral galaxies with stellar masses similar to the Milky Way is
lower than the stellar mass by around an order of magnitude
(Parkash et al. 2018), the stellar mass can also be considered
in the first approximation as the representative of the baryonic
mass of the galaxy. The grey points in the figure denote the
data for individual MaNGA galaxies, while the goldenrod points
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Fig. 3. Properties of the MaNGA galaxy M-8934-12701. Panel al: surface brightness distribution across the image of the galaxy in sky coordinates
(pixels). The value of the surface brightness is colour-coded. The circle shows the kinematic centre of the galaxy, the dark solid line indicates
the position of the major kinematic axis of the galaxy, and the solid ellipse is the optical radius for kinematic angles. The red cross is the
photometric centre, the red dashed line indicates the position of the major photometric axis, and the red dashed ellipse is the optical radius for
photometric angles. Panel a2: photometric profile (points) and its fit (line) within the optical radius. Panel b1: line-of-sight velocity field in sky
coordinates. Panel b2: rotation velocity curve (points) and its fit (line) within the optical radius. Panel cI: oxygen abundance map. Panel c2:
radial abundance distribution. The grey points denote the abundances for the individual spaxels, the solid line is the simple linear fit to those
data, while the dashed line is the broken linear fit to the same data. Panel d1: map of the gas velocity dispersion o. Panel d2: radial distribution
of the gas velocity dispersion o in the disc. The coloured circles denote the gas velocity dispersion for the individual spaxels of HII region-like
(blue symbols), intermediate (red symbols), and AGN-like (black symbols) spectra classification. Panel el: map of the measured flux in the He
emission line per spaxel in units of 1077 erg s™! cm™?/spaxel. Panel e2: radial distribution of the measured Ha flux. The coloured circles denote the
flux for the individual spaxels of H-region-like (blue symbols), intermediate (red symbols), and AGN-like (black symbols) spectra classification.
Panel f1: map of the BPT spectra classification. The BPT types of radiation for the individual spaxels are colour-coded. Panel f2: BPT diagram for
the individual spaxels colour-coded by HII region-like (blue symbols), intermediate (red symbols), and AGN-like (black symbols) spectra. Solid
and short-dashed curves mark the demarcation line between AGNs and H1I regions defined by Kauffmann et al. (2003) and Kewley et al. (2001),
respectively. The long-dashed line is the dividing line between Seyfert galaxies and LINERs defined by Cid et al. (2010).
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Fig. 4. Properties of the MaNGA galaxy M-8341-09101. The notations are the same as in Fig. 3.

correspond to nearby galaxies from our sample. The linear fit to
all the data is given by the expression

log M, = 2.003(£0.152) + 3.742(+0.068) X log Vit @)
and is shown with the solid line in panel a of Fig. 5. The mean
value of the scatter in the M, around the relation is o = 0.220 dex
for the 414 points. The red circle marks the position of the Milky
Way. The deviation of the Milky Way stellar mass from the rela-
tion is —0.170dex, or —0.770.

Panel b of Fig. 5 shows the optical radius of the galaxy R;s in
kiloparsecs as a function of its rotation velocity V;o. The linear
fit to all the data,

log Rys = —0.973(x0.075) + 0.922(=0.034) X 1og Vyey, 8)

is shown with the solid line in panel b of Fig. 5. The mean
value of the scatter in the Rps values around the relation is
o =0.112dex for the 423 points. The red circle marks the posi-
tion of the Milky Way. The deviation of the Milky Way optical
radius from the relation is —0.134 dex, or —1.210.

In panel c of Fig. 5, we plot the optical radius of the galaxy
Rys in kiloparsecs versus the stellar mass M,. The obtained
Ry5—M . relation is given by

1og Ras = —1.561(+0.074) + 0.256(x0.007) x log M, )

and is shown with the solid line in panel ¢ of Fig. 5. The
mean value of the scatter in the R»5 values around the relation
is 0=0.100dex for the 495 points. The red circle marks the
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Fig. 5. Comparison of the characteristics of the Milky Way and galaxies from our sample. Panel a: stellar masses M, as a function of rotation
velocity V,o (Tully-Fisher diagram). The grey points in each panel denote individual MaNGA galaxies, while the goldenrod points correspond
to nearby galaxies in our sample. The solid line is the linear fit to all the data, while the dotted lines are +o deviations. The red circle marks
the position of the Milky Way. Panel b: optical radius R,s as a function of rotation velocity V,y. Panel c: optical radius R,s as a function of
stellar mass M. Panel d: black hole mass Mgy as a function of stellar mass M,.. Panel e: central oxygen abundance (O/H), as a function of stellar
mass M,. Panel f: oxygen abundance at the optical radius (O/H)g,; as a function of stellar mass M,.

position of the Milky Way. The deviation of the Milky Way opti-
cal radius from the relation is —0.101 dex, or —1.00c".

Panel d of Fig. 5 shows the black hole mass Mgy as a func-
tion of stellar mass M,. Unfortunately, the estimations for the
central black hole mass are available only for a small fraction of
the nearby galaxies.

Panel e of Fig. 5 shows the central oxygen abundance (O/H)q
in the galaxy as a function of stellar mass M. The points desig-
nate the data for individual galaxies (grey — MaNGA and gold-
enrod — nearby galaxies) from our sample. The red circle marks
the position of the Milky Way. Panel f of Fig. 5 shows the oxygen
abundance at the optical radius (O/H)g,, as a function of stellar
mass M,.

Inspection of Fig. 5 showed that the most prominent devia-
tion of the position of the Milky Way from the general trends
of the galaxies in our sample takes place in the (O/H)o—M.,
and (O/H)g,,—M, diagrams. The difference between oxygen
abundances at the optical radius and at the centre log(O/H)g,,—
log(O/H)y is, by definition, the radial abundance gradient in the
galaxy expressed in units of dex/R,s. Panel a in Fig. 6 shows
the normalised histogram of the radial oxygen abundance gra-
dients for our sample of galaxies. The solid line denotes the
histogram of the measured gradients in bins of 0.025 dex/R;s,
and the dashed line is the Gaussian fit to those data. The arrow
marks the value of the radial abundance gradient of the Milky
Way. The mean value of the gradients in our sample of galaxies
is —0.20 dex/R»s, and the scatter is —0.10 dex/R,5. Sanchez et al.
(2014) examined the radial abundance gradients in the sample of
CALIFA galaxies and found that all galaxies without clear evi-
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dence of an interaction present a common gradient in the oxy-
gen abundance with a characteristic slope of —0.16 dex/R,s and
a dispersion of 0.12 dex/R;s. Thus, the distribution of the gradi-
ents for our sample of galaxies is similar to the distribution from
Sanchez et al. (2014). Panel a in Fig. 6 shows that the gradient
in the Milky Way is in the far wing (or in the tail) of the distribu-
tion of gradients. The deviation of the gradient in the Milky Way
(—0.5 dex/R;5) from the mean value of the gradients for our sam-
ple of galaxies (0.2 dex/Rys) is —0.3 dex/R,s, which is —30". The
ratio of the oxygen abundance at the centre to the oxygen abun-
dance at the optical radius is (O/H)o/(O/H)g,, ~ 3 for the Milky
Way, which is twice as large as the mean value of ratios for our
sample of galaxies. It should be noted that the (O/H)o/(O/H)g,,
ratio in the well studied nearby galaxy NGC 5457 (M 101) is
twice as high as that in the Milky Way. Panel b in Fig. 6 shows
the normalised histograms of the radial oxygen abundance gra-
dients for subsamples of MaNGA (dotted line) and nearby (solid
line) galaxies. The histograms have been normalised to the same
value as the histogram in panel a.

4.2. Searching for Milky Way twin candidates using strict
criteria

The optical radius, stellar mass, and rotation curve specify the
structure of a galaxy. These characteristics of a galaxy are related
to each other. In general, any two of these characteristics can
be used to search for galaxies with a similar structure. Rotation
velocities are not available for a fraction of the galaxies in our
sample. Therefore, a stellar mass versus optical radius diagram
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Fig. 6. Histograms of the radial oxygen abundance gradients for our
sample of galaxies. Panel a: normalised histogram of the radial oxy-
gen abundance gradients for our sample of galaxies (MaNGA + nearby).
The solid line denotes the histogram of the obtained gradients, while
the dashed line corresponds to the Gaussian fit to those data. The arrow
marks the value of the radial abundance gradient of the Milky Way.
Panel b: normalised histograms of the radial oxygen abundance gradi-
ents for subsamples of MaNGA (dotted line) and nearby (solid line)
galaxies. The histograms were normalised to the same value as the his-
togram in panel a.

was used as the basic diagram to compare the structure of the
Milky Way and other spiral galaxies. Galaxies located close to
the Milky Way on the M,—R,s diagram are referred to as struc-
tural Milky Way analogues (SMWAS).

The oxygen abundance at a given radius of a galaxy is
defined by the evolutionary stage (the astration level) of that
region and by the matter exchange with the surroundings. One

can expect that if the oxygen abundances at the centre and at
the optical radius (evolutionary stages at the centre and at the
optical radius) are similar in two galaxies, then those galax-
ies have evolved in a more or less similar way. Then the cen-
tral abundance — abundance at the optical radius diagram can
be used to compare the evolution of the Milky Way and other
spiral galaxies. Galaxies located close to the Milky Way on
the (O/H)o—(O/H)g,, diagram are referred to as evolutionary
Milky Way analogues (eMWAs). If a galaxy is simultaneously
an SMWA and an eMWA, then such a galaxy can be considered
a Milky Way twin candidate.

We defined the distance between the positions of a galaxy
and the Milky Way in the Rys—M,, diagram

Dyr = [(10g Ros —10g Rosvmw)* + (log My —log M vw)’] 3. (10)

The value of Dy is some kind of measure (index) of the struc-
tural difference between a galaxy and the Milky Way. We also
defined the distance between the position of each galaxy and the
Milky Way in the (O/H)g,,—(O/H), diagram

Don = [(Zo — Zoww)* + Ziys — Zrosnw) 1%, (11)
where the notation Z = 12 + log(O/H) is used for the sake of
brevity. The value of the Doy is some kind of measure (index)
of the evolutionary difference between a galaxy and the Milky
Way.

We plot the index of the structural difference between the
galaxy and the Milky Way Dy as a function of the index of the
evolutionary difference Doy for our sample of galaxies in panel
a of Fig. 7. In this section, we select the Milky Way-like galax-
ies using a strict criteria for similarity. We adopted galaxies with
Doy <0.1 as eMWASs and galaxies with Dyr <0.1 as SMWAs.
Panel b of Fig. 7 shows the (O/H)o—(O/H)g,, diagram. Panel ¢
shows the Rs—M, diagram, and panel d shows the Rys5—Viq
diagram.

Inspection of Fig. 7 shows that the eMWAs are rather
rare, while the SMWAs are more numerous. This implies that
the Milky Way shows a rather atypical (chemical) evolution.
A prominent feature of the Milky Way is its high metallic-
ity (oxygen abundance) at the centre of the disc, which is
close to the maximum attainable oxygen abundances in galax-
ies, while the oxygen abundance at the optical radius is signif-
icantly lower in comparison to other galaxies of similar cen-
tral oxygen abundances. We found that seven galaxies from our
sample (six nearby galaxies, NGC 628, NGC 1232, NGC 3521,
NGC 4303, NGC 6744, and IC 342, plus the MaNGA galaxy M-
8934-12701) satisfy the condition Doy < 0.1 and are hence con-
sidered eMWA . The characteristics of nearby galaxies are listed
in Table 2. The MaNGA galaxy M-8934-12701 is at a distance
of 240.8 Mpc. The characteristics of M-8934-12701 are the fol-
lowing: the stellar mass is logM, = 10.75; the rotation velocity is
Viot =235 kms™!; the optical radius is R,s = 18.85 kpc; the cen-
tral oxygen abundance is 12 +1og(O/H)y =8.74; and the oxy-
gen abundance at the optical radius is 12 +log(O/H)g,, = 8.28.
Figure 3 shows the maps and radial distributions of the proper-
ties in the MaNGA galaxy M-8934-12701.

At the same time, we found that 35 galaxies from our sam-
ple satisfy the condition Dgy <0.1. Close examination of Fig. 7
showed that six out of seven eMWAs are not SMWAs. The val-
ues of the stellar mass and rotation velocity in three eMWAS
are relatively close to that in the Milky Way, but their optical
radii are significantly larger in comparison to the optical radius
of the Milky Way (R,s = 23.18 kpc in NGC 1232, Ry5 =27.25 kpc
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Fig. 7. Milky Way twin candidates according to the strict criteria. Panel
a: index of the structural differences between galaxies and the Milky
Way Dyr (Eq. (10)) as a function of the index of the evolutionary dif-
ference Doy (Eq. (11)). The points are individual MaNGA (grey) and
nearby (goldenrod) galaxies. The dashed lines indicate Dy =0.1 and
Don =0.1. Panel b: central oxygen abundance versus abundance at the
optical radius. The galaxies with Doy <0.1 (eMWAS) are marked with
red crosses. The galaxies with Dy <0.1 (sSMWAs) are indicated with
blue plus signs. The green circle denotes the Milky Way. Panel c: opti-
cal radius versus stellar mass diagram. The notations are the same as
in panel b. Panel d: optical radius versus rotation velocity diagram. The
notations are the same as in panel b.

in MGC 6744, and R,s = 18.85 in the MaNGA galaxy M-8934-
12701 versus Rys = 12.0 in the Milky Way). Three other eMWAs
have noticeably lower values of stellar mass (logM, =10.36 in
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NGC 628, logM, =10.51 in NGC4303, and logM, =10.37 in
IC 342 versus logM, =10.72 in the Milky Way) and rotation
velocity (Vio = 150km s7! in NGC 4303 and Vot = 170kms~! in
IC 342 versus Vo =235kms™! in the Milky Way). We note that
in previous studies, Milky Way-like galaxies were selected using
the structural and morphological characteristics of galaxies, that
is, SMWAs were selected. We found that the abundances at the
centre and at the optical radius (evolutionary characteristics) pro-
vide a more strict criterion for selecting real Milky Way twins.

We found that only the galaxy NGC 3521 is simultaneously
both an sMWA and an eMWA.. All the characteristics considered
(stellar mass, optical radius, rotation velocity, central oxygen
abundance, and abundance at the optical radius) of NGC 3521
are close to that of the Milky Way. The masses of black holes
in those galaxies are also close to each other. Thus, the galaxy
NGC 3521 can be a real Milky Way twin candidate. A detailed
comparison of the galaxy NGC 3521 with the Milky Way is
given in Sect. 4.4.

4.3. Searching for Milky Way twin candidates using weak
criteria

Boardman et al. (2020b) noted that the selection of Milky Way
analogues using a larger number of simultaneous selection
parameters, as well as more stringent constraints on a given
parameter, yields a sample of Milky Way-like galaxies with
properties that are closer to the true properties of the Milky Way.
At the same time, the use of a larger number of the selection cri-
teria (or an overly strict definition of the “analogue”) yields few
to no Milky Way-like galaxies (Boardman et al. 2020a). The fact
that we found only one Milky Way candidate twin in the previ-
ous section can be the result of an overly strict definition of a
Milky Way twin. In this section we search for Milky Way twins
using a more weak (less strict) criteria.

The difference between the determined values of the param-
eter for two galaxies does not necessarily coincide with the real
difference of the parameter for those galaxies, but it can also
involve the uncertainty in the parameter determinations. There-
fore, in the search for Milky Way twins, the uncertainty in the
parameter determinations should be taken into account in the
choice of the allowed difference. Unfortunately, the character-
istics of many nearby galaxies can involve significant uncer-
tainties, as noted in many papers. For instance, McQuinn et al.
(2017) noted “surprisingly, many of the best-studied spiral
galaxies in the Local Volume have distance uncertainties that are
much larger than can be achieved with modern observation tech-
niques”. The uncertainty in the distance to the galaxies results
in uncertainties in the optical radius in kiloparsecs, as well as in
the luminosity and consequently in the stellar mass. The uncer-
tainty in the luminosity to stellar mass conversion also makes a
significant (maybe dominant) contribution to the uncertainty in
the estimation of the stellar mass of the galaxy.

We noted previously that for this current study, we selected
our sample of MaNGA galaxies where radial oxygen abundance
distribution could be approximated satisfactorily by a single lin-
ear relation. Belfiore et al. (2017) found that the galaxy incli-
nation and the point spread function can generate a flattening in
the radial abundance gradient in the MaNGA galaxies, since flux
from different galactocentric radii is summed up when the galaxy
is projected in the plane of the sky. The metallicity depletion at
the galaxy centre depends on the PSF and galaxy inclination, and
it can be as large as ~0.04 dex.

It is difficult to specify the rotation of a galaxy with a sin-
gle parameter because there is a wide variety of shapes in the



Pilyugin, L. S., et al.: A&A 676, A57 (2023)

90 T T T T
a) eMWA X
twin +
m?i My O
5 85 | -
XX
e % yg(a@*
o x x
le) x
— B i
7 80
AN
—
75 L L L L
8.0 8.2 8.4 8.6 8.8 9.0
12+1log (0O/H),
18 T T T T T T T
b) eMWA X
16| twin + ]
° < M O
0, 14 | B
o 2 ><>e><<>$(x><
12 | &} ol i
ol
SR f
n 1.0 | X% E
N
04 X %X
o 08 | x% e
O X
,_‘
06} -
04 L L L L L L L
8.5 9.0 9.5 10.0 10.5 11.0 115 12.0 12.5
lOngtar (Msun)
18 T T T T T T
c) eMWA X
16 | twin + 7
o » M O
0, 14 | X Xo o B
oy X xx
T2} X gixgg i
%( X *‘b
n 1.0 | XX >§< B
~ ¢
a4 x/XE T
o 08| Xx 4
o)
—
0.6 | B
0.4 L L L L L L
15 1.7 1.9 21 2.3 25 2.7 2.9
logV, .. (km/s)

Fig. 8. Milky Way twin candidates according to the weak criteria.
Panel a: central oxygen abundance versus abundance at the opti-
cal radius diagram. The grey points are individual MaNGA galax-
ies, and the goldenrod pints denote the nearby galaxies. The galax-
ies with A(O/H)y <0.15dex and A(O/H)g,; <0.15dex (eMWAs) are
marked with the red crosses. The eMWAs with AR,s <0.114 dex,
AM, <0.3dex, and AV, <0.079 dex (Milky Way twin candidates) are
marked with the blue plus signs. The green circle denotes the Milky
Way. Panel b: optical radius versus stellar mass diagram. The notations
are the same as in panel a. Panel c: optical radius versus rotation veloc-
ity diagram. The notations are the same as in panel a.

rotation curves of galaxies. The rotation velocity of the flat
part of the rotation curve Vg, is often used as the char-
acteristic value for the galaxy rotation. However, there is
not a commonly accepted way to determine Vg,. Even for
galaxies with well measured rotation curves, the estima-
tions of Vj, in different publications can differ by around
20kms~!. For example, there are several measurements for
the rotation curve of NGC 5055 (Thornley & Mundy 1997,
Blais-Ouellette et al. 2004; de Blok et al. 2008). The esti-
mations of the Vg, for NGCS5055 are Vi =192kms™!

(Leroy et al. 2008), Vi =197kms™' (Frank et al. 2016), and
Viae = 179 kms™! (Lelli et al. 2016).

In this section, we search for Milky Way twins using the
following (weak) selection criteria: (1) The absolute value of
the difference between the oxygen abundance at the centre of
the galaxy and that for the Milky Way should be lower than
0.15dex, A(O/H)y (=abs(log(O/H)y — log(O/H)omw)) <0.15.
(2) The absolute value of the difference between the oxy-
gen abundance at the optical radius of the galaxy and that
for the Milky Way should be lower than 0.15 dex, A(O/H)g,;
(=abs(log(O/H)g,; — log(O/H)g,;mw)) <0.15. (3) The optical
radii of the galaxy and the Milky Way should agree within
~30%, AR25 (=abs(logR25 - IOgRQS’Mw))SO.l 14. (4) The dif-
ference between the stellar mass of the galaxy and that of the
Milky Way should be less than a factor of approximately two,
AM, (=abs(logM, —logM, mw)) <0.3. (5) The rotation veloci-
ties of the galaxy and that of the Milky Way agree within ~20%,
AVior (=abs(logVier — logVieemw)) < 0.079. The allowed differ-
ences of the parameters (criteria) that we adopted in the search
for Milky Way twins are somewhat arbitrary.

All five parameters are available for 414 galaxies from our
sample (the rotation curve is not determined for low-inclination
galaxies). We found that 46 galaxies satisfy criteria 1 and 2.
Those galaxies (eMWAs) are shown in Fig. 8 with red crosses.
At the same time, only four out of 46 eMWAs (NGC 3521,
NGC 4651, NGC2903, and MaNGA galaxy M-8341-09101)
satisfy criteria 3 through 5. Those galaxies (Milky Way twin can-
didates) are shown in Fig. 8 with blue plus signs.

A comparison between Figs. 7 and 8 showed that the general
behaviour of a sample of eMWAs selected with the weak crite-
ria is similar to that of the sample of eMWAs selected with the
strict criteria. Only a small fraction of the weak eMWAs (4 out
of 46) are sSMWAs. For the majority of eMWAs, either the opti-
cal radii is significantly larger in comparison to the optical radius
of the Milky Way or the stellar mass (and/or rotation velocity) is
significantly lower than that of the Milky Way.

4.4. Abundance distributions and rotation curves of the Milky
Way twin candidates

In this section, we compare the radial abundance distribu-
tions and rotation curves of the Milky Way twin candi-
dates (NGC 3521, NGC4651, NGC 2903, and MaNGA galaxy
M-8341-09101) with that of the Milky Way. Zhou et al. (2023)
found that the MaNGA galaxy M-8983-03703 is a Milky Way-
like galaxy in the context of their star formation and chemical
evolution histories. Hence, this galaxy is also considered here.

4.4.1. NGC 3521

The galaxy NGC3521 is an SABb galaxy (morphologi-
cal type code T=4.0+0.2). It is included in The HI
Nearby Galaxy Survey (THINGS) list (Walter et al. 2008).
We adopted the following parameters of NGC 3521 used or
obtained by the THINGS survey: distance d =10.7 Mpc; opti-
cal radius of 4.16 arcmin; physical optical radius Rps = 12.94 kpc
(Walter et al. 2008); inclination angle i=73°; position angle
of the major axis PA=340° (de Bloketal. 2008); stellar
mass M, =5.01 x 10'° My, or log(M, /M) = 10.70 (Leroy et al.
2008); and rotation velocity Vi, =227kms™' (de Blok et al.
2008; Leroy et al. 2008). The black hole mass in NGC 3521 is
log(Mpy/Mg) = 6.85 £0.58 (Davis et al. 2014).

The measurements of the emission lines, which are nec-
essary for the determination of the abundance through the
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Fig. 9. Comparison between the properties of NGC 3521 and the Milky
Way. Panel a: comparison between the radial oxygen abundance distri-
butions. The blue circles denote the T.-based abundances in individual
H1I regions in the Milky Way (comes from panel b of Fig. 2), and the
solid line is the best fit to those data. The dark triangles mark the R
calibration-based abundances in H1II regions in NGC 3521. The crim-
son plus signs are the P calibration-based abundances in HII regions
in NGC 3521, and the dotted line is the linear fit to those data points.
Panel b: comparison between rotation curves. The points denote the
rotation curve of the Milky Way from Eilers et al. (2019). The line
shows the rotation curve of the NGC 3521 from de Blok et al. (2008).

R calibration, are available for only three HII regions in
the NGC 3521 (Bresolin et al. 1999). However, NGC 3521 was
taken into consideration for two reasons: First, McGaugh (2016)
noted that NGC 3521 is the closest structural analogue to the
Milky Way, having a similar luminosity, scale length, and rota-
tion curve. Second, the measurements of the emission lines
R, and R;, which allow for estimation of the abundance
through the P calibration, are available for ten HII regions in
NGC 3521 (Zaritsky et al. 1994). The oxygen abundances deter-
mined through the R calibration in three HII regions from
Bresolin et al. (1999) are denoted with the triangles in panel a
of Fig. 9. In order to estimate the oxygen abundances using
the oxygen lines R, and R3; measured by Zaritsky et al. (1994)
in ten HII regions in NGC 3521, we obtained the calibra-
tion relation (O/H)p = f(R», R3) for the upper branch (Pilyugin
2001; Pilyugin & Thuan 2005) using the calibration data points
from Pilyugin & Grebel (2016) and supplemented by the recent
measurements of HII regions in NGC 5457 from Croxall et al.
(2016) and Esteban et al. (2020)

12 + log (O/H)p = 8.6059 + 0.4143 P
+(0.2662 — 1.2014 P) X

- (0.6786 — 0.8121 P) X2,

12)
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where P = R3/R,3 is the excitation parameter, Ry3 = R3 + R3, and
X =log(1 + Ry3). The oxygen abundances determined through
the P calibration in HII regions from Zaritsky et al. (1994) are
shown with plus signs in panel a of Fig. 9. The radial distri-
bution of those oxygen abundances was approximated by the
relation

12 + 1og(O/H) = 8.786(+0.041) — 0.494(£0.069) X R,  (13)

with a scatter of 0.042 dex for the 10 data points.

Thus, the values of the optical radii of NGC3521
(R»5 =12.9kpc) and the Milky Way (Rps =12.0kpc) are close
to each other. The value of the stellar mass of the NGC 3521
(log(M,/Mg) =10.7) is close to the value of the stellar mass of
the Milky Way (log(M, /My) =10.716). The mass of the black
hole at the centre of NGC 3521 (log(Mpu /M) = 6.85) is close to
that in the Milky Way (log(Mpy /M) = 6.62). The radial distri-
butions of the oxygen abundances (panel a of Fig. 9) and rotation
curves (panel b of Fig. 9) in those galaxies agree satisfactorily
with each other. However, in order to make a solid conclusion
as to whether the galaxy NGC 3521 is a twin of the Milky Way,
the radial distribution of the R calibration-based abundances in
NGC 3521 should be established, that is, the measurements of
the spectra including emission lines necessary for abundance
determinations through the R calibration should be carried out.
The distance to NGC 3521 and its optical radius should also be
more precise.

4.4.2. NGC 4651

The galaxy NGC4651 is an Sc galaxy (morphological
type code T =5.1+0.6). The inclination angle of NGC 4651
is i=53°, and the position angle of the major axis
is PA=77° (Epinatetal. 2008). The optical radius is
1.99 arcmin (de Vaucouleurs et al. 1991). At the distance of
d =19.0Mpc (Foster et al. 2014), the physical optical radius is
Rys=11.00kpc. The stellar mass is M, =2.61 X 10'° M, or
log(M, /My)=10.42 (Leroy et al. 2019) or M, =1.7x10'° M,
or log(M,/My) =10.23 (Foster et al. 2014). The rotation veloc-
ity of NGC 4651 is 215kms~! (Epinat et al. 2008).

The radial distribution of the oxygen abundances estimated
through the R calibration in HII regions from Skillman et al.
(1996) was approximated by the relation

12 + log(O/H) = 8.652(+0.039) — 0.377(+0.083) X R, (14)

with a scatter of 0.039dex for the six data points (panel a in
Fig. 10).

The values of the optical radii of NGC 4651 (R,s = 11.0kpc)
and the Milky Way (R,s = 12.0kpc) are close to each other. The
radial distributions of the oxygen abundances (panel a of Fig. 10)
and the rotation curves (panel b of Fig. 10) in those galaxies
agree satisfactorily to each other. While the rotation velocity of
NGC 4651 is rather close to that of the Milky Way, the value of
the stellar mass of NGC 4651 (log(M,. /M) = 10.42) is apprecia-
bly lower (by a factor of approximately two, or even more) than
the stellar mass of the Milky Way (log(M, /M) = 10.716). If the
estimations of the stellar mass of NGC 4651 are correct, then
NGC 4651 can be considered a low(-stellar) mass evolutionary
analogue of the Milky Way.

4.4.3. NGC 2903

The galaxy NGC 2903 is an Sbc spiral galaxy (morphological
type code 7' =4.0+0.1). Its inclination angle is i = 65°, and the
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Fig. 10. Comparison of properties between NGC 4651 and the Milky
Way. Panel a: comparison between radial oxygen abundance distribu-
tions. The blue circles denote the T.-based abundances in individual
H1I regions in the Milky Way (comes from panel b of Fig. 2), and the
solid line is the best fit to those data. The crimson plus signs are the
R calibration-based abundances in HII regions in NGC 4651, and the
dotted line is the linear fit to those data points. Panel b: comparison
between rotation curves. The points denote the rotation curve of the
Milky Way from Eilers et al. (2019). The rotation curve of NGC 4651
from Epinat et al. (2008) is shown with plus signs (approaching side)
and crosses (receding side).

position angle of the major axis is PA =204° (de Blok et al.
2008). The optical radius of NGC2903 is R,s=15.87 arcmin
(Walter et al. 2008). The distance to NGC 2903 is d =8.9 Mpc
(Drozdovsky & Karachentsev 2000), and it results in a phys-
ical optical radius of Rys5=15.21kpc. The stellar mass of
NGC 2903 based on the mean value from Jarrett et al. (2019)
and Leroy et al. (2021) and rescaled to the adopted distance
is M,=333%x10""M,, or log(M,/My)=10.52. The mass
of the black hole in NGC2903 is log(Mpn/Mo)="7.06"92
(van den Bosch 2016). The rotation velocity of NGC 2903 is
215kms™! (de Blok et al. 2008).

The abundance gradient traced by the R calibration-based
abundances in the HI regions from the compilation in
Pilyugin et al. (2014) is

12 +1og(O/H) = 8.707(+0.018) — 0.338(+0.035) X R, 15)
with a scatter of 0.047 dex for the 25 data points.
The values of the optical radii of NGC2903

(Rys=15.21kpc) and the Milky Way (R,s=12.0kpc) are
close to each other, and the rotation curves (panel b of Fig. 11)
in those galaxies agree satisfactorily to each other. However, the
value of the stellar mass of NGC 2903 (log(M,/My)=10.52)
is appreciably lower than the stellar mass of the Milky Way
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Fig. 11. Comparison of properties between NGC 2903 and the Milky
Way. Panel a: comparison between radial oxygen abundance distribu-
tions. The blue circles denote the T.-based abundances in individual
H1 regions in the Milky Way (comes from panel b of Fig. 2), and the
solid line is the best fit to those data. The crimson plus signs are the
R calibration-based abundances in HII regions of NGC 2903, and the
dotted line is the linear fit to those data points. Panel b: comparison
between rotation curves. The points denote the rotation curve of the
Milky Way from Eilers et al. (2019). The rotation curve of NGC 2903
from de Blok et al. (2008) is shown with the line.

(log(M,/Mg) =10.716). There is also an appreciable difference
between the radial distributions of the oxygen abundances
(panel a of Fig. 11) in the galaxies. Thus, NGC 2903 is a Milky
Way twin only to some extent.

4.4.4. MaNGA galaxy M-8341-09101

The distance to the MaNGA galaxy M-8341-09101 is
216.3 Mpc. The central oxygen abundance in M-8341-09101 is
12 + log(O/H)q = 8.63, and the oxygen abundance at the optical
radius is 12 +log(O/H)g,, = 8.33. The comparison of the radial
distribution of the oxygen abundances in the galaxy M-8341-
09101 and in the Milky Way is shown in panel a of Fig. 12. One
can see that the difference between the radial distribution of the
oxygen abundances in the two galaxies is significant.

The optical radius of M-8341-09101 (R,5 = 13.3 kpc) is close
to the radius of the Milky Way (R»s = 12.0 kpc). The stellar mass
of M-8341-09101 (log(M,/My) =10.75) is close to that of the
Milky Way (log(M,/My)=10.716). The comparison between
the rotation curves in M-8341-09101 and the Milky Way is
shown in panel b of Fig. 12. Comparison between Figs. 11
and 12 suggested that the properties (rotation curve and the
radial abundance distribution) of the galaxy M-8341-09101 and
NGC 2903 are close to each other, that is, the galaxy M-8341-
09101 is more similar to NGC 2903 than to the Milky Way.
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Fig. 12. Comparison between the properties of the MaNGA galaxy
M-8341-09101 and the Milky Way. Panel a: comparison between the
radial oxygen abundance distributions. The blue circles denote the T-
based abundances in individual HII regions in the MW (comes from
panel b of Fig. 2) and the solid line is the best fit to those data. The
grey points are the R calibration-based abundances in the spaxels of
M-8341-09101 and the dashed line is the linear fit to those data points.
Panel b: comparison between rotation curves. The points denote the
rotation curve of the Milky Way from FEilers et al. (2019). The rotation
curve of M-8341-09101 is shown by the line.

4.4.5. MaNGA galaxy M-8983-03703

Zhou et al. (2023) found that the MaNGA galaxy M-8983-03703
is a Milky Way-like galaxy in the context of their star formation
and chemical evolution histories. Figure 13 shows the compar-
ison between the radial oxygen abundance distributions in the
MaNGA galaxy M-8983-03703 and the Milky Way. The field-
of-view of M-8983-03703 measurement covers the central part
of the galaxy only. There is another MaNGA measurement (M-
7495-12704) of this galaxy that covers a much larger fraction of
the galaxy. The radial oxygen abundance distribution obtained
from M-7495-12704 is also shown in Fig. 13. One can see that
the difference between the radial distributions of the oxygen
abundances in M-8983-03703 (and M-7495-12704) and in the
Milky Way is very large. Hence M-8983-03703 cannot be con-
sidered as Milky Way twin candidate.

5. Discussion

We found that the position of the Milky Way in the central abun-
dance versus the abundance at optical radius diagram, Fig. 7,
shows a significant shift from the general trend. A prominent
feature of the Milky Way is a high metallicity (oxygen abun-
dance) at the centre of the disc, which is close to the maximum
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Fig. 13. Comparison between the radial oxygen abundance distributions
in the MaNGA galaxy M-8983-03703 and the Milky Way. The blue
squares are the median values of O/H in bins of 0.05 in the fractional
radius R/R»s of M-8983-03703, and the bars show the scatter in O/H
around the median values of the bins. The red circles are abundances
estimated from other MaNGA measurements (M-7495-12704) of this
galaxy. The median values of the oxygen abundances for different mea-
surements were obtained for the same bin, but the positions of the sym-
bols (circles and squares) were shifted slightly along the x-axis for the
sake of clarity. The black crosses denote the T.-based abundances of
individual H 11 regions in the Milky Way, while the solid line is the best
fit to those data within the optical radius.

attainable oxygen abundance in galaxies, while the oxygen abun-
dance at the optical radius is significantly lower in comparison to
galaxies of similar central oxygen abundances, that is, the radial
abundance gradient (in dex/R;s) in the Milky Way is significantly
steeper than in other galaxies of similar (high) central metallic-
ity. This evidences in favour of a rather atypical (chemical) evo-
lution of the Milky Way. In this section, we discuss a possible
reason for the atypical radial abundance gradient in the Milky
Way.

The chemical evolution of a given region of a galaxy is
defined by the star formation history and mass exchange with its
surroundings. In the standard A cold dark matter (ACDM) sce-
nario, successive mergings are considered one of the main mech-
anisms for assembling mass in galaxies (White & Rees 1978;
Blumenthal et al. 1984). Galaxy-galaxy interactions and merg-
ers can have a significant effect on galaxy evolution, altering dif-
ferent characteristics of a galaxy. In particular, the gas inflows
are predicted to lead to a redistribution of metals, reducing
the central gas-phase metallicity and producing an overall flat-
ter abundance gradient (Rupke et al. 2010a; Sillero et al. 2017,
Bustamante et al. 2018). These predictions are in agreement
with observational data. Measurements of central metallicities
of interacting galaxies and galaxy pairs confirm that they have
lower central metallicities than isolated galaxies of similar stellar
mass (e.g. Rupke et al. 2008; Ellison et al. 2008; Gardufio et al.
2021). However, Barrera-Ballesteros et al. (2015) found central
oxygen abundances in a sample of interacting galaxies similar
to those in a control sample. It has been found (Rupke et al.
2010b; Kewley et al. 2010; Rosa et al. 2014; Croxall et al. 2015;
Torres-Flores et al. 2020) that merging and interacting systems
exhibit shallow oxygen abundance gradients compared to iso-
lated spiral galaxies. Boardman et al. (2022, 2023) concluded
that galaxies that have experienced smooth gas accretion histo-
ries produce negative metallicity gradients over time and that the
increased merging activity disrupts this process, leading to flatter
metallicity gradients. One could suggest that the lack of mergers
and interactions is a necessary condition for a galaxy to have a
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high abundance at the centre and a steep radial abundance gradi-
ent. In such a case, the high central metallicity and steep gradi-
ent in the Milky Way would be evidence that the Milky Way has
evolved without mergers and interactions.

Empirical investigations of the merger history of the Milky
Way have been carried out in the past decades. The Sagit-
tarius (Ibataetal. 1994) and Cetus mergers (Newberg et al.
2009) were discovered. Large stellar surveys, such as Gaia
(Gaia Collaboration 2016, 2018, 2021) and the Apache Point
Observatory Galactic Evolution Experiment, which is one
of the programmes in the SDSS (Majewskietal. 2017,
Abdurro’uf et al. 2022), have provided homogeneous astromet-
ric, photometric, and spectroscopic data sampling for a large
amount of stars in the Milky Way. This has allowed for the detec-
tion and characterisation of substructures in the Milky Way that
are remnants of the progenitor galaxies that merged with the
Milky Way and contributed to its stellar population. Hence, it
has become increasingly possible to investigate the merging his-
tory of the Milky Way in great detail. Belokurov et al. (2018)
and Helmi et al. (2018) argue that the inner halo is dominated by
debris from a major accretion event that occurred between 8 and
11 Gyr ago. A captured galaxy was slightly more massive than
the Small Magellanic Cloud. This object is referred to as the
Gaia-Enceladus-Sausage. Several other merger galaxies have
been discovered: Thamnos (Koppelman et al. 2019), Sequoia
(Myeong et al. 2019), Kraken (Kruijssen et al. 2019, 2020), and
Pontus (Malhan et al. 2022). The Gaia-Enceladus-Sausage is
the most recent major merger (Borre et al. 2022; Dropulic et al.
2023). Since this event, the Milky Way has evolved without
significant mergers for the last ~10 Gyr and, consequently, one
can expect that the redistribution of metals does not take place
in the Milky Way disc. Thus, the Milky Way meets the nec-
essary conditions (i.e. lack of the mergers and interactions) in
order to have a high abundance at its centre and a steep radial
abundance gradient. The presence of close satellites (Magel-
lanic Clouds) may appear to be in conflict with this picture.
However, van den Bergh (2006) argues that the Large and Small
Magellanic Clouds may be interlopers from a remote part of
the Local Group rather than true satellites of the Milky Way
(i.e. the Large Magellanic Cloud is on its first approach to the
Milky Way).

Close examination of Fig. 7 shows that among galaxies with
central oxygen abundances close to the Milky Way, the radial
abundance gradients (in terms of dex/R;s, difference between
the oxygen abundance at the optical radius and at the cen-
tre) for two galaxies in our sample exceed the radial abun-
dance gradient of the Milky Way. Those galaxies are NGC 6744,
with 12 +1og(O/H)o = 8.84 and 12 + log(O/H)g,; = 8.20 and con-
sequently grad(O/H) = —0.64 dex/R,s5, and NGC 5457 (M 101),
with 12 +1og(O/H)g=8.71 and 12+ log(O/H)g,, =7.87 and
consequently grad(O/H) = —0.84 dex/R,s. These galaxies are
huge compared to the Milky Way, as the optical radius
of NGC 6744 is Rys=27.25kpc, while the optical radius of
NGC 5457 is Rys =28.73 kpc. The stellar masses of NGC 5457
(3.81x10'° M) and NGC 6744 (5.92x 10'° M) are slightly
lower or similar to that of the Milky Way (5.2x 10'0 My).
It should be emphasised that it is not necessary for a large
galaxy to show a steep radial abundance gradient. Indeed,
the galaxy NGC 753 of radius Rps =26.45kpc shows a radial
gradient of —0.12dex/Rs, and the galaxy NGC 1365 of
radius Rs =31.98kpc shows a radial abundance gradient of
—0.21 dex/Rys. The stellar masses of NGC 753 (8.13 x 10'° M)
and NGC 1365 (6.0 x 10'° M) are slightly higher or similar to
that of the Milky Way.

One can expect that the shallow gradients in the majority of
large galaxies can be attributed to the fact that the abundances
within those galaxies are redistributed due to the mergers or
interactions. Robotham et al. (2014) used a subset of the Galaxy
And Mass Assembly II redshift sample to compare the effect of
in situ star formation versus mass accretion through mergers and
found that galaxies of low masses are likely to obtain most of
their mass through star formation, whilst massive galaxies are
likely to obtain most of their mass build-up through the accre-
tion of smaller galaxies. Conselice et al. (2022) measured the
pair fraction and merger fractions for galaxy mergers of different
mass ratios and quantified the merger rate for massive galaxies
(with stellar masses higher than 10" M,). They found that over
the last ~10 Gyr, major mergers with mass ratios greater than 1:4

occurred 0.85f8'£g times on average, while minor mergers down
5

to ratios of 1:10 occurred on average 1.431’8:3 times per galaxy.

Thus, one can suggest that the steep radial abundance gradi-
ent in the Milky Way can be attributed to the fact that the Milky
Way has evolved without significant mergers and interactions for
the last ~10 Gyr. However, it is not clear whether the evolution
without mergers and interactions is a sufficient condition for a
steep abundance gradient in a galaxy.

6. Conclusions

We searched for Milky Way-like galaxies, comparing the follow-
ing characteristics: stellar mass M, optical radius R,s, rotation
velocity Vi, central oxygen abundance (O/H)y, and abundance
at the optical radius (O/H)g,,. Our sample of comparison galax-
ies contained 504 galaxies: 53 nearby galaxies and 451 MaNGA
galaxies.

If the values of the optical radius and the stellar mass of the
galaxy were close to that of the Milky Way, then the galaxy was
referred to as a structural Milky Way analogue, sMWA. The oxy-
gen abundance at a given radius of a galaxy is defined by the
evolution of this region (fraction of gas converted into stars, i.e.
astration level, and gas exchange with the surroundings). One
can expect that the similarity of the central oxygen abundance
and the abundance at the optical radius in two galaxies sug-
gests a similar (chemical) evolution. If the values of (O/H)y and
(O/H)g,, in a galaxy were close to that of the Milky Way, then
the galaxy was referred to as an evolutionary Milky Way ana-
logue, eMWA. If the galaxy was simultaneously an eMWA and
an SMWA, then it could be considered a Milky Way twin.

We find that the position of the Milky Way on the (O/H)o—
(O/H)g,, diagram shows a large deviation from the general trend
outlined by galaxies of our comparison sample in the sense that
the (O/H)g,, of the Milky Way is appreciably lower than in other
galaxies of similar (O/H)y. This feature in the Milky Way evi-
dences that its (chemical) evolution is not typical.

The majority of the eMWAs are not sMWAs. Either the opti-
cal radii of the eMWAs are significantly larger in comparison to
the Milky Way or the eMWAs have appreciably lower values of
stellar mass and rotation velocity than the Milky Way.

We found four galaxies (NGC 3521, NGC 4651, NGC 2903,
and MaNGA galaxy M-8341-09101) that are simultaneously an
SMWA and an eMWA, that is, they can be considered Milky
Way twins. The galaxy NGC 3521 is possibly the most simi-
lar to the Milky Way. The characteristics we considered (stel-
lar mass, optical radius, rotation velocity, oxygen abundance) of
NGC 3521 are similar to those of the Milky Way. The masses of
black holes in those galaxies are also similar to each other.

In previous studies, Milky Way-like galaxies were selected
using structural and morphological characteristics of galaxies,
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that is, SMWAs were selected. We find that the abundances
at the centre and at the optical radius (evolutionary charac-
teristics) provide a stricter criterion for selecting real Milky
Way twins.
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Appendix A: Characteristics of nearby galaxies

In this section we report the general characteristics (the incli-
nation angle of a galaxy, the position angle of the major
axis, distance, angular and physical optical radii, stellar mass,
rotation velocity, and the black hole mass) and the source
of the data for the sample of nearby galaxies. We estimated
the abundances in HII regions through the R calibration from
Pilyugin & Grebel (2016) and determined the O/H-R,, relation
for each galaxy where R, is a fractional radius normalised to
the optical radius Rys. The mean value of the uncertainty in
the (O/H)z abundance obtained through the R calibration is
~0.05dex (Pilyugin & Grebel 2016). We assumed a deviation
of the abundance from the O/H-R,, relation larger than 0.15 dex
could be attributed to the large uncertainty in the line measure-
ments or could be an indicator of a peculiarity in the abun-
dance of the HII region. Therefore, the points with deviations
larger than 0.15 dex in (O/H) were rejected and not used in the
determination of the final O/H-R, relation. The nearby galax-
ies discussed in the Section 4.4 (NGC2903, NGC 3521, and
NGC 4651) are not considered in this section. The compiled and
derived characteristics of nearby galaxies are listed in Table 2.

A.1. NGC 224 (M31)

Galaxy NGC224 (M 31, Andromeda galaxy) is an Sb galaxy
(morphological type code T =3.0+0.4). The inclination angle
of NGC224 is i=77°, and the position angle of the major
axis is PA=38° (Corbellietal. 2010). The optical radius
is 95.27 arcmin (de Vaucouleurs et al. 1991). At the distance
of d=0.82Mpc (Anandetal. 2021), the physical optical
radius of the NGC224 is Ry5=22.72kpc. The stellar mass
is M,=1.0x10" Mg, or log(M,/My)=11.00 (Jarrett et al.
2019). The black hole mass is log(MBH/MQ)=8.15f8ﬁ
(Davis et al. 2019). The rotation velocity of NGC224 is
253kms~! (Corbelli et al. 2010). The radial distribution of the
oxygen abundances based on the HII regions from the com-
pilation in Pilyuginetal. (2014) was approximated by the
relation

12 + log(O/H) = 8.715(x0.016) — 0.377(£0.028) X R,  (A.1)

with a scatter of 0.060 dex for 204 data points.

A.2. NGC 253

Galaxy NGC 253 is an SABc galaxy (morphological type code
T =5.1+£0.4). The inclination angle of NGC 253 is i=76°, and
the position angle of the major axis PA=235° (Lucero et al.
2015). The optical radius is 13.77 arcmin (de Vaucouleurs et al.
1991). At a distance of d=3.70Mpc (Anandetal. 2021),
the physical optical radius of NGC253 is Rjs=14.82kpc.
The stellar mass (mean value) is M, =3.50x 10" My, or
log(M, /My) =10.54 (Jarrett et al. 2019; Leroy et al. 2021). The
black hole mass is log(Mpy/My)=7.00£0.19 (Davis et al.
2019). The rotation velocity of NGC253 is 211kms™!
(Hlavacek-Larrondo et al. 2011a; Lucero et al. 2015). The radial
distribution of the oxygen abundances traced by the HII
regions from Webster & Smith (1983) was approximated by the
relation

12 + log(O/H) = 8.493(0.144) — 0.079(+0.182 X R,  (A.2)

with a scatter of 0.061 dex for eight data points.
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A.3. NGC 300

Galaxy NGC 300 is an Scd galaxy (morphological type code
T =6.9+0.4). The inclination angle of NGC 300 is i =42°, and
the position angle of the major axis PA = 106° (Carignan 1985).
The optical radius is 10.94 arcmin (de Vaucouleurs et al. 1991).
At a distance of d=1.94Mpc (Bono etal. 2010), the phys-
ical optical radius of NGC300 is R,s =6.17kpc. The stel-
lar mass (the mean value for estimations from Jarrett et al.
2019 and Leroy et al. 2021 rescaled to the adopted distance) is
M, =2.10x 10° M, or log(M, /My) = 9.32. The rotation veloc-
ity of NGC 300 is 85 kms™! (Hlavacek-Larrondo et al. 2011b;
Ponomareva et al. 2016) The radial distribution of the oxygen
abundances estimated using the HII regions from the compila-
tion in Pilyugin et al. (2014) and supplemented by the measure-
ments from Toribio San Cipriano et al. (2016) was approximated
by the relation

12 + log(O/H) = 8.444(+0.017) — 0.424(+0.034 X R,
with a scatter of 0.062 dex for 46 data points.

(A.3)

A.4. NGC 598 (M 33)

Galaxy NGC 598 (M 33) is an Sc galaxy (morphological type
code T =5.9+0.4). The inclination angle of NGC 598 is i = 54°,
and the position angle of the major axis is PA =201° (Kam et al.
2017). The optical radius is 35.40 arcmin (de Vaucouleurs et al.
1991). At a distance of d =0.94 Mpc (Anand et al. 2021), the
physical optical radius of NGC 598 is R»5 =9.68 kpc. The stellar
mass is M, =4.87 x 10° My, or log(M, /M) =9.69 (Jarrett et al.
2019). The rotation velocity of the NGC 598 is 125kms~!
(Kam et al. 2017). The radial abundance distribution traced by
the H1I regions from the compilation in Pilyugin et al. (2014)
was approximated by the relation

12 + log(O/H) = 8.489(+0.020) — 0.452(+0.053) X R,
with a scatter of 0.056 dex for 35 data points.

(A4)

A.5. NGC 628 (M 74)

The nearby galaxy NGC 628 (M 74, the Phantom Galaxy) is an
isolated Sc spiral galaxy (morphological type code 7' =5.2+0.5).
It is a face-on galaxy. Its inclination angle is i =6°, and the
position angle of the major axis PA =25° (Kamphuis & Briggs
1992). The optical radius of NGC 628 is Rys=15.24 arcmin
(de Vaucouleurs et al. 1991). The HT disc extends out to more
than three times the optical radius (Kamphuis & Briggs 1992).
There are recent distance estimations for NGC 628 obtained
through the tip of the red giant branch method based on Hubble
Space Telescope measurements. Jang & Lee (2014) found the
distance to NGC 628 to be 10.19 +0.14 (random) £+ 0.56 (sys-
tematic) Mpc. McQuinn et al. (2017) measured the distance to
NGC 628 to be 9.77 +0.17 (statistical uncertainty) + 0.32 (sys-
tematic uncertainty) Mpc. Sabbi et al. (2018) determined the dis-
tances for the central pointing (d =8.6+0.9 Mpc) and for the
outer field (d = 8.8 £ 0.7 Mpc). In this work, we adopted the dis-
tance to the NGC 628 used in our previous paper: d =9.91 Mpc
(Pilyugin et al. 2014), which is close to the values obtained
by Jang & Lee (2014) and McQuinn et al. (2017). The optical
radius of NGC628 is Rys =15.09kpc with the adopted dis-
tance. The mean value of the stellar mass from Leroy et al.
(2008) and Leroy et al. (2021) rescaled to the adopted distance
is M, =2.3x10'0 M, or log(M4 /M) =10.36. The radial abun-
dance distribution for the H1I regions from McCall et al. (1985),



Pilyugin, L. S., et al.: A&A 676, A57 (2023)

Ferguson et al. (1998), van Zeeetal. (1998), Bresolin et al.
(1999), Berg et al. (2015) was approximated by the relation

12 + 1og(O/H) = 8.667(+0.016) — 0.409(+0.028) X R,  (A.5)

with a scatter of 0.047 dex for 78 data points.

A.6. NGC 753

Galaxy NGC 753 is an SABc galaxy (morphological type code
T =4.9+1.0). The inclination angle of NGC 753 is i =50°, the
position angle of the major axis is PA=128° (Amram et al.
1994). The optical radius is 1.26 arcmin (de Vaucouleurs et al.
1991). At a distance of d=72.4Mpc (Leroy et al. 2019), the
physical optical radius of NGC 753 is Rp5 = 26.45 kpc. The value
of the rotation velocity is ~210kms™' (Amram et al. 1994).
The stellar mass is M, = 8.13 x 10'° M, or log(M,. /M) = 10.91
(Leroy et al. 2019). The abundance gradient traced by the HII
regions from Henry et al. (1996) is

12 + log(O/H) = 8.586(x0.065) — 0.064(x0.095 X R,  (A.6)

with a scatter of 0.055 dex for eight data points.

A.7. NGC 925

Galaxy NGC925 is an Scd galaxy (morphological type code
T =7.0+0.3). The inclination angle of NGC 925 is i =66°, and
the position angle of the major axis is PA =287° (de Blok et al.
2008). The optical radius is 5.24 arcmin (de Vaucouleurs et al.
1991). At a distance of d=9.29 Mpc (Saha et al. 2006), the
physical optical radius of NGC925 is R,s=14.15kpc. The
stellar mass is M, =5.62x10° My, or log(M, /M) =9.75
(Leroy etal. 2019). The rotation velocity of NGC925 is
115kms~! (Ponomareva et al. 2016). The radial abundance dis-
tribution based on the H 1T regions from van Zee et al. (1998) was
approximated by the relation

12 + log(O/H) = 8.440(0.017) — 0.360(£0.027) xR,  (A.7)

with a scatter of 0.047 dex for 34 data points.

A.8. NGC 1058

Galaxy NGC 1058 is an Sc galaxy (morphological type code
T =5.1+£0.9). The inclination angle of NGC 1058 is i=15°,
and the position angle of the major axis is PA=145°
(Garcia-Gémez et al. 2004). The optical radius is 1.51 arcmin
(de Vaucouleurs et al. 1991). At a distance of d=10.6 Mpc
(Schmidt et al. 1994), the physical optical radius of NGC 1058 is
Rys5 =4.66 kpc. The stellar mass (rescaled to adopted distance) is
M, =251x10° M, or log(M,/My) =9.40 (Leroy et al. 2019).
The radial abundance distribution traced by the H1I regions from
Ferguson et al. (1998), Bresolin (2019) was approximated by the
relation

12 +log(O/H) = 8.649(+£0.023) — 0.265(+0.043) x R,  (A.8)

with a scatter of 0.046 dex for 22 data points.

A.9. NGC 1068 (M77)

Galaxy NGC 1068 (M 77) is an Sb galaxy (morphological type
code T =3.0+0.3). The inclination angle of NGC 1068 is i = 35°,
and the position angle of the major axis PA =73° (Leroy et al.
2021). The optical radius is 3.54 arcmin (de Vaucouleurs et al.

1991). At a distance of d =13.97 Mpc (Anand et al. 2021), the
physical optical radius of NGC 1068 is Rjs=14.38kpc. The
stellar mass is M, =8.13x 10" My, or log(M4 /M) =10.91
(Leroy et al. 2021). The mass of the black hole in the NGC 1068
is log(Mpy/My) = 6.75+0.08 (Davis et al. 2019). The radial dis-
tribution of the oxygen abundances in the H1I regions from the
compilation in Pilyugin et al. (2014) was approximated by the
relation

12 +1og(O/H) = 8.696(+0.018) — 0.102(+0.062) x R,  (A.9)

with a scatter of 0.035 dex for 13 data points.

A.10. NGC 1097

Galaxy NGC 1097 is an SBb galaxy (morphological type
code T =3.3+0.5). The inclination angle of NGC 1097 is
i=46°, and the position angle of the major axis is PA =134°
(Ondrechen et al. 1989). The optical radius is 4.67 arcmin
(de Vaucouleurs et al. 1991). At a distance of d=13.58 Mpc
(Anand et al. 2021), the physical optical radius of NGC 1097
is Ryps = 18.43 kpc. The stellar mass is M, =5.75 X 10'° M, or
log(M, /M) =10.76 (Leroy et al. 2021). The black hole mass
is log(Mpy/My) =8.38+0.04 (Davis et al. 2019). The rotation
velocity of NGC 1097 is 253kms~! (Ondrechen et al. 1989).
The abundance gradient estimated using the H1I regions from
the compilation in Pilyugin et al. (2014) was approximated by
the relation

12 + log(O/H) = 8.661(+0.009) — 0.138(+0.040) X R, (A.10)

with a scatter of 0.022 dex for 15 data points.

A.11. NGC 1232

Galaxy NGC 1232 is an SABc galaxy (morphological type
code T =5.0+0.4). The inclination angle of NGC 1232 is
i=30° and the position angle of the major axis is
PA=270° (van Zee & Bryant 1999). The optical radius is
3.71 arcmin (de Vaucouleurs et al. 1991). At a distance of
d=21.5Mpc (van Zee & Bryant 1999), the physical optical
radius of NGC 1232 is Ry;s=23.18kpc. The stellar mass
rescaled to the adopted distance is M, =4.70x 10'" M, or
log(M4 /M) =10.67 (Leroy et al. 2019). The rotation velocity
of the NGC 1232 is 220kms™' (van Zee & Bryant 1999). The
radial abundance distribution traced by the H1I regions from the
compilation in Pilyugin et al. (2014) was approximated by the
relation

12 + log(O/H) = 8.741(+0.028) — 0.487(+0.048) X R, (A.11)

with a scatter of 0.050 dex for 29 data points.

A.12. NGC 1313

Galaxy NGC 1313 is an SBcd galaxy (morphological type code
T =7.0+0.4). The inclination angle of NGC 1313 is i =48°, and
the position angle of the major axis PA =0° (Ryder et al. 1995).
The optical radius is 6.12arcmin or 367.2arcsec (Ho et al.
2011). At a distance of d=4.32Mpc (Anandetal. 2021),
the physical optical radius of NGC 1313 is Rps =7.69 kpc.
The stellar mass (mean value) is M, =2.91x10° My, or
log(M4/My) =9.46 (Jarrett et al. 2019; Leroy et al. 2019). The
rotation velocity of the NGC 1313 is 112kms~! (Ryder et al.
1995). The abundance gradient based on the HII regions from
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the compilation in Pilyugin et al. (2014) was approximated by
the relation

12 + log(O/H) = 8.163(+0.025) — 0.148(£0.049) X R, (A.12)

with a scatter of 0.071 dex for 37 data points.

A.13. NGC 1365

Galaxy NGC 1365 is an Sb galaxy (morphological type code
T =3.2+0.7). Its inclination angle is i=46°, and the position
angle of the major axis is PA =222° (Ondrechen & van der Hulst
1989). The optical radius of NGC 1365 is Rps =5.61 arcmin
(de Vaucouleurs et al. 1991). The distance to NGC 1365 is
d=19.6 Mpc (Sahaetal. 2006). The physical optical radius
at the adopted distance is Rys =31.98kpc. The stellar mass
rescaled to the adopted distance is M, =6.00x 10'° M, or
log(M, /M) =10.78 Jarrett et al. (2019). The mass of the black
hole in the NGC 1365 is log(Mpy /Ms = 6.60 £ 0.30 (Davis et al.
2019). We adopted V,,, =300km s~! as the rotation velocity
of NGC 1365, which is the mean value of V,,, ~ 280kms™"
determined by Ondrechen & van der Hulst (1989) and V,, ~
320kms~! obtained by Zanmar et al. (2008). The abundance
gradient traced by the HII regions from the compilation in
Pilyugin et al. (2014) was approximated by the relation

12 + log(O/H) = 8.619(+0.015) — 0.208(£0.027) X R,

with a scatter of 0.051 dex for 79 data points.

(A.13)

A.14. NGC 1512

Galaxy NGC1512 is an Sa galaxy (morphological type
code 7=1.2+0.5). The inclination angle of NGC 1512 is
i=42°, and the position angle of the major axis is
PA =262° (Lang et al. 2020). The optical radius is 4.46 arcmin
(de Vaucouleurs et al. 1991). At a distance of d=18.83 Mpc
(Anand et al. 2021), the physical optical radius of NGC 1512
is Rys =24.41kpc. The stellar mass is M, =5.25x10'" M,
or log(M,/Mg)=10.72 (Leroy etal. 2021). The black hole
mass is log(Mpy /Mg) =7.78+0.19 (Davis et al. 2014). The rota-
tion velocity of NGC 1512 is 179kms~' (Lang et al. 2020).
The radial distribution of the oxygen abundances for the HIl
regions from Bresolin et al. (2012), Lépez-Sanchez et al. (2015)
is approximated by the relation

12 + log(O/H) = 8.741(x£0.019) — 0.379(£0.032) x R, (A.14)

with a scatter of 0.050 dex for 59 data points.

A.15. NGC 1598

Galaxy NGC 1598 is an SBc galaxy (morphological type code
T =4.8+0.6). The inclination angle of NGC 1598 is i = 55°, the
position angle of the major axis is PA=123°, and the opti-
cal radius is 0.72 arcmin (de Vaucouleurs et al. 1991). At a dis-
tance of d = 55.80 Mpc (Springob et al. 2009), the physical opti-
cal radius of NGC 1598 is Rys = 11.73 kpc. The stellar mass is
M, =1.62x10'° Mg, or log(M, /M) = 10.21 (Lapi et al. 2018).
The rotation velocity of NGC 1598 is 110kms~"' (Lapi et al.
2018). The radial abundance distribution based on the HII
regions from Storchi-Bergmann et al. (1996) was approximated

by the relation
12 +1og(O/H) = 8.665(+0.023) — 0.275(+0.044 x R,  (A.15)

with a scatter of 0.030 dex for nine data points.
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A.16. NGC 1672

Galaxy NGC 1672 is an Sb galaxy (morphological type code
T =3.3+0.6). The inclination angle of NGC 1672 is i =43°, and
the position angle of the major axis is PA=134° (Lang et al.
2020). The optical radius is 3.30 arcmin (de Vaucouleurs et al.
1991). At a distance of d =19.40 Mpc (Anand et al. 2021), the
physical optical radius of NGC 1672 is Rjs=18.64kpc. The
stellar mass is M, =5.37x10'° My, or log(M,/My)=10.73
(Leroy et al. 2021). The mass of the black hole in NGC 1672 is
log(Mpp /M) =7.08+0.90 (Davis et al. 2014). The radial distri-
bution of the oxygen abundance estimated using the HII regions
from Storchi-Bergmann et al. (1996) was approximated by the
relation

12 + log(O/H) = 8.639(0.012) — 0.130(0.037) X R, (A.16)

with a scatter of 0.028 dex for 15 data points.

A.17. NGC 2403

Galaxy NGC 2403 is an SABc galaxy (morphological type code
T =6.0+0.3). The inclination angle of NGC 2403 is i = 63°, and
the position angle of the major axis is PA = 124° (de Blok et al.
2008). The optical radius is 10.94 arcmin (de Vaucouleurs et al.
1991). At a distance of d=3.19Mpc (Anandetal. 2021),
the physical optical radius of NGC?2403 is Rjs=10.15kpc.
The stellar mass is M, =4.50x 10° M, or log(M 4 /My) =9.65
(Leroy et al. 2008; Jarrett et al. 2019). The rotation velocity of
NGC 2403 is 134 kms~! (de Blok et al. 2008; Leroy et al. 2008).
The abundance gradient traced by the H 11 regions from the com-
pilation in Pilyugin et al. (2014) is

12 +1og(O/H) = 8.465(+0.018) — 0.531(+0.034) x R;, (A.17)

with a scatter of 0.068 dex for 47 data points.

A.18. NGC 2442

Galaxy NGC2442 is an Sbc galaxy (morphological type
code T =3.7+0.6). The inclination angle of NGC2442 is
i=29°, and the position angle of the major axis is PA =27°
(Pilyugin et al. 2014). The optical radius is 2.75arcmin
(de Vaucouleurs et al. 1991). At a distance of d=21.5Mpc
(Leroy et al. 2019), the physical optical radius of NGC 2442
is Rys = 17.18kpc. The stellar mass is M, =6.92x 10'° My, or
log(M4 /M) =10.84 (Leroy et al. 2019). The black hole mass is
log(Mpp /M) =7.28+0.33 (Davis et al. 2014). The radial distri-
bution of the oxygen abundances estimated using the H 1T regions
from Ryder (1995) was approximated by the relation

12 + log(O/H) = 8.606(+0.050) — 0.050(+0.081) X R, (A.18)

with a scatter of 0.035 dex for eight data points.

A.19. NGC 2805

Galaxy NGC2805 is an SABc galaxy (morphological type
code T =6.9+0.3). The inclination angle of NGC 2805 is
i=36°, and the position angle of the major axis is PA =123°
(Erroz-Ferrer et al. 2015). The optical radius is 3.16 arcmin
(de Vaucouleurs et al. 1991). At a distance of d=28.7Mpc
(Erroz-Ferrer et al. 2015), the physical optical radius of
NGC 2805 is Rys =26.34 kpc. The stellar mass (rescaled to the
adopted distance) is M, =9.44 x 10° Mo, or log(M, /My) =9.98
(Leroy et al. 2019). The rotation velocity of NGC 2805 is
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106 kms~! (Erroz-Ferrer et al. 2015). The radial abundance dis-
tribution based on the H 1T regions from van Zee et al. (1998) was
approximated by the relation

12 + log(O/H) = 8.477(+0.026) — 0.371(+0.040) x R,
with a scatter of 0.033 dex for 17 data points.

(A.19)

A.20. NGC 2835

Galaxy NGC 2835 is an Sc galaxy (morphological type code
T =5.0+£0.4). The inclination angle of NGC 2835 is i=41.3°,
and the position angle of the major axis is PA =1° (Lang et al.
2020). The optical radius is 3.30 arcmin (de Vaucouleurs et al.
1991). At a distance of d =12.22 Mpc (Anand et al. 2021), the
physical optical radius of NGC 2835 is Rys=11.74kpc. The
stellar mass is M, =1.00x 10'° M, or log(M4 /M) =10.00
(Leroy et al. 2021). The mass of the black hole in the NGC 2835
islog(Mpy /My) =6.72+0.30 (Davis et al. 2014). The abundance
gradient for the HII regions measured by Ryder (1995) is

12 + log(O/H) = 8.498(+0.045) — 0.305(+0.070) X R;, (A.20)
with a scatter of 0.066 dex for 17 data points.

A.21. NGC 2997

Galaxy NGC2997 is a grand design spiral galaxy of the
type SABc (morphological type code T =5.1+0.5). Its incli-
nation angle is i=33°, and the position angle of the major
axis is PA=108° (Langetal. 2020). The optical radius of
NGC2997 is Rps =4.46arcmin (de Vaucouleurs et al. 1991).
The distance to NGC 2997 is 11.3 Mpc (Lang et al. 2020). The
physical optical radius at the adopted distance is Rys = 14.66 kpc.
The stellar mass of NGC2997 is M, =3.09x10'"" M.,
or log(M,/My)=10.49, rescaled to the adopted distance
(Jarrett et al. 2019). The mass of the black hole in NGC 2997
is log(Mpy/My) =5.84+0.75 (Davis et al. 2014). The rotation
velocity of NGC 2997 is 185kms™! (Peterson 1978). The radial
distribution of the oxygen abundances for the H1I regions from
the compilation in Pilyugin et al. (2014) was approximated by
the relation

12 +log(O/H) = 8.725(+0.044) — 0.363(+0.088) x R,
with a scatter of 0.045 dex for 19 data points.

(A21)

A.22. NGC 3031 (M81)

Galaxy NGC 3031 (M 81) is an Sab galaxy (morphological type
code T =2.4+0.6). The inclination angle of NGC 3031 is i = 59°,
the position angle of the major axis is PA =330°, and the opti-
cal radius is 10.69 arcmin (de Blok et al. 2008). At a distance
of d=3.63 Mpc (Saha et al. 2006), the physical optical radius
of NGC 3031 is Rys =11.29kpc. The rotation velocity on the
flat part is 215kms™"' (de Blok et al. 2008; Ponomareva et al.
2017). The mean value of stellar mass out of five estimations
is M, =4.93x10'" M, or log(M,/My)=10.69 (Jarrett et al.
2019; Ponomareva et al. 2018). The mass of the black hole
in NGC3031 is log(Mpy/Mz)=7.81 + 0.13 in solar mass
(van den Bosch 2016). The abundance gradient traced by the H 11
regions from the compilation in Pilyugin et al. (2014) and sup-
plemented by the measurements from Arellano-Cérdova et al.
(2016) is

12 +1og(O/H) = 8.638(+0.023) — 0.150(+0.037) X R,
with a scatter of 0.041 dex for 77 data points.

(A.22)

A.23. NGC 3184

Galaxy NGC3184 is an SABc spiral galaxy (morphologi-
cal type code 7 =5.9+0.4). It is a face-on galaxy. Its incli-
nation angle is i=16°, and the position angle of the major
axis is PA=179° (Tamburro et al. 2008). The optical radius
of NGC 3184 is Ry5s =3.71 arcmin (de Vaucouleurs et al. 1991).
The estimations of the distance to NGC3184 using Type
I plateau supernovae as the “standard candle” resulted in
the values of d=12.5 — 12.7Mpc (Olivares et al. 2010),
d=11.62+0.29 Mpc (Bose & Kumar 2014), and d=9.68 Mpc
(Pejcha & Prieto 2015). In this work we adopted the distance to
NGC 3184 of d = 11.62 Mpc obtained by Bose & Kumar (2014).
The optical radius of NGC 3184 is R»5 = 12.53 kpc at the adopted
distance. The value of the stellar mass is M, =2.57 x 10'0 M,
or log(M, /My) =10.41 (Leroy et al. 2008; Das et al. 2020). The
rotation velocity of NGC 3184 is V,,, =210kms~! (Leroy et al.
2008). The radial distribution of the oxygen abundances
estimated from the HI regions from McCall et al. (1985),
van Zee et al. (1998), Berg et al. (2020) was approximated by
the relation

12 + log(O/H) = 8.721(x0.011) — 0.326(+0.020) X R, (A.23)

with a scatter of 0.028 dex for 72 data points.

A.24. NGC 3351 (M 95)

Galaxy NGC3351 (M95) is an Sb galaxy (morphological
type code T =3.1+£0.4). The inclination angle of NGC 3351 is
i=41°, and the position angle of the major axis is PA=192°
(Tamburro et al. 2008). The optical radius is 3.71 arcmin
(de Vaucouleurs et al. 1991). At a distance of d=9.96Mpc
(Anand et al. 2021), the physical optical radius of NGC 3351
is Rys = 10.74 kpc. The stellar mass is M, =2.34 X 10" M, or
log(M /M) =10.37 (Leroy et al. 2021). The mass of the black
hole in NGC 3351 is log(Mpy/Mo)=6.52*22% (van den Bosch
2016). The maximum value of the rotation velocity in NGC 3351
is 210kms~! (Tamburro et al. 2008), and the rotation velocity
on the flat part of the rotation curve is 196kms~' (Leroy et al.
2008). We adopted V,,; = 196 km s~'. The abundance distribu-
tion based on the R calibration-based abundances in H1I regions
from the compilation in Pilyugin et al. (2014) was approximated
by the relation

12 + 1og(O/H) = 8.696(+£0.005) — 0.076(+0.013) x R, (A.24)

with a scatter of 0.016 dex for 20 data points.

A.25. NGC 3359

Galaxy NGC 3359 is an Sc galaxy (morphological type code
T =5.2+0.5). The inclination angle of NGC 3359 is i = 53°, and
the position angle of the major axis is PA =350° (Rozas et al.
2000). The optical radius is 3.62 arcmin (de Vaucouleurs et al.
1991). At a distance of d=22.6Mpc (Leroy et al. 2019), the
physical optical radius of NGC 3359 is Rs =23.81kpc. The
stellar mass is M, =1.51x10'" M, or log(M4/My)=10.18
(Leroy etal. 2019). The rotation velocity of NGC3359 is
145kms~' (Rozas et al. 2000). The radial distribution of the
oxygen abundances estimated through the R calibration in H1I
regions from Zahid & Bresolin (2011) was approximated by the
relation

12 +1og(O/H) = 8.401(+0.066) — 0.436(+0.138) x R, (A.25)
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with a scatter of 0.067 dex for 11 data points. We note that
Zahid & Bresolin (2011) suggested the existence of a break in
the radial abundance distribution in this galaxy. However, the
number of points is small and the scatter is large, thus prevent-
ing us from making a solid conclusion about the break.

A.26. NGC 3621

Galaxy NGC 3621 is an SBcd galaxy (morphological type code
T =6.9+0.5). The inclination angle of NGC 3621 is i = 65°, and
the position angle of the major axis is PA =345° (de Blok et al.
2008). The optical radius is 4.88 arcmin (Ho et al. 2011). At a
distance of d =7.06 Mpc (Anand et al. 2021), the physical opti-
cal radius of NGC3621 is Rps =10.03kpc. The stellar mass
is M, =1.15x10" M, or log(M,/My)=10.06 (Leroy et al.
2019). The black hole mass is log(Mpy/My)= 6.00fg:38
(van den Bosch 2016). The rotation velocity of NGC 3621 is
140kms~! (de Blok et al. 2008). The abundance gradient traced
by the H1I regions from the compilation in Pilyugin et al. (2014)
was approximated by the relation

12 +1og(O/H) = 8.704(+£0.022) — 0.579(+0.040) x R, (A.26)

with a scatter of 0.057 dex for 49 data points.

A.27. NGC 4254 (M 99)

Galaxy NGC4254 (M99) is a bright Sc galaxy (morpholog-
ical type code T =5.2+0.7) in the Virgo Cluster. The incli-
nation angle of NGC4254 is i=34°, and the position angle
of the major axis is PA=68° (Lang et al. 2020). The optical
radius is 2.68 arcmin (de Vaucouleurs et al. 1991). At a dis-
tance of d=13.1 Mpc (Anand et al. 2021), the physical opti-
cal radius of NGC4254 is Rys =10.23kpc. The stellar mass
is M, =2.63x10'"M,, or log(M,/Ms)=10.42 (Leroy et al.
2021). The rotation velocity of NGC4254 is 183kms™!
(Lang et al. 2020). The radial distribution of the oxygen abun-
dances for the H 1T regions from the compilation in Pilyugin et al.
(2014) was approximated by the relation

12 + log(O/H) = 8.662(+0.023) — 0.254(£0.040) X R, (A.27)

with a scatter of 0.036 dex for 17 data points.

A.28. NGC 4258 (M 106)

Galaxy NGC4258 (M 106) is an Sbc galaxy (morphological
type code T =4.0+0.2). The inclination angle of NGC 4258 is
i=72°, and the position angle of the major axis is PA=331°
(Ponomareva et al. 2017). The optical radius is 9.31 arcmin
(de Vaucouleurs et al.  1991). At distance of d=7.58 Mpc
(Anand et al. 2021), the physical optical radius of NGC 4258
is Rys =20.53 kpc. The stellar mass is M, =5.15 % 10" M,, or
log(M, /My)=10.71 (Jarrett et al. 2019). The black hole mass
is log(Mpp /M) =7.58+0.03 (van den Bosch 2016). The rota-
tion velocity of NGC4258 is 200kms~! (Ponomareva et al.
2017). The abundance gradient traced by the H1I regions from
Bresolin et al. (1999) is

12 + log(O/H) = 8.600(+0.023) — 0.157(+£0.042) X R,, (A.28)

with a scatter of 0.013 dex for four data points.
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A.29. NGC 4303 (M61)

Galaxy NGC 4303 (M 61) is an Sbc galaxy (morphological type
code T =4.0+0.1) in the Virgo Cluster. The inclination angle
of NGC4303 is i=27°, and the position angle of the major
axis is PA =318° (Guhathakurta et al. 1988). The optical radius
is 3.23 arcmin (de Vaucouleurs et al. 1991). At a distance of
d=16.99Mpc (Anand et al. 2021), the physical optical radius
is Rys = 15.95kpc. The stellar mass is M, =3.24 X 10'° M, or
log(M,/My)=10.51 (Leroy et al. 2021). The black hole mass

is log(Mpy/Mo)=6.58"357 (Davis etal. 2019). The rotation

velocity of NGC 4303 is 150 kms~! (Guhathakurta et al. 1988),
although V,,, = 178 kms~! has been offered more recently (see
Lang et al. 2020). The radial distribution of the oxygen abun-
dances estimated through the R calibration in HII regions from
a compilation in Pilyugin et al. (2014), is approximated by the
relation

12 + 1og(O/H) = 8.668(+0.041) — 0.406(+0.100) X R, (A.29)

with a scatter of 0.078 dex for the 20 data points.

A.30. NGC 4321 (M 100)

Galaxy NGC4321 (M 100) is an SABb galaxy (morphologi-
cal type code T =4.0+0.3) in the Virgo Cluster. The inclina-
tion angle of NGC4321 is i=27°, and the position angle of
the major axis is PA = 153° (Guhathakurta et al. 1988). The opti-
cal radius is 3.71 arcmin (de Vaucouleurs et al. 1991). At a dis-
tance of d=15.21 Mpc (Anand et al. 2021), the physical opti-
cal radius of NGC4321 is Rys =16.40kpc. The stellar mass
is M, =5.62x10""M,, or log(M,/My)=10.75 (Leroy et al.
2021). The black hole mass is log(Mpy/My)= 6.67f2:é;
(van den Bosch 2016). The rotation velocity of NGC 4321
is 270kms~! (Guhathakurta et al. 1988) for i=27°, while
Lang et al. (2020) found V,, =181km s7! for i=38.5°. The
radial distribution of the oxygen abundances in the H1I regions
from the compilation in Pilyugin et al. (2014) was approximated
by the relation

12 + log(O/H) = 8.616(+0.021) — 0.079(+0.038) X R,  (A.30)

with a scatter of 0.022 dex for nine data points.

A.31. NGC 4395

Galaxy NGC4395 is an Sm galaxy (morphological type code
T =8.8+£0.5) in front of the Virgo Cluster. The inclination
angle of NGC4395 is i=46° and the position angle of the
major axis is PA=324° (Swatersetal. 1999). The optical
radius is 6.59 arcmin (de Vaucouleurs et al. 1991). At a dis-
tance (mean value for north and south fields) of d=4.51Mpc
(Sabbi et al. 2018), the physical optical radius of NGC 4395
is Rys =8.65kpc. The stellar mass is M, =2.63 X 10° M, or
log(M,/My)=9.42 (Jarrett et al. 2019). The black hole mass
is log(Mpy /Mo) =5.64*033 (van den Bosch 2016). The rotation
velocity of NGC 4395 is 80kms™' (Swaters et al. 1999). The
abundance gradient traced by the HII regions from the compi-
lation in Pilyugin et al. (2014) is

12 + log(O/H) = 8.063(+0.016) + 0.016(+0.066) X R,, (A.31)

with a scatter of 0.054 dex for 14 data points.
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A.32. NGC 4501 (M 88)

Galaxy NGC4501 (M 88) is an Sb galaxy (morphological
type code T =3.3+0.6). The inclination angle of NGC4501
is i=64°, and the position angle of the major axis is
PA =141° (Wong et al. 2004). The optical radius is 3.46 arcmin
(de Vaucouleurs et al. 1991). At a distance of d=16.8 Mpc
(Leroy et al. 2019), the physical optical radius of NGC4501
is Ry5 =16.90kpc. The stellar mass is M, =1.0X 10" M, or
log(M,/My)=11.00 (Leroy et al. 2019). The black hole mass
is log(Mpp/My)=7.13£0.08 (Davis et al. 2019). The rotation
velocity of NGC4501 is 280kms~' (Wong et al. 2004). The
radial distribution of the oxygen abundances in the H1I regions
from Skillman et al. (1996) was approximated by the relation

12 + log(O/H) = 8.774(0.076) — 0.330(0.154) X R, (A.32)

with a scatter of 0.034 dex for four data points.

A.33. NGC 4625

Galaxy NGC4625 is an SABm galaxy (morphological type
code T =8.7+0.9). The inclination angle of NGC4625 is
i=31°, and the position angle of the major axis is PA =303°
(Kaczmarek & Wilcots 2012). The optical radius is 1.09 arcmin
(de Vaucouleurs et al. 1991). At a distance of d=11.75Mpc
(McQuinn et al. 2017), the physical optical radius of NGC 4625
is Rys =3.74kpc. The stellar mass is M, =1.19x 10° Mg, or
log(M,./My)=9.08 (Leroy et al. 2019). The rotation velocity of
NGC 4625 is 60 km s~! (Kaczmarek & Wilcots 2012). The radial
distribution of the oxygen abundances from the H I regions from
Goddard et al. (2011) was approximated by the relation

12 +1og(O/H) = 8.624(+£0.017) — 0.136(+0.056) x R, (A.33)

with a scatter of 0.025 dex for 12 data points.

A.34. NGC 5055 (M63)

Galaxy NGC 5055 (M 63) is an Sbc galaxy (morphological type
code T =4.0+0.2). The inclination angle of NGC 5055 is i = 59°,
the position angle of the major axis is PA=102°, and the
optical radius is 5.87 arcmin (de Blok et al. 2008; Walter et al.
2008). At a distance of d=8.87Mpc (McQuinn et al. 2017),
the physical optical radius of NGC 5055 is Rys = 15.16 kpc. The
value of the rotation velocity on the flat part is 192kms™!
(de Blok et al. 2008; Ponomareva et al. 2017). The mean value
of the stellar mass from estimations by Leroy etal. (2008)
and Jarrett et al. (2019) and rescaled to the adopted distance is
M, =5.40x10'"" Mo, or log(M, /M) =10.73. The mass of the
black hole in NGC 5055 is log(Mpy/Ms) =8.92 + 0.10 in solar
mass (van den Bosch 2016). The abundance gradient traced by
the four H1I regions measured by McCall et al. (1985) is

12 + log(O/H) = 8.693(+0.035) — 0.280(+0.065) X R, (A.34)

with a scatter of 0.017 dex for four data points.

A.35. NGC 5068

Galaxy NGC 5068 is an Sc galaxy (morphological type code
T =6.0+£0.4). The inclination angle of NGC 5068 is i = 35°, and
the position angle of the major axis is PA=342° (Lang et al.
2020). The optical radius is 3.62 arcmin (de Vaucouleurs et al.
1991). At a distance of d=5.20Mpc (Anand et al. 2021),
the physical optical radius of NGC5068 is R,s =5.48 kpc.

The stellar mass is M, =2.57 x 10° M, or log(M«/My)=9.41
(Leroy et al. 2021). The radial distribution of the oxygen abun-
dances in the H1I regions from Ryder (1995) was approximated
by the relation

12 + log(O/H) = 8.474(x£0.050) — 0.158(£0.115) x R,  (A.35)

with a scatter of 0.058 dex for 16 data points.

A.36. NGC5194 (M51a)

The nearby galaxy NGC 5194 (M 51a, the Whirlpool Galaxy) is
an SABD spiral galaxy (morphological type code T =4.0+0.3).
The bright disc of NGC 5194 ends abruptly at about 5 arcmin
radius in both the optical images and the HI. The velocity
structure of the gas in NGC 5194 is extremely complicated and
difficult to interpret (Rots et al. 1990). There is the misalign-
ment of the major axes of the HI distribution and the veloc-
ity field. Therefore, the geometrical parameters of NGC 5194
are rather uncertain. Tamburro et al. (2008) derived the fol-
lowing geometrical projection parameters of the NGC 5194
galaxy disc: The position angle is PA=172°, and the incli-
nation is i =42°. Colombo et al. (2014) undertook a detailed
kinematic study of NGC5194 and found a position angle
PA =(173 £3)° and an inclination i=(22 +5)°. The geometri-
cal parameters of NGC 5194 obtained by Colombo et al. (2014)
are used here. We adopt the optical radius of NGC 5194
Rys =5.61 arcmin (de Vaucouleurs et al. 1991). We note that
the value of the optical radius of Rys=3.88 arcmin was used
for NGC 5194 within THINGS (Walter et al. 2008). There are
recent distance estimations for NGC 5194 made through the
tip of the red giant branch method based on Hubble Space
Telescope measurements. Tikhonov et al. (2015) found the dis-
tance to NGC 5194 to be in the range from 8.88 to 9.09 Mpc.
McQuinn et al. (2017) have measured the distance to NGC 5194
to be 8.58+0.10 (statistical uncertainty)+0.28 (systematic
uncertainty) Mpc. Sabbi et al. (2018) determined the distances
for the central pointing (d=7.6+0.8 Mpc) and for two outer
fields (d=7.2+0.6 Mpc and d = 7.6 + 0.6 Mpc). The distance to
NGC 5194 that we adopted in this work is d = 8.58 Mpc, which
was obtained by McQuinn et al. (2017). The optical radius of
NGC5194 is Rys=14.00kpc with the adopted distance. The
value of the stellar mass rescaled to the adopted distance
is M,=4.54x10""M,, or log(M,/My)=10.66 (Leroy et al.
2008; Jarrett et al. 2019). The rotation curve of NGC 5194 has
been measured in several investigations (e.g. Tilanus & Allen
1991; Leroy et al. 2008; Oikawa & Sofue 2014). We adopted the
rotation velocity of V,,, =219km s~! from Leroy et al. (2008).
We note that the value of the V,,; for NGC 5194 can include a
significant error because of the low inclination of the galaxy. The
radial distribution of the oxygen abundances estimated through
the R calibration in the HII regions from the compilation in
Pilyugin et al. (2014) and supplemented by the measurements
from Croxall et al. (2015) was approximated by the relation

12 + log(O/H) = 8.700(x£0.008) — 0.143(+£0.020) x R, (A.36)

with a scatter of 0.030 dex for 87 data points.

A.37. NGC 5236 (M 83)

Galaxy NGC 5236 (M 83) is an Sc galaxy (morphological type
code 7' =5.0+0.3). The inclination angle of NGC 5236 is i = 24°,
and the position angle of the major axis is PA =225° (Leroy et al.
2021). The optical radius is 6.44 arcmin (de Vaucouleurs et al.
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1991). At distance of d=4.89Mpc (Anand etal. 2021), the
physical optical radius of NGC5236 is Rys=9.16kpc. The
stellar mass is M, =3.39x 10'° M, or log(M, /M) =10.53
(Jarrett et al. 2019; Leroy et al. 2021). The rotation velocity of
NGC 5236 is 190kms~! (Lundgren et al. 2004). The abundance
gradient traced by the HII regions from the compilation in
Pilyugin et al. (2014) was approximated by the relation

12 + log(O/H) = 8.688(x£0.006) — 0.120(x0.012) x R, (A.37)

with a scatter of 0.022 dex for 51 data points.

A.38. NGC 5248

Galaxy NGC 5248 is an SABb galaxy (morphological type
code 7'=4.0+0.3). The inclination angle of NGCS5248 is
i=47°, and the position angle of the major axis is
PA =109° (Lang et al. 2020). The optical radius is 3.08 arcmin
(de Vaucouleurs et al. 1991). At a distance of d=14.87 Mpc
(Anand et al. 2021), the physical optical radius of NGC 5248
is Rys = 13.34kpc. The stellar mass is M, =2.57 x 10'° M, or
log(M,/My)=10.41 (Leroy et al. 2021). The black hole mass
is log(Mpp/Ms) = 6.30+0.38 (van den Bosch 2016). The rota-
tion velocity of NGC 5248 is 196kms~! (Langetal. 2020).
The radial distribution of the oxygen abundances from the
HT1I regions from the compilation in Pilyugin et al. (2014) was
approximated by the relation

12 +1og(O/H) = 8.517(+0.017) + 0.033(+0.061) x R, (A.38)

with a scatter of 0.040 dex for 11 data points.

A.39. NGC 5457 (M 101)

The giant nearby galaxy NGC5457 (M 101, the Pinwheel)
is a prototype of Sc spiral galaxy (morphological type code
T=59+0.3). It is a face-on galaxy. Its inclination angle
is i=18° and the position angle of the major axis is
PA =37° (Kamphuis 1993). The optical radius of NGC 5457
is Ry5 =14.42 arcmin (de Vaucouleurs et al. 1991). There are
79 independent distance measurements of NGC 5457 after the
year 2000, including those using Cepheids and tip of the read
giant branch (Lomeli-Nuiiez et al. 2022). The obtained dis-
tances are within the range of ~6 to ~9 Mpc. In this work, we
adopted the distance to NGC 5457 used in our previous study:
d =6.85 (Pilyugin et al. 2014). The optical radius of NGC 5457
is Rys =28.73 kpc with the adopted distance. The stellar mass
of NGC 5457 is M, =3.81x 10'° My, or log(M, /M) = 10.58,
and the mean value of the estimations from van Dokkum et al.
(2014) and Jarrett et al. (2019) were rescaled to the adopted
distance. The mass of the black hole in the NGC 5457 is
log(Mpy /M) =6.412% (van den Bosch 2016). The abundance
gradient traced by the HII regions from the compilation in
Pilyugin et al. (2014) and supplemented by the measurements
from Croxall et al. (2016) and Esteban et al. (2020) is

12 + log(O/H) = 8.688(x£0.009) — 0.793(£0.021) x R,, (A.39)

with a scatter of 0.061 dex for 213 data points.

A.40. NGC 6384

Galaxy NGC 6384 is an Sbc galaxy (morphological type code
T =3.6+0.6). The inclination angle of NGC 6384 is i = 55°, and
the position angle of the major axis is PA =31° (Mitchell et al.
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2018). The optical radius is 3.08 arcmin (de Vaucouleurs et al.
1991). At a distance of d=25.9Mpc (Leroy et al. 2019), the
physical optical radius of NGC 6384 is Rys =23.23kpc. The
stellar mass is M, =5.74x10'° My, or log(M,/My)=10.76
(Leroy et al. 2019). The rotation velocity of NGC 6384 is
230kms~' (Mitchell et al. 2018). The radial distribution of
the oxygen abundances estimated through the R calibration in
H1I regions from the compilation in Pilyugin et al. (2014) was
approximated by the relation

12 + log(O/H) = 8.783(+0.055) — 0.373(£0.094) X R,  (A.40)

with a scatter of 0.025 dex for eight data points.

A.41. NGC 6744

Galaxy NGC 6744 is an Sbc galaxy (morphological type code
T =4.0+0.2). The inclination angle of NGC 6744 is i = 50°, and
the position angle of the major axis is PA=16° (Ryder et al.
1999). The optical radius is 9.98 arcmin (de Vaucouleurs et al.
1991) (although Hoetal. 2011 found around half that opti-
cal radius). At a distance of d =9.39 Mpc (Anand et al. 2021),
the physical optical radius of NGC 6744 is Rys =27.25kpc.
The stellar mass (mean value) is M, =5.92x10'°M,, or
log(M, /M) =10.77 (Jarrett et al. 2019; Leroy et al. 2021). The
black hole mass is log(Mpy/My)=6.89+0.34 (Davis et al.
2014). The rotation velocity of NGC 6744 is 200kms™!
(Ryder et al. 1999). The abundance gradient traced by the HII
regions from Ryder (1995) is

12 + log(O/H) = 8.840(0.025) — 0.640(:0.054) X R,, (A.41)

with a scatter of 0.030 dex for 17 data points.

A.42. NGC 6946

Galaxy NGC 6946 is an SABc galaxy (morphological type code
T =5.9+0.3). The inclination angle of NGC 6946 is i =33°, and
the position angle of the major axis is PA =243° (de Blok et al.
2008). The optical radius is 5.74 arcmin (de Vaucouleurs et al.
1991). At a distance of d=7.34Mpc (Anandetal. 2021),
the physical optical radius of NGC 6946 is Rjs=12.26 kpc.
The stellar mass (mean value) is M, =2.85x10'M,, or
log(M4 /M) =10.45 (Jarrett et al. 2019; Leroy et al. 2019). The
rotation velocity of NGC 6946 is 186kms™' (de Blok et al.
2008; Leroy et al. 2008). The radial distribution of the oxygen
abundances estimated using the HII regions from the compila-
tion in Pilyugin et al. (2014) was approximated by the relation

12 + log(O/H) = 8.648(£0.050) — 0.258(£0.054) x R, (A.42)

with a scatter of 0.047 dex for 12 data points.

A.43. NGC 7331

Galaxy NGC 7331 is an Sbc galaxy (morphological type code
T =3.9+0.3). The inclination angle of NGC 7331 is i =76°, and
the position angle of the major axis is PA = 168° (de Blok et al.
2008). The optical radius is 5.24 arcmin (de Vaucouleurs et al.
1991). At a distance of d=14.7Mpc (Walter et al. 2008),
the physical optical radius of NGC 7331 is Rys=22.39kpc.
The stellar mass (mean value) is M, =1.0x 10" My, or
log(M, /M) =11.00 (Jarrett et al. 2019; Leroy et al. 2019). The
black hole mass is log(Mpy /M) =8.02+0.18 (van den Bosch
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2016). The rotation velocity of NGC7331 is 244kms™!
(de Blok et al. 2008; Leroy et al. 2008). The abundance gradient
traced by the H1I regions from Bresolin et al. (1999) is

12 + log(O/H) = 8.590(0.058) — 0.045(0.117) X R,, (A.43)

with a scatter of 0.014 dex for four data points.

A.44. NGC 7518

Galaxy NGC 7518 is an SABa galaxy (morphological type code
T =1.1+0.6). The inclination angle of NGC 7518 is i =47°, and
the position angle of the major axis is PA =294° (Amorin et al.
2009). The optical radius is 0.71 arcmin (de Vaucouleurs et al.
1991). At a distance of d=47.56 Mpc (Amorin et al. 2009),
the physical optical radius of NGC 7518 is Rys =9.77 kpc. The
stellar mass is M, =1.48x10'° M, or log(M,/My)=10.17
(Leroy et al. 2019). The radial distribution of the oxygen abun-
dances estimated for the HII regions from Robertson et al.
(2012) was approximated by the relation

12 +1og(O/H) = 8.675(+£0.012) — 0.103(+0.025) x R, (A.44)

with a scatter of 0.019 dex for 12 data points.

A.45. NGC 7529

Galaxy NGC 7529 is an Sbc galaxy (morphological type code
T =4.3+2.2). The inclination angle of NGC 7529 is i =29°, and
the position angle of the major axis is PA =157° (Zurita et al.
2021). The optical radius is 0.43 arcmin (de Vaucouleurs et al.
1991). At a distance of d=63.2Mpc (Zuritaetal. 2021),
the physical optical radius of NGC7529 is R,s =7.82kpc.
The stellar mass is M, =7.34 x 10° M, or log(M,/My)=9.87
(Leroy et al. 2019). The abundance gradient traced by the HII
regions from Robertson et al. (2012) is

12 +1log(O/H) = 8.637(+0.043) — 0.263(+£0.073) X R,;, (A.45)

with a scatter of 0.045 dex for 11 data points.

A.46. NGC 7591

Galaxy NGC 7591 is an SBbc galaxy (morphological type code
T =3.6+0.6). The inclination angle of NGC 7591 is i = 68°, and
the position angle of the major axis is PA =148° (Rubin et al.
1988). The optical radius is 0.98 arcmin (de Vaucouleurs et al.
1991). At a distance of d =67.3 Mpc (Leroy et al. 2019), the
physical optical radius of NGC 7591 is Rjs=19.08 kpc. The
stellar mass is M, =3.72x10'° My, or log(M, /My)=10.57
(Leroy et al. 2019). The rotation velocity of NGC 7591 is
199kms~! (Rubin et al. 1988). The radial distribution of the
oxygen abundances estimated through the R calibration in HII
regions from Robertson et al. (2012) was approximated by the
relation

12 + log(O/H) = 8.638(+0.016) — 0.085(+0.031) X R,  (A.46)

with a scatter of 0.025 dex for 11 data points.

A.47. NGC 7793

Galaxy NGC7793 is an Scd galaxy (morphological type
code T =7.4+0.6). The inclination angle of NGC7793 is
i=50°, the position angle of the major axis is PA =290°, and
the optical radius is 5.24 arcmin (de Blok et al. 2008). At a

distance of d=3.62Mpc (Anandetal. 2021), the physical
optical radius of NGC 7793 is Rys =5.51kpc. The maximum
value of the rotation velocity of NGC 7793 is 118 km s~ and
the value of the rotation velocity on the flat part is 95kms™!
(Carignan & Puche 1990; de Blok et al. 2008; Ponomareva et al.
2017). We adopted V,,;=95km s7'. The mean value
out of six estimations of the stellar mass of NGC 7793
(Ponomareva et al. 2018; Jarrett et al. 2019; Leroy et al. 2021)
is M, =254x10° My, or log(M,/Ms)=9.40. The radial
distribution of the oxygen abundances for the HII regions from
compilation in Pilyugin et al. (2014) was approximated by the
relation

12 + log(O/H) = 8.477(+0.024) — 0.343(£0.055) X R, (A.47)

with a scatter of 0.068 dex for 38 data points.

A.48. I1C 342

Galaxy IC342 is an SABc galaxy (morphological type code
T =6.0+0.3). The inclination angle of IC 342 is i =31°, and the
position angle of the major axis is PA =37° (Crosthwaite et al.
2000). The optical radius is 10.69 arcmin (de Vaucouleurs et al.
1991). At a distance d=3.45Mpc (Anandetal. 2021),
the physical optical radius of IC342 is Rys=10.73kpc.
The stellar mass (mean value) is M, =2.35x10'"M,, or
log(M4/My)=10.37 (Jarrettet al. 2019; Leroy etal. 2019).
(We note the large uncertainties in the mass estimations:
M, =145%x10""M,, or log(M,/My)=10.16 Leroy et al.
2019, and M, =325x10""M,, or log(M,/My)=1051
Jarrett et al. 2019). The rotation velocity of IC 342 is 170km s~}
(Crosthwaite et al.  2000), although Newton (1980) found
Viee=191kms™! for i=25° and PA=39°. The radial dis-
tribution of the oxygen abundances estimated through the
R calibration in HII regions from McCall et al. (1985) was
approximated by the relation

12 +1og(O/H) = 8.713(£0.030) — 0.426(+0.058) x R, (A.48)

with a scatter of 0.030 dex for four data points.

A.49. IC 5201

Galaxy IC5201 is an Sc galaxy (morphological type code
T =6.1+£0.6). The inclination angle of IC 5201 is i=67°, and
the position angle of the major axis is PA =206° (Kleiner et al.
2019). The optical radius is 4.26 arcmin (de Vaucouleurs et al.
1991). At a distance of d=9.20Mpc (Leroy etal. 2019),
the physical optical radius of IC5201 is Rps=11.39kpc.
The stellar mass is M, =7.59 x 10° M, or log(M, /M) =9.88
(Leroy et al. 2019). The rotation velocity of IC 5201 is 98 km s~
(Kleiner et al. 2019). The abundance gradient traced by the H1I
regions from Ryder (1995) is

12 + log(O/H) = 8.349(+0.082) — 0.530(+£0.169) X R,, (A.49)

with a scatter of 0.085 dex for six data points.

A.50. IC 5309

Galaxy IC5309 is an Sb galaxy (morphological type code
T =3.1+£0.4). The inclination angle of IC 5309 is i=63°, and
the position angle of the major axis is PA =20° (Amram et al.
1992). The optical radius is 0.67 arcmin (de Vaucouleurs et al.
1991). At a distance of d=55.7Mpc (Leroy et al. 2019), the
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physical optical radius of IC5309 is R;s =10.93kpc. The regions from Robertson et al. (2012) was approximated by the
stellar mass is M, =1.62x 10" M, or log(M,/My)=10.21 relation
(Leroy et al. 2019). The rotation velocity of IC5309 is 12 + log(O/H) = 8.614(+0.031) — 0.049(+0.065) x R,  (A.50)

152kms~! (Amram et al. 1992). The radial distribution of the
oxygen abundances estimated through the R calibration in HII ~ with a scatter of 0.058 dex for 14 data points.
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