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Abstract We use 1221 galaxies with unusually high gas-phase metallicity to study their physical properties.
The scope of redshift is 0.02 < z < 0.25 for these galaxies with unusually high gas-phase metallicity.
Our goal is to understand the physical origins of the high gas-phase metallicity. To address this study,
we select a control sample matching similar redshift and stellar mass. Our main results are as follows.
(i) Compared with the control sample, the high-metallicity sample shows lower ionization parameter, higher
electron density and more dust content. (ii) We also find that the high-metallicity sample has older stellar
age and higher [Mgb/<Fe>] ratio, which indicates that the high-metallicity sample has shorter timescale
of star formation. (iii) According to the plane of Ho4 vs. D,,4000, we can see that the control sample has
higher Ho 4 and lower D,,4000 than the high-metallicity sample, which may imply that the control sample
experiences recent star formation. (iv) There is a significant difference in gas distribution between the high-
metallicity and control samples. The high-metallicity sample has lower gas fraction than control sample,
which indicates that galaxies have high gas-phase metallicity probably due to their low HI gas fraction.
(v) There is no significant difference between the high-metallicity and control samples in environment,
which may suggest that the environment has no effect on gas-phase metallicity.
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1 INTRODUCTION

Stellar mass and gas-phase metallicities are important
physical parameters for the study of the formation and evo-
lution of galaxies. The stellar mass reflects the amount
of gas locked up into stars, while the gas-phase metallic-
ity reflects the gas reprocessed by stars and any gas ex-
changes between the galaxy and environment (Tremonti
et al. 2004). Many authors have studied the relation be-
tween stellar mass and gas-phase metallicity in nearby
galaxies (e.g., Tremonti et al. 2004; Savaglio et al. 2005;
Andrews & Martini 2013; Lian et al. 2015; Bian et al.
2017). The simple closed box chemical evolution model
has been used to explain this relation. In this simple case,
the galaxies are originally composed of metal-poor gas,
and metal-poor gas flows into the galaxies to form stars
due to gravitationally collapses (see the review in Tinsley
1980). No gas enters or leaves the galaxy in this scenario.
While high metals in high-mass galaxies are mainly due to
the feedback from stellar winds and supernova explosion
to increase their metal. In a closed box model (Dalcanton
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2007), the gas-phase metallicity mainly depends on the
gas mass fraction fgas(= Mgas/(Mgas + Mistar)). A large
amount of metal-poor gas from the intergalactic medium
(IGM) flows into the galaxy, diluting the gas-phase metal-
licity (Larson 1972). The gas-phase metallicity of low
mass galaxies may decrease when accretion rate is larger
than the star formation rate (i.e., Edmunds 1990; Garnett
2002). However, these excessive accretion events lead to
burst of star formation that enriches the galaxy back to the
closed box value (Chisholm et al. 2018). Some authors also
studied the relation between stellar mass and stellar metal-
licity (i.e., Gallazzi et al. 2005; Peng et al. 2015). High
mass galaxies also have high stellar metallicity. The a/Fe
abundance ratio is an important clock to investigate the star
formation history in galaxies. Massive galaxies are charac-
terized by systematically higher a/Fe ratio that, together
with information on their stellar age, indicates that more
massive galaxies formed on shorter timescales and at ear-
lier cosmic epochs than lower mass galaxies, which is the
so-called “downsizing” (Thomas et al. 2010).

The scatter of the relation between stellar mass and
gas-phase metallicity is an important clue to understand
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the metal enrichment history of a galaxy. Many studies
have found that the relation between stellar mass and metal
abundance may be related to other physical parameters,
such as star formation rate, D,,4000 (i.e., 4000A break),
galaxy size and morphology (e.g., Ellison et al. 2008; Yates
et al. 2012; Andrews & Martini 2013; Lian et al. 2015;
Bothwell et al. 2013; Gao et al. 2018). The break occur-
ring at 4000A is created by absorption lines and was first
defined by Bruzual (1983), and redefined by Balogh et al.
(1999) as D,4000 = ;00" fadr/ fonen fada. Lian et al.
(2015) studied the mass—gas-phase metallicity relation of
the Lyman-break analogues (LBAs) in local universe. They
found that the mass—gas-phase metallicity relation is de-
pendent on the D,,4000, which suggests that gas-phase
metallicity has a closely link to stellar age. Ellison et al.
(2008) found that galaxies of high star formation rate have
lower gas-phase metallicity than galaxies of low star for-
mation rate at fixed stellar mass. Subsequently, Mannucci
et al. (2010) pointed out a so-called fundamental metal-
licity relation (FMR), the relation between stellar mass,
gas-phase metallicity and star formation rate. They sug-
gested that the scatter in stellar mass-gas-phase metallic-
ity relation could be significantly reduced when consider
the star formation rate. Furthermore, it is more important
that FMR was found not to evolve out to at least z = 2.5
(Mannucci et al. 2010). However, there are always some
debates about scatter in the mass—gas-phase metallicity re-
lation. Some authors have thought that the relationship be-
tween stellar mass and gas-phase metallicity is not related
to star formation rate (e.g., Sdnchez et al. 2013, 2017).
Some authors also studied the relationship between gas-
phase metallicity and environment. Mouhcine et al. (2007)
found that the chemical properties of star-forming galax-
ies are independent of their environments and morphol-
ogy. Peeples et al. (2008) also found that the environment
does not affect the gas-phase metallicity of dwarf galaxies.
Cooper et al. (2008) found a relatively weak connection be-
tween gas-phase metallicity and environment. Ellison et al.
(2008) studied the stellar mass-gas-phase metallicity rela-
tion in galaxy clusters. They found that the cluster galaxies
in locally rich environments have higher median gas-phase
metallicities by up to ~0.05 dex than those in locally poor
environments. Thomas et al. (2010) studied the environ-
ment effect of stellar metallicity in SDSS early-type galax-
ies. They found that there is no correlation between stellar
metallicity and environment. Wu et al. (2017) found that
the dependence of stellar mass-gas-phase metallicity rela-
tion on the environment is small.

There is growing evidence that the relationship be-
tween local galaxies properties and local interstellar
medium (ISM) metallicity can help us to better understand
the evolution of galaxies. Many physical processes are re-
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lated to gas-phase metallicity, such as star formation, gas
inflow and outflow. Some authors have suggested that the
relation between stellar mass, gas-phase metallicity and
gas content is more fundamental than FMR (e.g., Bothwell
et al. 2013; Bothwell et al. 2016b,a). The local metal-rich
galaxies tend to be gas-poor (Peeples et al. 2008). Peeples
et al. (2008) studied a sample of metal-rich dwarfs galax-
ies. They predicted that their observed high oxygen abun-
dances are due to relatively low gas fraction. Davé et al.
(2012) predicted that there is an inverse correlation be-
tween gas-phase metallicity and HI mass. Bothwell et al.
(2013) found that stellar mass-gas-phase metallicity rela-
tion is dependent on mass of atomic hydrogen (HI) by us-
ing 4253 local galaxies. Hughes et al. (2013) also found
that the mass-gas-phase metallicity relation is dependent
on mass fraction of HI gas. Lara-Lépez et al. (2013) also
found that metal-rich galaxies have lower gas fraction
than metal-poor galaxies. Hwang et al. (2019) used ~1000
galaxies observed by Mapping Nearby Galaxies at Apache
Point Observatory (MaNGA) to study the relationship be-
tween low gas-phase metallicity region of galaxies and the
activity of star formation. They found that low gas-phase
metallicity region of galaxies tends to have a strong star
formation. The reduction of these gas-phase metallicities
is mainly due to gas accretion triggering star formation.
Brown et al. (2018) used ~9000 star-forming galaxies to
study the relation between atomic hydrogen (HI), stellar
mass and gas-phase metallicity. They proposed that the
scatter in the stellar mass-gas-phase metallicity relation is
primarily due to gas accretion. At the same time, galaxies
also lose metals through galactic outflows when they ac-
quire gas and metals from the intergalactic medium (IGM)
(Heckman et al. 1990). Chisholm et al. (2018) suggested
that the relation between stellar mass and gas-phase metal-
licity depends on metal-enriched galactic outflows.

In this work, we study the physical properties of galax-
ies with unusually high gas-phase metallicity. Our goal
is to understand the origin of high gas-phase metallicity.
We study the difference of physical parameters between
high and low gas-phase metallicity samples, such as ion-
ization parameter, dust content, electron density and so on.
We also study the stellar populations of the high and low
gas-phase metallicity galaxies using Lick index measure-
ments of key stellar absorption features that probe stellar
ages (i.e., Dygoo, the equivalent width of Hf 4 absorption
line), metallicities (i.e., Mgb, MgFe), and « to Fe element
abundance ratio.

This paper is structured as follows. In Section 2, we
describe how our sample of nearby galaxies is constructed.
The results and discussions are shown in Section 3. Finally,
Section 4 draws a summary. Throughout this paper, a
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ACDM cosmology with Hy = 70 km s~ 'Mpc™!, Q,, =
0.27, Q5 = 0.73 is adopted.

2 SAMPLE SELECTION

To select galaxies with unusually high gas-phase metallic-
ity, we use the catalogs of SDSS Data Release 7 (DR7)
galaxy!. The SDSS DR7 catalogs contain 927552 ob-
jects with various spectral properties, such as emission-line
fluxes and their errors. Our sample selection is based on the
following criterion:

1. We require that the signal-to-noise ratio of strong
emission line of galaxies is larger than 5 (S/N>5),
i.e., [OIII]A5007, HBA4861, [NII]A6584, HaA6563,
[OI]A6300,  [OIIJAA3726,29,  [SIIJANGT1T,31,
while the weak emission lines have S/N>3, i.e.,
[NelII]A3869. This signal-to-noise ratio limit is to
ensure that we get reliable gas-phase metallicity. This
results in 41 371 galaxies.

2. We use the BPT diagram (Baldwin et al. 1981) to re-
move galaxies with the AGN excitations. The crite-
rion was described in Kewley et al. (2001, Ke0O1) and
Kauffmann et al. (2003a, Ka03). At the same time, we
also consider that the galaxies have both the measure-
ment of stellar mass and gas-phase metallicity. The
range of stellar mass is 8.5 < log M, < 11.5. The
redshift measurement is reliable (i.e., Zwarning = 0)
and also 0.02 < z <0.25. The redshift limit is to en-
sure covering [OII]JAA3726, 29. This results in 24716
galaxies.

3. According to the stellar mass-gas-phase metallicity re-
lation, we use a polynomial fit to the median in bins of
0.1 dex in mass that lie on the 95th percentiles points.
The high-metallicity sample was selected as galaxies
with gas-phase metallicity lying above the median in
bins of 0.1 dex in mass that lie on 95th percentiles
points. This results in 1221 high-metallicity galaxies.

To study the physical properties of the high-metallicity
sample, we select a control sample. The control sample has
gas-phase metallicity lying down 1o median stellar mass-
gas-phase metallicity relation of SDSS star-forming galax-
ies. At the same time, the control sample has both simi-
lar stellar mass and redshift to the high-metallicity sam-
ple. The gas-phase metallicity comes from the catalogs
of SDSS DR7 galaxy (Tremonti et al. 2004). Figure 1
shows the relation between stellar mass and gas-phase
metallicity for the high-metallicity and control samples.
From Figure 1, we can see that low mass galaxies have
low gas-phase metallicity, while high mass galaxies have

U https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
raw_data.html
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high gas-phase metallicity. One explanation is that super-
nova explosions produce metal-enriched gas outflow (i.e.,
Larson 1974; Tremonti et al. 2004; Scannapieco et al.
2008). Low mass galaxies are expected to be more ef-
ficient in removing the freshly enriched gas due to the
shallower gravitational potential well. Alternatively, low
mass galaxies have low gas-phase metallicity owning to
the inflow of metal-poor gas that could dilute the gas-phase
metallicity (Dalcanton et al. 2004). Another possibility is
a mass-dependent star formation efficiency (i.e., Brooks
et al. 2007; Calura et al. 2009). In this scenario, more
massive galaxies are more efficient in converting their gas
reservoirs into stars, which results in lower gas-to-stellar
mass ratio and higher gas-phase metallicity. At the same
time, it is interesting to note that stellar mass—gas-phase
metallicity relation flattens at M, > 10'° M. This phe-
nomenon is predicted naturally by any chemical evolu-
tion model. The competing effects between star formation-
driven metal production and dilution caused by accretion
of pristine gas could lead to the metal enrichment in the
gas. Compared with the star formation-driven metal pro-
duction, the dilution effect is inefficient in the low metal-
licity regime. Once the gas-phase metallicity becomes high
enough, the dilution effect becomes efficient due to gas ac-
cretion. Therefore, saturation occurs when the gas-phase
metallicity reaches a high enough value for the dilution ef-
fect to balance the metal production (Lian et al. 2018).

3 RESULTS AND DISCUSSIONS
3.1 Excitation Mechanism

Figure 2(a) shows the log[OIII]/HS as a function of
log [NII]/Ha standard optical diagnostic diagram for the
high-metallicity (red contour) and control sample (black
contour). The blue dashed and green solid lines show
the classification lines of Ka03 and KeOl, respectively.
Galaxies that lie below the blue dashed line are classed as
HII-region-like galaxies. From Figure 2(a), we find that the
log [NII]/Ha ratio of the high-metallicity sample is higher
than control sample by ~0.5 dex. The log [OIIT]/HS ratio
of the high-metallicity sample is lower than control sam-
ple by ~0.5 dex. The control and high-metallicity sam-
ples form a tight sequence from low metallicities (low
log [NII]/He, high log[OIII]/Hf3) to high metallicities
(high log [NII]/Ha, low log [OIIT]/H/).

Because the [NIIJA6584 flux could be enhanced by
shocks and/or AGNs in galaxies. Thus, we also use other
diagnostic lines that are sensitive to the shocks and/or
AGNs, including the [SIT]JAN6717, 6731, [OI]A6300 emis-
sion lines. Figure 2(b) and (c) show the log [OIII]/H/S as
a function of log [SII]/Ha and log [OIII]/HS as a func-
tion of log [OI]/Ha diagrams for the high-metallicity (red
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Fig.1 Relation between stellar mass and gas-phase metallicity for the high-metallicity (red dot) and control (black dot) samples. The
green solid line indicates a median stellar mass-gas-phase metallicity of SDSS DR7 star-forming galaxies. The green dashed line shows
apolynomial fit to the median in bins of 0.1 dex in mass that lie on the 95th percentiles points. The cyan dashed line shows a polynomial
fit to the median in bins of 0.1 dex in mass that lying on the 16th percentiles points (1o). The red histogram indicates the distribution
of stellar mass and gas-phase metallicity for the high-metallicity samples. The black histogram indicates the distribution of stellar mass

and gas-phase metallicity for control sample.

contour) and control sample (black contour), respectively.
We find that the high-metallicity and control samples lie
below the green solid line, which suggests that the high-
metallicity and control samples are not contaminated by
AGN:s or strong shocks. The high-metallicity sample has
relatively lower log [SII]/He ratio than control sample by
~0.1 dex. The log[OI]/Ha ratio of the high-metallicity
sample is lower than control sample by ~0.2 dex. We also
note that 0.1 dex is not a large difference. At the same time,
the high-metallicity sample is far away from the green
solid line, while the control sample is close to the green
solid line. These results suggest that the high-metallicity
sample may have lower ionization state than control sam-

ple.

Figure 2(d) shows log[OIII]/H3 as a function of
log [OIII)/[OI1] for the high-metallicity (red contour) and
control samples (black contour). From Figure 2(d), we
find that the high-metallicity sample has relatively lower
log [OIII]/HS ratio than control sample by ~0.7 dex.
The log [OIII]/[OII] ratio of the high-metallicity sam-
ple is lower than control sample by ~0.5 dex. Because
log [OIII}/[OII] can be used as an indicator of ionization
state. Thus, we can see that the high-metallicity and control
samples seem to form a single sequence from low ioniza-
tion to high ionization state.

3.2 Spectral Energy Distribution

Richardson et al. (2016) proposed the spectral energy
distribution (SED) diagnostic diagrams, which uses the
ratios of different emission lines from different ion-
ization states; i.e., [OI], [OII], and [OIII]
line ratios. The ionization energies of [OI], [OII] and
[OI1I] are 13.6, 35.1 and 54.9 eV, respectively. Figure 3(a)
shows the log [OIII]/[OII] as a function of log [OII]/[O1].
The high-metallicity sample tends to have a lower ra-
tio of log [OIII]/[OII] than control sample. Levesque
& Richardson (2014) pointed out that the ratio of
[NeIII]/[OII] can be used as a tracer of ionization param-
eter for high redshift star-forming galaxies. In Figure 3(b),
the high-metallicity and control samples are shown in
the plane of log [NellI]/[OII] versus log [OIII]/[OII].
The high-metallicity sample also tends to have lower
log [NellI]/[OII] than control sample by ~0.1 dex, which
suggests that the high-metallicity sample has lower ioniza-
tion state than control sample. However, we also note that
0.1 dex is not significant difference.

In Figure 4, we plot the log [OIII]/[OII] ratio as a
function of log Ha luminosity (a) and log [OIII] luminos-
ity (b) of galaxies. Compared with control sample, the
high-metallicity sample tends to have lower log [OIII] lu-
minosity by ~0.07 dex. The 0.07 dex is not a large dif-
ference. The log [OIII]/[OII] ratio of control sample rises

emission
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Fig.2 The optical diagnostic diagram of the high-metallicity (red contour) and control (black contour) samples. (a) The log [OIII]/HS3
as a function of log [NII]/Ha; (b) the log [OIII]/H/3 as a function of log [SII]/Ha; (c) the log [OIIT]/HG as a function of log [OI]/Ha;
(d) the log [OIII]/Hp as a function of log [OIII]/[OI1]. The blue dashed line is the Ka03 (Kauffmann et al. 2003a) classification line.
The green solid line is the KeO1l (Kewley et al. 2001) extreme starburst line.
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significantly when the luminosity of log [OIII] larger than
39.5.

3.3 Gas-phase Metallicity

The electron temperature (7,) method is the most reli-
able approach to estimate the gas-phase metallicity, which
is based on the ratios of faint auroral-to-nebular emission
lines (Lin et al. 2017), such as [OIIT]A4363/[OIIT]\5007.
However, auroral lines are weak in galaxies, such as
[OIII]\4363 lines, especially for the galaxies of high gas-
phase metallicity. A lot of calibrators can also be used
to estimate the gas-phase metallicity besides the elec-
tron temperature (7.) method (Kewley & Ellison 2008).
According to the photoionization models for HII regions,
some emission lines ratios can also be used as the cal-
ibrators to reproduce the gas-phase metallicity, such as
([OIIA3727+[OI11]AN4959, 5007)/H3 (R23; Kobulnicky
& Kewley 2004), [NITJA6584/[OI1]A3727 (N202; Kewley
& Dopita 2002), ([OIIT]AS007/HB)/(INII]JA6583/Ha) and
[NIIJA6583/Ha (O3N2, N2; Pettini & Pagel 2004).
However, there is a large difference between the gas-
phase metallicity derived by different calibrators (Kehrig
et al. 2013). For example, compared with the N202 di-
agnostic, O3N2 and N2 almost could not reproduce the
supersolar oxygen abundances and would derive lower
metallicity (Blanc et al. 2015; Zhang et al. 2017). Dopita
et al. (2013) have proposed that the N202 is optimal in-
dicator of gas-phase metallicity because it is not sensi-
tive to the ionization parameter. Therefore, we also use
the [NII]J/[OII] ratios as a tracer of gas-phase metallic-
ity besides R23 methods. Figure 5 shows ratios of lines
with similar ionization potentials. In Figure 5(a), the high-
metallicity and control samples are shown in the plane
of log [NII]/Ha vs. log [SII]/Ha. Figure 5(b) shows the
log [NII]/[OII] as a function of log [OI]/Ha for the high-
metallicity and control samples. The log [NII]/[OII] ratio
of the high-metallicity sample is higher than control sam-
ple by ~0.6 dex. We find that the high-metallicity sample
has really higher gas-phase metallicity than control sam-
ple. Our results are independent of the gas-phase metallic-
ity calibrators.

3.4 Electron Density and Ionization Parameter

Shimakawa et al. (2015) found that electron densities are
correlated with specific star formation rate. Some authors
have suggested that there is a relation between gas-phase
metallicity and star formation rate (i.e., Ellison et al. 2008;
Yates et al. 2012; Andrews & Martini 2013). Thus, we
also study the electron densities of the high-metallicity
and control samples. Osterbrock (1989) suggested that the
emission-line flux ratios of [SIT]\6717/A6731 can be used
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as a tracer of the electron density, low ratio means higher
electron densities. The [OIIT]A5007/[OII]A\3727 flux ratio
is a useful indicator of ionization parameter (e.g., Komossa
& Schulz 1997; Nagao et al. 2002).

Figure 6 shows the log [SII]A6717/A6731 as a func-
tion of log [OIII] luminosity (a) and the log [OIII]/[OII]
ionization parameter (b) for the high-metallicity and con-
trol samples. As seen previously, the high-metallicity sam-
ple is offset towards lower log [OIII] luminosities and ion-
ization parameters compared to control sample. From this
figure, we can see that the high-metallicity sample tends
to have higher electron density than control sample by
~0.05 dex.

The histograms of electron density (a) and ion-
ization parameter (b) are shown in Figure 7. From
Figure 7, we can see that the high-metallicity sample
has lower log [SIIJA6717/[SII]A6731 than control sam-
ple by ~0.05 dex. The log[OIII]/[OII] ratios of the
high-metallicity sample is lower than control sample by
~0.5 dex. These results suggest that the high-metallicity
sample has high electron density and lower ionization pa-
rameter than control sample. We also note that 0.05 dex
is not a large difference. Using the Kolmogorov-Smirnov
(K-S) test, both of the electron densities and ionization
parameter distributions of the high-metallicity and con-
trol samples yield p-values of p < 0.001, which indicates
a significant difference between the high-metallicity and
control samples in electron density and ionization param-
eter. Nagao et al. (2006) found that high-metallicity galax-
ies have a relatively low-ionization parameters. Many au-
thors have found that young and extremely metal-poor
starburst galaxies have high ionization parameter (e.g.,
Fosbury et al. 2003; Erb et al. 2010; Richard et al. 2011).
Kashino & Inoue (2019) found that ionization parameter
(U) is primarily controlled by sSFR, as Uox sSFR?*%. The
partial dependence of U on electron density (n.) is found
to be Uoc n %29, Our results may suggest that the high-
metallicity sample has weak star-formation activity (low
SFR, sSFR).

3.5 Stellar Populations

3.5.1 Stellar population age and metallicity

1. We use the 4000 A break (D,,4000) and the Hé 4 ab-
sorption lines as indicators of the age of the stellar pop-
ulation. The strength of 4000 A break is influenced by
temperature and metallicity (Kewley et al. 2006). The
D,,4000 can be used as a tracer of the galaxy age for
galaxies with mean stellar ages less than a few Gyrs.

2. The other age indicator is the equivalent width (EW)
of the Hd4 absorption line. Strong Ho4 absorption
line indicates that galaxies experience a burst of star
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ionization parameter (b). Red contour indicates the high-metallicity sample, and black contour shows the control sample.

12 - -
(b)
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P < 0.001
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log [OII]A5007/[O11]

Fig.7 The histograms of electron density diagnostic [SIIJA6717/[SII]A6731 ratio (a) and [OIII]/[OII] ionization parameter (b). Red
histogram 1is the high-metallicity sample, and black histogram shows the control sample. The value of p indicates the significance level

of K-S statistic.

formation that ended ~0.1-1 Gyr ago (Worthey &
Ottaviani 1997). Worthey & Ottaviani (1997) defined
the Ho4 = (4083.50 — 4122.25)/(1 — (F1/F¢)),
where F7 is the flux within 4083.50-4122.25 band-
pass and F is the pseudo-continuum flux within the
bandpass. Kauffmann et al. (2003b) suggested that
the D,,4000-H¢ 4 plane could be used to distinguish
whether galaxies have been forming stars continuously
or in bursts over the past 1-2 Gyr.

. The total stellar metallicity can be indicated by using
the index, [MgFe]’. Thomas et al. (2003) proposed that

the [MgFe]’ could be calculated by the following for-
mula:

[MgFe] = \/Mgb(0.72Fe5270 + 0.28Fe5335). (1)

The a-enhancement of the stellar population can be in-
dicated by using [a/Fe]. The [a/Fe] is estimated using
the following formula:

[o/Fe] = —1.030 + 1.016X — 0.141X?, (2)

where X = Mgb/<Fe>, <Fe>= Fe5270 + Fe5335
combination (Thomas et al. 2003).
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Figure 8 shows the Hé4 as a function of D,,4000,
Mgb as a function of D,,4000, [MgFe]’ as a function of
D,,4000, and [«o/Fe] as a function of Hd 4, respectively.
Figure 8(a) shows the relation between Hé 4 and D,,4000.
We find that control sample has lower D,,4000 than the
high-metallicity sample by ~0.03 dex. The H§4 of con-
trol sample is higher than the high-metallicity sample by
~0.8 dex, which suggests that control sample likely ex-
periences recent star formation. Figure 8(b) and (c) show
the stellar metallicity as a function of D,,4000. The high-
metallicity sample has higher stellar metallicity than con-
trol sample by ~0.3 dex. Figure 8(d) shows the [a/Fe] as a
function of Hé 4 for the high-metallicity and control sam-
ples. The high-metallicity sample has higher [a/Fe] ratio
than control sample by ~0.03 dex, indicating that their
stellar populations are more enhanced with a-elements.
Although the 0.03 dex is not large difference. However, the
high-metallicity and control samples have significant dif-
ference in the distribution of D,,4000, Hd 4, Mgb, [MgFe]’
and [a/Fe] based on K-S test.

3.5.2 Relationship between stellar age, metallicity and
ionization state

Figure 9 shows the Hd 4 as a function of D,,4000, Mgb as a
function of D,,4000, [MgFe]’ as a function of D,,4000, and
log [OIII] luminosity as a function of D,,4000 for the high-
metallicity sample, the colorbar shows the log [OIII]/[OII]
ratios. From this figure, we see that the galaxies with low
log [OIII}/[OI1] values have old, metal-rich stellar popu-
lations. Galaxies with young stellar populations have high
log [OIII] luminosity.

In Figure 10, we plot the high-metallicity and control
samples in the plane of log [NellI]/[OII] as a function
of log [OIII]/[OII] according to their D,,4000 values, re-
spectively. Galaxies with old stellar populations have rela-
tively low [OIII]/[OII] ratio in both the high-metallicity
and control samples. The galaxies with recent star for-
mation (low D,,4000) have high [OIII]J/[OII] values in
both samples. However, galaxies with old stellar popula-
tions occupy a wide range in log [NeIII]/[OII] ratio in the
high-metallicity sample. The relation between D,,4000 and
log [NellI]/[OII] is more complex.

3.5.3 Relationship between [OI11] luminosity and
ionization state

In Figure 11, we colour-code galaxies in the plane of
log [NellI]/[OII] as a function of log [OII1]/[OII] accord-
ing to their log[OIII] luminosity. The high-metallicity
sample is shown in left-hand panel and control sample
is shown in the right-hand panel, respectively. Galaxies
with high log [OIII] luminosities have high ionization state
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in both samples. In the previous subsection, we found
that galaxies with young stellar populations have high
ionization state and log [OIII] luminosities. Usually, the
log [OIII] luminosity is also used to indicate the activity
of the central supermassive black hole. We have found that
the galaxies with recent star formation have young stellar
population, high ionization state, and high log [OIII] lumi-
nosities, which suggests that they are likely accreting gas
to trigger the activity of the central black hole.

3.6 Relationship between Color and Stellar Mass

The optical band data of SDSS galaxies come from the
catalog of Chilingarian et al. (2017). The near-ultraviolet
(NUV) data derive from the catalog of Martin et al.
(2005). The mid-infrared data come from the catalog
of Wright et al. (2010). The star formation rate (SFR)
and stellar mass of galaxies are adopted from the Max-
Planck-Institute for Astrophysics (MPA)/Johns Hopkins
University (JHU) DR7 Value Added Galaxy Catalogue
(VAGC) (Brinchmann et al. 2004; Kauffmann et al. 2003b;
Salim et al. 2007).

Figure 12 shows the relation between colors and stel-
lar mass for the high-metallicity and control samples.
(a) Optical colors versus stellar mass; (b) near-UV col-
ors versus stellar mass; (¢c) mid-IR color versus stellar
mass; (d) Balmer decrement (Ha/H3) versus stellar mass.
Red dots are the high-metallicity samples, and black dots
are control samples. Large red circles are medians of the
high-metallicity samples. Large black squares are medi-
ans of control samples. Blanton et al. (2003) suggested
that the optical g — r color is an indicator of star forma-
tion activity in galaxies. At the same time, the NUV-r and
[3.4]—[12] colors are also used to indicate the recent star
formation activity of galaxies (e.g., Ko et al. 2013; Lee
et al. 2015). The Ha/HS flux ratio (i.e., Balmer decre-
ment) can trace the dust extinction. When there is no dust
in galaxies, the Ha/HQ ratios are expected to be 2.86 for
star-forming galaxies (in the nominal case B recombina-
tion for 7 = 10000K and n. ~10 cm—2, Osterbrock &
Ferland 2006). Thus, flux ratios larger than these values
indicate dust extinction.

Figure 12 shows that the color increases with the stel-
lar mass. To reduce the influence of stellar mass when we
compare color differences between high-metallicity and
control samples, we select 9.5 < log(M,/Mg) < 10.0 as
comparison. From Figure 12, we can see that the high-
metallicity sample tends to be redder than control sam-
ple in g — r by ~0.13 dex, in NUV-r by ~0.2 dex and
in [3.4]—[12] by ~0.5 dex. The high metallicity sample
has higher Ho/H/3 ratio than control sample by ~0.3 dex.
Using K-S test, we find that the high-metallicity and con-
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Fig.8 The high-metallicity and control samples are shown in the plane of stellar absorption line index diagrams. (a) Hé 4 as a function
of D,,4000; (b) Mgb as a function of D,,4000; (c) [MgFe] as a function of D,,4000; (d) [a/Fe] as a function of H6 4. Red contours are
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Fig.9 Hd 4 as a function of D,,4000, Mgb as a function of D,,4000, [MgFe]’ as a function of D,,4000, and log [OII1] luminosity as a
function of D,,4000 for the high-metallicity sample, the colorbar shows the log [OIII]/[OII] ratios.

trol samples have significant difference in distribution of
colors. At the same time, there is a significant differ-
ence between the high-metallicity and control samples in
Ha/Hp ratio. This difference in colors between the high-
metallicity and control samples may be due to dust extinc-
tions. Galaxies with high dust extinctions have moderately
high metallicity (Heckman et al. 1998; Reddy et al. 2010).

Figure 13 shows that SFR, sSFR (SFR/M,), [a/Fe]
and D,,4000 as a function of stellar mass. From Figure 13,
we can see that the high-metallicity sample has slightly
lower SFR and sSFR on average than control sample by

~0.1 dex and ~0.1 dex, respectively. We also note that
0.1 dex is not large difference. However, we find that the
high-metallicity and control samples have significant dif-
ference in the distribution of this two parameters by us-
ing K-S test. We can see that the high-metallicity sam-
ple has higher [a/Fe] than control sample by ~0.03 dex.
Although 0.03 dex is not large difference, there is a sig-
nificant difference between the high-metallicity and con-
trol samples in the distribution of a/Fe by using K-S test.
Abundance of the a-elements can be used as indicator of
timescales of star formation. The c-elements (such as mag-
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Fig.12 The relation between color and stellar mass for the high-metallicity and control samples. (a) Optical colors versus stellar mass;
(b) near-UV colors versus stellar mass; (c) mid-IR color versus stellar mass; (d) Balmer decrement (Ha/H/3) versus stellar mass. Red
dots are the high-metallicity samples, and black dots are control samples. Large red circles are medians of the high-metallicity samples.
Large black squares are medians of control samples. The error bars are 16th and 84th percentiles in each bin. The histogram in each
panel show the distribution of each parameter for the high-metallicity (red line) and control (black line) samples in a narrow mass range
9.5 < log(M./Mg) < 10.0.

nesium) are mainly from the Type II supernovae, which  at least 1 Gyr (Nomoto et al. 1984; Woosley & Weaver
occur rapidly after a burst of star formation (timescales of ~ 1995). The high-metallicity sample has older stellar age
105 — 107 yr) whereas the Fe-peak elements that are asso-  and higher [Mgb/<Fe>] ratios than control sample. Our
ciated with the Type Ia supernovae, which lag behind by
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results suggest that the high-metallicity samples may have
shorter timescales of star formation.
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Fig.13 SFR, sSFR, D,,4000 and [«/Fe] versus stellar mass for
the high-metallicity and control samples. (a) SFR versus stel-
lar mass; (b) sSFR versus stellar mass; (c) [a/Fe] versus stellar
mass; (d) D,4000 versus stellar mass. Red dots are the high-
metallicity samples, and black dots are control samples. Large
red circle is median of the high-metallicity sample. Large black
square is median of control sample. The error bars are 16th and
84th percentiles in each bin. The histogram in each panel show
the distribution of each parameter for the high-metallicity (red
line) and control (black line) samples in a narrow mass range
9.5 < log(M./Mgs) < 10.0.

3.7 Gas Properties

The atomic gas mass (My) comes from the Arecibo
Legacy Fast ALFA Survey (ALFALFA, Haynes et al.
2018), which provides data onto ~31500 galaxies at z <
0.06. Brown et al. (2015) studied the relationship between
gas contents and star formation. They found that star for-
mation activity is linked to the amounts of gas in galaxies.
Therefore, we compare the amounts of atomic gas mass be-
tween the high-metallicity and control samples. Among the
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bars are 16th and 84th percentiles in each bin.
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Fig.15 The histogram of B/T for the high-metallicity and control
samples. The red histogram is the high-metallicity sample, and
black histogram 1is control sample.

1221 high-metallicity and 833 control samples, 78 high-
metallicity samples and 89 control samples have HI detec-
tions. The relation between fraction of gas mass and stel-
lar mass are shown in Figure 14. We find that the high-
metallicity sample has lower fraction of gas than control
sample by ~0.5 dex. Using K-S test, we find that the high-
metallicity and control sample have significant difference
in distribution of amounts of gas. The galaxies with high
gas-phase metallicity may be due to their low HI gas frac-
tion.

3.8 Structure Properties

The B/T is a tracer of structure of galaxies. Simard et al.
(2011) provided a catalog of bulge and disk decomposition
for 1.12 million galaxies in the SDSS. They used three dif-
ferent galaxies fitting models: a pure Sérsic model, an n, =
4 bulge + disk model, and a Sérsic model (free n;) bulge
+ disk model. In this paper, we only use a n, = 4 bulge



20-12

8.5 <log(M./Mg< 9.5

9.5 <log(M./Mg< 10.5

Y.-Y. Chen et al.: High Gas-metallicity Galaxies

log(M./Mg) > 10.5

P=040 1

0.8F

Normalized
o
>

o
=
T

02

0.0 e

P=0.005 1 P=0.43

-3 -2 -1 0 1 2 -3 -2
log X5 (Mpe™)

-1

log X, (Mpe™)

0 1 2 -3 -2 -1 0 1 2
log Z; (Mpe™)

Fig.16 The histogram of environment for the high-metallicity and control sample. The red histogram is high-metallicity sample, and

black histogram is control sample.

+ disk model, and PpS < 0.32. We cross-match the high-
metallicity sample with their catalog to get B/T. Figure 15
shows the distribution of B/T for the high-metallicity and
control samples. Using K-S test, we find that the high-
metallicity and control samples have no significant differ-
ence in distribution of B/T. At the same time, we find that
most of the high-metallicity and control samples are disk-
dominated galaxies (i.e., B/T < 0.5). Tremonti et al. (2004)
used the concentration index (C = Rgg/R5p), as a rough
proxy for galaxy morphology. They found no correlation
between the scatter in stellar mass—gas-phase metallicity
relation and galaxy concentration. Thus, our results may
suggest that there is no relation between gas-phase metal-
licity and galaxy morphology.

3.9 Environment

To study the relationship between galaxy activity and en-
vironment, there are a variety of methods to measure the
environment of a galaxy. The most common way is to use
Nth nearest neighbours technique. The projected density
(X5) is a sub-optimal environment metric (Mouhcine et al.
2007), especially when probing properties of gas content
(e.g., Muldrew et al. 2012, Brown et al. 2018). Following
Mouhcine et al. (2007), we use the following formula to
estimate the environment density:

4 1 5
= “og(——
wdi) + 2 Og(wdg)’

log X5 = %bg( 3)
where d4 and d5 are the projected distances to the fourth
and fifth nearest neighbours within 1000 km s~! (Baldry
et al. 2006).

In order to avoid Malmquist bias and reach the mini-
mum SDSS fiber separation when we estimate d4 and ds,

we only consider galaxies that are brighter than M, = —20
mag, with separations of 50 A~ ! kpc (Li et al. 2009). The

sample is volume limited for galaxies brighter than M, =
—20, which is the density defining population (Baldry et al.
20006). The bright limit gives us a uniform density estimate
that is applicable to our magnitude-limited sample over the
full redshift range probed. The lower limit for projected
distance is to avoid the galaxy itself was included when
we estimate density. Furthermore, it is more important that
the density estimate is not biased by SDSS fibre collisions.
Moreover, it is also important to note that, for these density
calculations, we have constructed a new reference sam-
ple using the SDSS Data Release 7 (DR7; Abazajian et al.
2009) which covers much larger area on the sky than do our
samples of the high-metallicity/control sample. By these
ways we have avoided for most of our sample the potential
bias in the estimated densities. Thus, this ensures a high
level of completeness, providing an adequate tracer sam-
ple to characterize the environment of our target sample.

Figure 16 shows the distribution of environment for
the high-metallicity and control samples. The histogram of
red color is the high-metallicity sample, and black color
is control sample. Using K-S test, we find that the high-
metallicity and control samples have no significant differ-
ence in distribution of environment. It is generally thought
that the star formation may be related to the environment.
Thus, one popular proposal is that environment affects
metallicity. However, we find that there is not significant
difference between the high-metallicity and control sam-
ples in the distribution of environment. Our results may
suggest that there is no relation between environment and
gas-phase metallicity.

4 SUMMARY

We use a sample of galaxies with unusually high gas-phase
metallicity and compare their physical properties with con-
trol sample. Our main results are as follows.
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1. The distributions of electron density and ionization pa-
rameter for the high-metallicity and control samples
are significantly different. The high-metallicity sample
tends to have higher electron density and lower ioniza-
tion parameter than control sample.

2. The g —r, NUV-r, and mid-infrared [3.4]—[12] colors
of the high-metallicity samples are statistically differ-
ent from those of their control samples. These color
differences may be due to the different dust extinc-
tions, as evidenced by the Blamer decrement (Ho/H/3).

3. The stellar population shows significant difference be-
tween the high-metallicity and control samples. The
high-metallicity sample has old and metal-rich stellar
population, as evidenced by D,,4000, Mgb and MgFe.
However, the control sample has young stellar popula-
tion, namely low D,,4000 and high Hj 4 value. From
the D,,4000 vs. HJ 4 panel, the control sample may ex-
perience recent star formation activity.

4. The high-metallicity and control samples have signifi-
cant difference in the distribution of [«/Fe], namely
[Mgb/<Fe>] ratio. The high-metallicity sample has
higher [Mgb/<Fe>] ratio than control sample, which
indicates that the high-metallicity sample has shorter
timescales of star formation.

5. The HI gas fraction of the high-metallicity sample, on
average, is lower than that of their control sample. The
galaxies with high gas-phase metallicity may be due to
their low HI gas fraction.

6. The distributions of environment have no significant
difference between the high-metallicity and control
sample, which may suggest that the environment has
no effect on gas-phase metallicity.
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