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ABSTRACT

Gas-phase metallicity gradients in galaxies provide important clues to those galaxies’ formation histories. Using SDSS-IV
MaNGA data, we previously demonstrated that gas metallicity gradients vary systematically and significantly across the galaxy
mass—size plane: at stellar masses beyond approximately 10'° M, more extended galaxies display steeper gradients (in units of
dex/R.) at a given stellar mass. Here, we set out to develop a physical interpretation of these findings by examining the ability
of local ~kpc-scale relations to predict the gradient behaviour along the mass—size plane. We find that local stellar mass surface
density, when combined with total stellar mass, is sufficient to reproduce the overall mass—size trend in a qualitative sense. We
further find that we can improve the predictions by correcting for residual trends relating to the recent star formation histories of
star-forming regions. However, we find as well that the most extended galaxies display steeper average gradients than predicted,
even after correcting for residual metallicity trends with other local parameters. From these results, we argue that gas-phase
metallicity gradients can largely be understood in terms of known local relations, but we also discuss some possible physical
causes of discrepant gradients.
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1 INTRODUCTION

Star formation is among the most fundamental processes in galaxy
evolution, but the physics behind it remains to be fully character-
ized. As the products of successive stellar generations, gas-phase
metallicities in galaxies provide important clues to this end. In turn,
gas-phase gradients provide important insights into how galaxies
assemble their mass and structure over time.

A number of recent studies have investigated gas-phase metallicity
gradients in galaxies, aided significantly by large integral-field unit
(IFU) spectroscopy surveys such as CALIFA (Sdnchez et al. 2012a),
SAMI (Croometal. 2012), and MaNGA (Bundy et al. 2015). Sanchez
et al. (2014) report a characteristic gas metallicity gradient of 0.1
dex per disc effective radius in their sample of CALIFA galaxies (see
also Sanchez et al. 2012b). Subsequent CALIFA analyses suggest a
connection with morphology (e.g. Sdnchez-Menguiano et al. 2016),
while Belfiore et al. (2017) and Mingozzi et al. (2020) report a
mass dependence for gas metallicity gradients in MaNGA galaxies.

* E-mail: nfb@st-andrews.ac.uk

Carton et al. (2018) likewise report a mass dependence on gradients
in their sample of MUSE galaxies, while also finding larger galaxies
to display steeper size-scaled gradients on average; a similar size
dependence was noted in Boardman et al. (2020) for a sample of
MaNGA-observed Milky Way analogue galaxies. On the other hand,
Sanchez-Menguiano et al. (2018) find a tight relationship between
galaxies’ disc effective radii and the radii at which metallicities decay
by 0.1 dex, implying no such size dependence in gas metallicity
gradients for their own MUSE sample. Franchetto et al. (2021)
meanwhile find gas metallicity gradients to be steeper, on average,
for galaxies of higher gas fractions at a given stellar mass.

Recently, we showed in Boardman et al. (2021, hereafter B21)
that gas-phase metallicity gradients vary systematically across the
galaxy mass—size plane, using a sample of 1679 star-forming
MaNGA galaxies. We found a clear pattern beyond stellar masses of
around 10'° M, wherein more extended galaxies displayed steeper
gradients on average (in units of dex per effective radius, hereafter
dex/R.) at a given stellar mass. We further demonstrated that this
behaviour cannot be explained as being purely a result of the MaNGA
point spread function (PSF), that it is not simply a reflection of
known morphology trends, and that it is not dependent on the choice
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of galaxy size parameter. Thus, we argued this behaviour to be
physical in nature. We further argued this result to be consistent with
previous findings of a morphology-gradient connection, given the
known connection between morphology and size at a given galaxy
mass (Fernandez Lorenzo et al. 2013).

We did not offer a detailed physical explanation in B21 for the
observed gradient behaviour. Such an explanation would be timely,
particularly in light of the numerous models and simulations available
for comparison with observations. Galaxy gas metallicity gradients
have been studied in semi-analytical galaxy models (e.g. Yates et al.
2021) as well as in full cosmological hydrodynamical simulations
(e.g. Tissera et al. 2019). Thus, by better understanding the observed
gas metallicity behaviour of galaxies, we may then provide some
powerful comparisons to be made with simulations, and thus provide
a tool for further understanding how gas-phase abundances evolve
over time.

Gas-phase metallicity has been shown to be related to a number
of other parameters in galaxies across ~kpc scales. In particular,
a strong relation has been repeatedly found between the gas-phase
metallicities and stellar mass surface densities (X.) of star-forming
regions (e.g. Rosales-Ortega et al. 2012; Sanchez et al. 2013; Barrera-
Ballesteros et al. 2016). This can be viewed as a ‘local’ version of
the well-known mass—metallicity relation (e.g. Lequeux et al. 1979;
Tremonti et al. 2004), and indeed appears sufficient to reproduce
that very relation (Rosales-Ortega et al. 2012); we refer to this local
relation as the ‘resolved mass—metallicity relation’ (rMZR) over the
remainder of this work. The rMZR has been argued by Barrera-
Ballesteros et al. (2016) to be sufficient to reproduce galaxies’ gas
metallicity gradients for all but the least massive MaNGA galaxies.
An additional dependence between gas metallicity and galaxy stellar
mass (M,) is also apparent at a given value of X, particularly at
lower masses (e.g. Barrera-Ballesteros et al. 2016; Gao et al. 2018;
Hwang et al. 2019).

In the majority of star-forming MaNGA galaxies, an anticorrela-
tion can be seen between local star formation rates (SFRs) and gas
metallicities in star-forming regions once radial trends in both proper-
ties are removed (Sdnchez-Menguiano et al. 2019) — a result that has
also been obtained in the EAGLE cosmological simulations (Scholz-
Diaz, Sanchez Almeida & Dalla Vecchia 2021). This anticorrelation
can be understood from mathematical arguments (Sanchez Almeida
& Sanchez-Menguiano 2019) as being directly related to the funda-
mental metallicity relation (FMR; Ellison et al. 2008; Mannucci et al.
2010; Lara-Lopez et al. 2010), in which galaxies with higher SFRs
display lower gas metallicities at a given stellar mass. The existence
of such a ‘local FMR’ is not detected in the CALIFA data set (Sanchez
et al. 2013), however, and appears to depend on the adopted metal-
licity calibrator within the MaNGA data set (Teklu et al. 2020). The
FMR also appears to be scale-dependent, with a positive metallicity-
SFR residual trend instead found on ~100 pc scales (Wang &
Lilly 2021).

Various other trends involving gas metallicity have been reported,
both at local and global galaxy scales. Hwang et al. (2019) find low
values of D,4000' to be associated with lower gas metallicities at
a given combination of ¥, and M,, with Sdnchez-Menguiano et al.
(2020) similarly reporting positive correlations between D4000 and
gas metallicities in the majority of their sample MaNGA galaxies; this
again has a global equivalent within the mass—metallicity relation, in

n this paper, we use D4000 to refer to the original Bruzual (1983) index
definition and D,4000 to refer to the later narrow-band definition of Balogh
etal. (1999).
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which low D,4000 values are associated with lower gas-phase metal-
licities at a given mass (Lian et al. 2015). Barrera-Ballesteros et al.
(2018) report gas metallicity to correlate with both gas mass fraction
(negative correlation) and local escape velocity (positive correlation),
though they note the trends to be weaker than the density—metallicity
relation. Overall, these findings indicate a significant connection be-
tween the gas metallicity of a galaxy region and the formation history
of that region; such a connection, along with its ability to predict the
mass—size behaviour of gas metallicity gradients, is the focus of this
work.

Here, we assess the ability of the local relationships to reproduce
the observational B21 results and set out to develop a physical
interpretation of the observed gradient trends. We present the data to
be used in our study in Section 2. We discuss local trends and present
the resulting metallicity predictions in Section 3, and we discuss our
results in terms of predicted metallicity gradients in Section 4. We
discuss our findings in Section 5, and then summarize and conclude
in Section 6. We assume the standard A cold dark matter cosmology
throughout this work, and we adopt the following parameters: Hy =
71 kms~! Mpc~!, Qy = 0.27, and 2, = 0.73.

2 MANGA GALAXY SAMPLE AND OTHER
DATA

2.1 MaNGA data

We begin with the parent galaxy sample presented in B21, consisting
of SDSS-IV MaNGA galaxies with axis ratios (b/a) no lower than
0.6 and with stellar masses available from the GALEX-SDSS-WISE
Legacy catalogue (GSWLC; Salim et al. 2016; Salim, Boquien &
Lee 2018). We obtain M, values from the GSWLC-2X table (Salim
et al. 2018) and convert these from a Chabrier (2003) initial mass
function (IMF) to a Kroupa (Kroupa 2001; Kroupa & Weidner 2003)
IMF, as in B21; we perform this conversion by multiplying by a
factor of 1.06 (Elbaz et al. 2007; Salim et al. 2007; Zahid et al. 2012;
Speagle et al. 2014). We use for R, the elliptical Petrosian half-light
radii obtained from the Nasa-Sloan-Atlas (NSA; Blanton et al. 2011)
catalogue. We use elliptical Petrosian b/a values and position angles
(PAs) from the NSA catalogue.

The MaNGA galaxies were observed with the BOSS spectro-
graphs (Smee et al. 2013) on the 2.5 m Sloan telescope at Apache
Point Observatory (Gunn et al. 2006). The MaNGA IFUs contain
19-127 optical fibres of diameter 2 arcsec each, in hexagonal
configurations; observations with these IFUs employ a three-point
dithering pattern to fully sample the field of view (Drory et al. 2015;
Law et al. 2015). The observations are reduced with the MaNGA
Data Reduction Pipeline (Law et al. 2016; Yan et al. 2016a), which
yields 0.5 arcsec x 0.5 arcsec spaxel datacubes with a median PSF
full width at half-maximum of approximately 2.5 arcsec (Law et al.
2016). The individual reduced spectra have a spectral resolution of
R ~ 2000 (Smee et al. 2013), with a wavelength range of 3600-10
000 A. The MaNGA galaxy sample, consisting of roughly 10 000
galaxies in all, was selected to have a roughly flat distribution of
log-mass and a redshift range of approximately 0.01 to 0.15 (Yan
et al. 2016b; Wake et al. 2017). A number of spaxel-based quantities
relating to stellar and gaseous features are computed by the MaNGA
Data Analysis Pipeline (DAP; Belfiore et al. 2019a; Westfall et al.
2019), and are available via the Marvin?® interface (Cherinka et al.
2019). MaNGA results first became publicly available in SDSS Data

Zhttps://www.sdss.org/dr16/manga/marvin/
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Release 15 (DR15; Aguado et al. 2019), with further data — along
with DAP results — released in SDSS DR16 (Ahumada et al. 2020)
and DR17 (Abdurro’uf et al. 2022).

We make use here of several spaxel properties derived by the
Pipe3D analysis pipeline (Sanchez et al. 2016a, b, 2018) and by the
MaNGA DAP, both to assess local relations involving gas metallicity
and to construct predictions of gas metallicity using those relations.
We employ the MaNGA Product Launch 10 (MPL-10) versions of
these pipelines. In general, we choose to focus on properties that
relate to the star formation history (SFH) of a region and/or to
the gas contents of that region. The Pipe3D properties have been
derived in bins with target signal-to-noise (S/N) values of 50, while
in the case of the DAP we use unbinned values in all cases. We
correct emission line fluxes for reddening by assuming an intrinsic
Balmer decrement of 2.86 (valid for case B recombination, with
ne = 100cm™ and 7, = 10 000K) along with a Calzetti et al.
(2000) attenuation curve; we assume Ry = 3.1 when performing
this correction, following e.g. Greener et al. (2020). We use the
resulting reddening-corrected flux measurements throughout our
analysis.

We obtain the following values from Pipe3D:

(i) Stellar surface mass density (X,): This is computed from
Pipe3D fits to the stellar continuum, which include a dust correction.
As in Barrera-Ballesteros et al. (2016), we multiply the observed
densities by b/a to correct for inclination; we use these corrected
values for the remainder of this article. We also convert from a
Salpeter (1955) IMF to a Kroupa IMF by multiplying by a factor of
0.62 (Elbaz et al. 2007; Salim et al. 2007; Zahid et al. 2012; Speagle
et al. 2014), for consistency with the total stellar masses employed
in this work. Finally, we multiply the densities by each galaxy’s
Pipe3D dezonification map (as described in section 3.4.4 of Sdnchez
et al. 2016b), to account for the effects of spatial binning on galaxy’s
derived density maps.

(i1) D4000 index: We take this parameter directly from Pipe3D,
with no corrections or adjustments performed. The D4000 index is
calculated as the ratio between the average flux densities at 3750-
3950 A and 40504250 A following the definition of Bruzual (1983).
D4000 positively correlates with the light-weighted stellar age of a
galaxy region (see, for instance, fig. 12 of Sdnchez et al. 2016b) and
also functions as an estimator of a region’s specific SFR, though
on longer time-scales than is measured by H « emission flux. We
stress, however, that D4000 is not purely an indicator of age or star
formation, as increased metal absorption from metal-rich stars will
also lead to higher D4000 values.

(iii) Light-weighted stellar age (z,/): This is calculated as the
light-weighted combination of values from simple stellar population
template fits to observed spectra.

We obtain the following parameters from the DAP:

(i) Star formation rate surface density (Xsgr): We calculate
this from spaxels’ non-parametric H o emission fluxes, employing
equation (20) of Kennicutt et al. (2009, which assumes a Kroupa
IMF). We multiply our obtained values by b/a to correct for
inclination, as with ¥, and we use these corrected values over the
remainder of this article. In addition to Xgpr itself, we also make
use of the local specific star formation rate (sSFRjoc,1), defined as
Y spr/ 2, In our analysis.

(i) H « equivalent width, hereafter EW(H «): We obtain this
directly from the DAP, employing the non-parametric measurements.
This is essentially a proxy for sSFRj,.; however, sSFRjocq is
vulnerable to error propagation from the calculation of X, (e.g.
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Hwang et al. 2019) and from the dust reddening, so we choose to
consider EW(H «) in addition to sSFRo¢q.

(>iii) Optical extinction Ay, measured from the Balmer decrement
as part of our reddening correction. This parameter serves as
a reasonable proxy for gas mass within a region (e.g. Barrera-
Ballesteros et al. 2018).

(iv) Observed gas-phase metallicity, 12 + log(O/H),ps: We cal-
culate metallicity using the O3N2 calibrator of Marino et al. (2013,
hereafter M13) along with the R calibration described in equations (4)
and (5) of Pilyugin & Grebel (2016, hereafter PG16). We will focus
on results from the M13 calibrator in main text of this article, but we
present results from the PG16 calibrator in Appendix B.

In addition to the parameters listed above, we also consider the
ratios Ay/M, and Xsgr/Ay, which serve as proxies for the gas-to-
stellar mass ratio and the star formation efficiency, respectively,
Barrera-Ballesteros et al. (e.g. 2018, and references therein).

2.2 Identification of star-forming regions

Gas metallicity emission line calibrators are generally only valid
in regions dominated by star formation (though, see Kumari et al.
2019); thus, for the remainder of our analysis, we restrict to star-
forming spaxels with well-measured emission lines. We select star-
forming spaxels by requiring that their emission ratios fall within
the Kauffmann et al. (2003) star-forming region on the BPT-NII
diagram (Baldwin, Phillips & Terlevich 1981), and by requiring a
minimum EW(H «) of 10 A. We also removed spaxels with measured
Balmer ratios of less than 2.86 before dust-correction, considering
them unreliable for our purposes.

To ensure reliable metallicity measurements from both the M13
and PG16 calibrators, we restrict to spaxels for which the following
emission features are detected with S/N >3: H «, H 8, [O 111]s00s,[N
I6sss. [O 137373729. We further restrict to spaxels located between
0.5 R, and 2 R.; this is because our metallicity gradients are calculated
over this range, as described in Section 2.3. We remove spaxels
with unreliable D4000 measurements (for which we adopt the loose
requirement that 0 < D4000 < 2), and we remove spaxels with M 13-
derived metallicities beyond the original fitted range of the M13
O3N2 calibrator [8.17 < 12 + log(O/H)ss < 8.77]. Finally, we
only consider star-forming spaxels within galaxies with at least 20
such spaxels; this is because the angular area of the MaNGA PSF
is approximately 20 spaxels, as for instance pointed out by Hwang
et al. (2019). We obtain from these restrictions a sample of 871 346
spaxels overall.

2.3 Gas metallicity gradient calculation

We calculate our galaxies’ radial gas-phase metallicity gradients,
V[O/H]gps, in units of dex/R., from spaxels’ gas-phase metallicities
at radii between 0.5 R. and 2 R.. We perform this calculation
using a least-absolute-deviation fit, for all galaxies with at least
twenty available star-forming spaxels. Our chosen radius range
minimizes the impact of PSF effects on calculated gradients, while
also serving to avoid significant breaks from linear fits (Sanchez
et al. 2014; Sanchez-Menguiano et al. 2016; Belfiore et al.
2017).

We estimate errors using a bootstrapping analysis: we randomly
resample the residuals from the best-fitting line 100 times apiece
and re-fit the metallicity gradient, before taking as the error the
dispersion of the re-fit gradients. We calculate the dispersion using

220z AInp G| U0 Josn |ng op apuelo) oY Op [BIOPS SpepISIOAIUN AQ 086G659/8622/2/1 L G/910IME/SEIUW/WOD dNO"dlWapede//:SsdRy WoJj papeojumoq



Unsmoothed

1'5_IIII!IlllllIIIIIIllllIIIIIIlllllllI-
= T
Q L

o

£ B
& 05
_C_’ -
o L
= B
0.0

HIIIIIIIIII]IIOIIIIIIIIIIII|IIIIIIIII“

9 10 11 12

log,o(M./Mo)

Predicting MaNGA gas gradients 2301

Smoothed
1-5 ll'l'l]llllllT'llITTIITIIITTII1!111T 015

0.5

0.0

Ll Ll I T T T T | I ) ' I L1 1411111
9 10 11 12
log,o(M./Mo)

Figure 1. Effective radius plotted against galaxy stellar mass, with data points coloured by the observed gas metallicity gradients before (left) and after (right)
applying LOESS smoothing. The contours on the top panel encompass ~90, ~50, and ~10 per cent of sample galaxies.

the ‘ROBUST_SIGMA’ IDL procedure,> which we also use for
all subsequent dispersion calculations; this procedure calculates a
dispersion estimate that is resistant to outliers and is equivalent
to a standard deviation calculation in the case of an outlier-free
distribution. We discount any galaxy for which the gradient error
is greater than 0.1 dex/R.. As discussed further in Section 3.3, this
results in a final sample of 2123 galaxies containing 861 134 star-
forming spaxels.

In Fig. 1, we present the V[O/H],s values of our galaxies as a
function of R. and M,; this is the same empirical trend that was
explored in B21, but with our own gradient calculations instead of
gradients obtained from the Pipe3d summary table (Sanchez et al.
2018). We show the raw gradients in the left-hand panel, and in
the right-hand panel we show the results of applying 2D locally
weighted regression smoothing (LOESS; Cleveland & Devlin 1988)
as implemented in IDL.* We compute the LOESS-smoothed value
for each data point using the closest 20 per cent of data points with
the rescale keyword applied, with errors computed from the scatter
in neighbouring points for the purpose of the calculation. As in B21,
we see that galaxies’ gas metallicity gradients relate to both stellar
mass and size: the gradients steepen with size at a given stellar mass,
particularly for stellar masses above approximately 10'° My, and
also steepen with mass at low masses.

We are implicitly assuming every spaxel to be resolved for the
purpose of our gradient calculation. Given the MaNGA PSF, such an
assumption does not actually hold across neighbouring spaxels. We
have verified, however, that we obtain similar gradient results if we
azimuthally average metallicities over radial bins before calculating
gradients. As such, the precise calculation method is not a critical
factor in our analysis.

3 PREDICTING GAS METALLICITY WITH
LOCAL RELATIONS

We now employ a number of local ~kpc-scale trends to predict
spaxel gas metallicities, in order to test the ability of the trends

3https://idlastro.gsfc.nasa.gov/ftp/pro/robust/robust_sigma.pro
4 Available from http://www-astro.physics.ox.ac.uk/~mxc/software/.

to predict galaxies’ gas metallicity gradients. We refer to predicted
gas metallicities as ‘model” metallicities for the remainder of this
article.

In general, our methodology in this section is intended to let the
data speak for itself: we consider the observed gas metallicity as a
function of various combinations of parameters, without any fitting
of functional forms. Our method of constructing these models is
described over the remainder of this section. We also assign ‘errors’
to each individual model value for the purpose of estimating errors
in predicted metallicity gradients; these are determined based on the
metallicity scatter in the local relations, as discussed further over this
section.

3.1 Base models

In Fig. 2, we plot the Spearman correlation coefficient p between
observed spaxel metallicities and the corresponding galaxy M, and R,
values along with all other considered spaxel properties. It is X, and
then M, that correlate most strongly with the observed metallicity,
out of all observational parameters that we consider. All p values
in this figure have corresponding p-values of p <« 0.01, as do all
subsequently presented p values unless otherwise stated. We note
that even low (p < ~0.1) correlation coefficients are associated with
very small p-values in our calculations, due to the large number of
spaxels in our sample.

Given the behaviour of our selected data set, X, and M, make for a
natural starting point for our model metallicities. Barrera-Ballesteros
et al. (2016) have previously argued the rMZR alone to be sufficient
for reproducing galaxies’ gas-metallicity gradients for all but the
least massive galaxies. However, a significant mass dependence
on the rMZR has been reported before in the literature, including
by Barrera-Ballesteros et al. (2016) themselves; this suggests that
the three-way dependence between metallicity, mass, and density is
more fundamental than the rMZR alone (Gao et al. 2018). More
accurate metallicity predictions can therefore be obtained by also
taking mass into account, as for instance done by Hwang et al.
(2019).

We thus chose to construct an initial set of model metallicities
using a combination of ¥, and M,. Specifically, we compute the
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Figure 2. Absolute values of the Spearman correlation coefficient between the gas-phase metallicity and various other parameters. Red bars indicate positive
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Figure 3. Mean observed gas metallicity, as a function of M, and X,
with weak smoothing applied. The contours encompass ~10, ~50, and
~90 per cent of sample galaxy spaxels. The plotted relationship is used
in making our base models along with all subsequent model sets.

mean metallicity in small bins of ¥, and M,, before applying weak
LOESS smoothing® over the mean values. For a given spaxel, we then
‘predict’ the gas metallicity as being equal to the mean metallicity of
the associated smoothed mass-density bin. We require a minimum
of 10 star-forming spaxels in a given bin in mass-density space,
discarding spaxels that do not fall into a bin meeting this criterion.
We assign errors as the standard deviations of metallicities within a
given bin, with no smoothing applied.

We demonstrate our process in Fig. 3. These model metallicities
are included in the calculation of all others presented in this section.
Thus, we refer to them as ‘base models’ [12 + 10g(O/H)pase] for the
remainder of this work.

3.2 Extensions to base models

We now consider possible extensions to the base models, based on
residual dependencies with other parameters. We explore residual
trends in detail here, before summarizing in Section 3.3.

As afirst step, we plotin Fig. 4 the Spearman correlation coefficient
between the metallicity residuals [log (O/H)gps — 1og (O/H)pyse] and
all other considered parameters besides M, and X,. Similarly to

5In which, we consider the nearest 2 per cent of bins for each bin, with the
rescale keyword applied.
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Hwang et al. (2019), we find strong residual metallicity correlations
with EW(H «) and D4000 along with a weaker (though still signif-
icant) correlation with sSFRyy,;, with dust reddening uncertainties
being a likely reason as to why the latter correlation is weaker. We
also find very little small residual correlations with Ay, ty, or Ay/ 2.,
with the latter yielding a p-value of p = 0.82, in spite of the relatively
large p values between these parameters and the gas metallicity
itself.

The gas mass, we note, is typically a key ingredient in chemical
evolution modelling recipes (e.g. Barrera-Ballesteros et al. 2018,
and references therein), with local SFRs treated as an observable
consequence of the gas content. Ay, as described in Section 2.1,
serves as a reasonable proxy for gas mass in a star-forming regions.
Thus, the apparent lack of a strong residual metallicity dependence
in our base models on Ay or Ay/Z,, — in contrast with sSFR;,., and
associated parameters —is worth comment. First, we note that the gas
fraction and X, are quite tightly correlated (e.g. Barrera-Ballesteros
et al. 2018), meaning that much of the information available from Ay
will already be encoded into our base models. Furthermore, it should
be noted that the ratio between gas mass and Ay is not constant
in practice, as direct gas measurements show the ratio to increase
with EW(H «) (Barrera-Ballesteros et al. 2020). Finally, we note
somewhat stronger residual trends involving Ay when the alternative
Pilyugin & Grebel (2016) R2 calibrator is employed (Section B),
though we still find stronger residual trends with sSFRj,ca and
related parameters. As such, the lack of a strong residual metallicity
trend involving Ay for the M13 calibrator should be interpreted with
caution.

In Fig. 5, we plot the residuals between the base models and the
observed metallicities, both as a function of sSSFRy,., alone and as a
combined function of Xgpr and X.. For sSFR)..., we consider bins
with a minimum of 100 spaxels; for the Xsgr— 2, case we show
the mean offset in small bins with weak LOESS smoothing applied,
for bins containing at least ten spaxels. Our Xgpr — X, projection is
motivated largely by past investigations of the local FMR, which con-
sider metallicity as a combined function of X, and local SFR without
considering the corresponding galaxy mass (e.g. Teklu et al. 2020).
We see that higher sSFRy.., values are associated on average with
lower metallicities relative to what is predicted, with a mild turnover
at the lowest sSFRyoc values, which corresponds to the appearance
of alocal FMR in the Xgpr — ¥, parameter space. We therefore find
that the local FMR exists in MaNGA data for the O3N2 calibrator, as
previously reported by Teklu et al. (2020). Importantly, however, we
find that the local FMR is not purely a projection of the M, — %, —O/H
relation, and that a residual SFR dependence at a given density
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Figure 4. Absolute values of the Spearman correlation coefficient between the gas-phase metallicity residuals and various other parameters. Red bars indicate
positive coefficients, and blue bars negative coefficients. We obtain p = 0.82 for Ay/Z, and p < 0.01 otherwise.
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Figure 5. Mean residuals between observed and base model metallicities,
as a function of sSFRjqc, (top) and as a combined function of X, and Xgrr
with weak smoothing applied (bottom). Contours encompass ~10, ~50, and
~90 per cent of sample galaxy spaxels. In the top window, data points show
medians and dispersions in bins of SSFRjoc, that each contain a minimum of
100 spaxels.

remains even when M, is considered. It is clear, however, that only

a minority of spaxels are strongly affected by this particular trend.
Next, we consider the base model metallicity residuals in terms of

D4000 and EW(H «). In Fig. 6, we plot the residuals as a function
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Figure 6. Residuals between observed and base model metallicities as a
function of D4000 (top) and EW(H «) (bottom), with data points showing
the median and dispersion within a series of bins. Each bin contains at least
100 spaxels. The contours encompass ~10, ~50, and ~90 per cent of sample
galaxy spaxels.
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Figure 7. Mean residuals between observed and base model metallicities,
as a function of D4000 and #7 with weak smoothing applied. The contours
encompass ~10, ~50, and ~90 per cent of sample galaxy spaxels. At low
D4000 values, a residual 7y trend is apparent.
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Figure 8. Mean residuals between observed and base model metallicities, as
a function of EW(H «) and #7 with weak smoothing applied. The contours
encompass ~10, ~50, and ~90 per cent of sample galaxy spaxels. We find
only a mild residual 77 trend for any given value of EW(H «).

of D4000 and as a function of EW(H «). As expected, these two
residual trends are tighter than that seen for sSFRjoc,, making them
more suitable for potential extensions to our base models.

As mentioned previously, we find very little residual dependence
on t1y; this is in spite of the significant correlation between 7.y
with the metallicity itself. To investigate 77y further, we plot in
Fig. 7 the base model metallicity residuals as a combined function
of D4000 and t;y. We find a clear 2D trend in the residuals: at low
values of D4000, older ages are associated with lower-than-predicted
metallicities. If we instead consider the residuals as a combined
function of EW(H «), then we detect far less of a residual metallicity
dependence on #y at any value EW(H «); this is shown in Fig. 8.

To summarize this subsection so far, we have detected strong
residual metallicity trends with EW(H «) and D4000 along with
a weaker trend with sSFRj,,, in complete agreement with past
works. We have further noted a residual metallicity trend with 7,y in
low-D4000 regions, such that older ages are associated with lower-
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than-expected observed metallicities. As such, the opportunity exists
to construct additional metallicity models with a reduced residual
scatter, by incorporating additional parameters besides X, and M.

We experimented with a number of base model extensions by
correcting for the base model residuals as a function of one or two
parameters. Given the results presented in this section, we focused
on EW(H «), D4000 and 7,y as potential parameters for this purpose.
The models we experimented with are summarized thus:

(1) ‘D4000’ models. We calculate the median residual between
the observed and base model metallicities in bins of D4000, as
shown in the top panel of Fig. 6. We interpolate from bin centres to
individual spaxels’ D4000 values using linear interpolation. We add
these residuals as correction terms to our base model metallicities.
Spaxels beyond the bracketing bins’ midpoints do not have model
metallicities assigned.

(i1) ‘EW(H o)’ models. We construct these in the same manner as
for the D4000 models, but by using the EW(H «) bins shown in the
bottom panel of Fig. 6.

(iii) ‘SFH’ models. We construct these by performing an additive
correction to the base models, with the correction equal to the
associated D4000-7.y bin residual presented in the bottom panel of
Fig. 7. We require at least 10 spaxels per bin, and do not assign model
metallicities to spaxels outside of considered bins. These models
track recent phases of a region’s SFH via D4000 while also taking
older phases of the history into account via #;y; thus, we refer to
these as ‘SFH models’

(iv) ‘SFH-H o’ models. We construct these in the same manner
as the SFH models, except that we instead use the residuals in the
EW(H «)-t.w bins presented in Fig. 8.

We assessed the relative merits of these models, along with those
of the original base models, using three metrics: the dispersion of
residuals, the x? value, and the Bayesian information criterion (BIC).
We calculate x> using the measurement error alone; these errors do
not take the intrinsic scatter from our chosen calibrator into account,
and so result in reduced x? values significantly above unity. We
calculate the BIC as BIC = x> + klnn, where k is the number
of estimated model parameters and 7 is the number of spaxels in
our sample. Since our models are non-parametric, we take as k the
number of parameter bins involved in constructing a given model
set (which includes the M,—X, bins used for the base models in
all cases); this results in the SFH and SFH-H o models having
significantly larger & values than the other models. We also restrict to
spaxels with assigned values for all model metallicities considered;
this results in a sample size n of 847 025, which in turn yields Inn =
13.65.

We summarize the results of our assessment in Table 1. Compared
to the base models, we find all other models to yield lower residual
dispersions. We also find all other models to yield much lower BICs
than the base models, indicating that the reduction in dispersion is
statistically significant. Out of all models, the SFH models have the
lowest BIC as well as the lowest x?; thus, we will study the SFH
models over the remainder of this article, along with the base models
for the sake of comparison.

3.3 Models summary

To summarize, we have developed in this section a number of sets
of model gas metallicities, in which metallicities are predicted using
local relations within galaxies. The two model sets to be explored
over the remainder of the article are as follows:
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Table 1. Summary of considered models’ details and performance. We find that the SFH models yield the lowest x 2 and BIC values.
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Thus, we employ the SFH models over the remainder of this paper, along with the base models for the sake of comparison.
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Model set Model parameters Residual dispersion X k BIC
Base models M,, %, 0.0523 dex 1.14 x 107 2061 1.14 x 107
D4000 models M,, 2., D4000 0.0465 dex 5.85 x 10° 2077 5.88 x 10°
H o models M,, T, EWH ) 0.0455 dex 5.49 x 10° 2077 5.52 x 10°
SFH-H o« models M, 2, EWH @), tiw 0.0452 dex 5.33 x 10° 4515 5.39 x 10°
SFH models M., X, D4000, t v 0.0453 dex 5.10 x 10° 4267 5.16 x 106
to the total scatter, for all but the very lowest masses. Motivated by
O ‘]5 T T 1T L TTTT LI T TT . . .
o . C ] this, we remove from our sample the 15 galaxies with masses below
2 C 7 1039 Mg, and we do not perform any additional corrections to our
— 010 - models.
~ C 7 For our final spaxel sample, we require that spaxels have assigned
9/ 0.05F . values for the base and SFH models. After restricting to these
g ’ C ] samples, we remove from our sample any galaxy that no longer
- L ] has at least 20 sample star-forming spaxels associated with it. We
I —0.00 . thus arrive at a final sample of 2123 galaxies containing 861 134
2 C ] spaxels. Our base models yield a median residual of 0.005 dex,
—~ -0.05 — — while the SFH models yield a median residual of 0.001 dex. We
{ - . obtain residual dispersions of 0.052 dex, and 0.045 dex for the base
o 0.10 C N models and SFH models, respectively.
o ’ C ] As a final note, we found during tests that the precise order of
© 0.15 C ] model parameters (that is, which parameters are used in the base
T R —— models versus which parameters are then corrected on) has only a
90 95 10.010.5117.011.5 mild effect on the final SFH model metallicity values. We briefly
explore this point in Appendix A, to which we refer the interested
log(M,/Mo) P P PP
reader.
TTT LI T TT rTTT T TT T TT
x 0.15 - | | | ]
[%2]
C . 4 RESULTS
T 0.10p =
\ C ] ) . . .
@) C ] 4.1 Gas metallicity gradient predictions
& 0.05 - . o
) C ] We now test the ability of our model metallicities to reproduce the
- C 7 behaviour of observed gradients across the mass—size plane. For
I =0.00 ] both the base models and SFH models, we calculate gradients in the
2 C ] same manner as for the observations (Section 2.3): we perform a
~ _ 0.05 - least absolute deviation to the predicted metallicities of a galaxy’s
{ C ] star-forming spaxels, fitting for radii between 0.5 R. and 2 R.. We
O - s perform error estimations slightly differently in this case: we re-fit
o 0.10 - . gradients 100 times apiece with Gaussian noise added, with the noise
o B . level set by the model errors, before calculating dispersions of the
- O . 1 5 C 111 I 1111 I | | | | | | L1 11 I || | ]

9.0 9.5 10.010.511.011.5
log(M./Mo)

Figure 9. Gas metallicity residuals plotted against stellar mass for the base
models (top) and SFH models (bottom). The contours encompass ~10,
~50, and ~90 per cent of sample galaxy spaxels.

(1) 12 4+ 10g(O/H)pase: ‘base’ gas metallicity models, predicted
from spaxel X, values and galaxy M, values.

(1) 12 4+ log(O/H)spu: ‘SFH’ models predicted from 2., M,,
D4000, and 7.

We present in Fig. 9, the metallicity residuals for both of these
model sets as functions of galaxies’ stellar mass. The base models by
construction display little residual dependence with M., but we note a
slight residual trend with stellar mass for SFH models. However, the
mean SFH model residuals at a given mass remain small compared

re-fit gradients as before.

We show in Fig. 10 the observed metallicity gradients and the
model-predicted gradients across the mass—size plane, with LOESS
smoothing applied in all cases. Immediately, we see that the predic-
tions qualitatively reproduce two key features from the observations:
the predicted gradients steepen with mass from the low-mass end,
with a striking trend with mass—size position then emerging for
the more massive galaxies such that larger galaxies display steeper
gradients on average at a given mass. It is evident though that the
most extended galaxies have predicted gradients somewhat flatter on
average than what is observed, particularly at the low-mass end.

For the base models, the median offset between the observed
gradients and the base model gradients is —0.009 dex/R. with
a corresponding dispersion of 0.048 dex/R.. This dispersion is
significantly higher than can be expected from measurement errors
alone (typically below 0.02 dex/R., with a median of 0.005 dex/R.)
or from adding the observational measurement errors in quadrature
with the model errors (which for the base models, produces a median
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Figure 10. Effective radius, plotted against galaxy stellar mass, with data points coloured by the observed metallicity gradients (left; same as the bottom panel
of Fig. 1), the gradients predicted from the base models (middle) and the gradients predicted from the SFH models (right), with LOESS smoothing applied.

error of 0.014 dex/R.). For the SFH models, we obtain a median
gradient offset of —0.007 dex/R. and a dispersion of 0.043 dex/R..
Thus, the SFH models achieve a reduced scatter in gradient offsets
when compared to base models. At the same time, the dispersion in
offsets remains higher than can be explained by measurement errors
or by the scatter of local relations.

We show in Fig. 11, the gradient residuals in mass—size space from
the base models and SFH models, with LOESS smoothing applied;
we have normalized these by the standard deviation of residuals
between the observed and base model gradients. We find that the
most extended galaxies typically possess steeper observed gradients
than the models predict, particularly at low-to-intermediate masses.
The average direction of the offsets reverses for small sizes and
low masses, meanwhile. We find that the SFH models significantly
reduce, but do not completely eliminate, this behaviour.

4.2 Radial profiles of metallicities and residuals

So far, we have demonstrated that local gas metallicity trends can
qualitatively reproduce the metallicity gradient trend reported in B21:
past stellar masses of around 10'® M, larger galaxies have steeper
predicted gradients on average at a given stellar mass. However, we
also found quantitative differences even for our SFH models, with
extended galaxies frequently displaying steeper observed gradients
than the models predict. Thus, in this section, we explore radial
profiles of metallicities and residuals across the mass—size plane,
for galaxies with well-predicted gradients and for galaxies with
significant gradient offsets.

To begin, we divide our sample into a series of six bins across
the mass—size plane (Fig. 12). We define three stellar mass regions
selected to encompass 1/3 of the sample apiece — M, < 10”3 M,
10°¥ Mg < M, < 10'%9M,, and M, > 10'°° Mg — and term
these regions ‘low-mass’, ‘mid-mass’ and ‘high-mass’, respectively.
We further split these regions according to the median mass—size
relation, which we calculate in bins of stellar mass: galaxies above
the median relation are deemed ‘extended’, and galaxies at or
below the relation are deemed ‘compact’. By construction, these
bins contain roughly equal numbers of objects, ranging from 345
galaxies (extended mid mass) to 362 galaxies (compact mid mass
and extended high mass).

We then select three subsamples from each of the six mass—size
bins. For each bin, we select as ‘steep gradient galaxies’ those
galaxies at or below the 10th percentile of the gradient offset
distribution — i.e. those galaxies with gradients far steeper than
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predicted by the model — and we select as ‘shallow gradient galaxies’
those galaxies at or above the 90th percentile® — that is, galaxies
with observed gradients that are much flatter than predicted. Finally,
we select as ‘small residual galaxies’ those galaxies with gradient
residuals no greater than £0.02 dex/R.. We demonstrate this process
for one mass—size bin in Fig. 13.

We show the metallicity profiles of the subsamples in Fig. 14. We
calculate the profiles in radial bins of Ar = 0.2 R. with boundaries
between 0.5 R, and 1.9 R., calculating the medians along with the
regions encompassing 68 per cent of data points. We continue to
see different behaviour in different mass—size bins. For example,
among compact low-mass galaxies, the ‘steep gradient’ galaxies have
higher average metallicities at small radii when compared to the other
subsamples. We see hints of similar behaviour in the mid-mass bins.
By contrast, shallow gradient galaxies in the high-mass bins are
typically more metal-rich at larger radii. In all cases, the metallicity
profiles of steep gradient and shallow gradient galaxies are different
on average from the profiles of small residual galaxies and from each
other. In turn, we may speculate that the profiles of steep gradient
and shallow gradient galaxies were shaped by processes that are not
fully captured by the local relations we study.

In Fig. 15, we present the residual profiles between the observed
and SFH model metallicities for these subsamples. We note similar
slopes in the steep gradient galaxies across all mass—size bins, albeit
with different normalizations. Steeper-than-predicted gradients are
driven mainly by higher-than-predicted metallicities in the inner parts
of compact low-mass and mid-mass galaxies and mainly by lower-
than-predicted metallicities in galaxies’ outer parts for the other four
mass—size bins.

5 DISCUSSION

5.1 Empirical trends

In B21, we demonstrated a striking trend in gas metallicity gradients
as a combined function of galaxy mass and galaxy size. Here, we
experimented with the use of local relations involving gas metal-
licity, with the aim of reproducing the observed mass—size gradient
trend.

©These terms are a slight simplification, since some galaxies display positive
metallicity gradients (see, for instance, Fig. 1). However, these terms hold
true for the vast majority of our sample, so we use them for simplicity’s sake.
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Figure 11. Effective radius, plotted against galaxy stellar mass, with data points coloured by the offsets between observed and model metallicity gradients. We

have normalized the offsets by the dispersion of residuals from the base models, along with applying LOESS smoothing. We show results from the base models

on the left, and from the SFH models on the right.
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Figure 12. Same as the right-hand window of Fig. 11, but with the positions
of our six mass—size bins overlaid.

Individually, we found ¥, and then M, to present the strongest
correlations with the observed metallicity (Section 3.1). Given both
this finding and the findings of previous works (e.g. Gao et al.
2018), we experimented with using the M, — X, — O/H relation
to predict spaxel metallicities (our so-called base models). We found
that this relation alone is largely sufficient to reproduce the gradients’
behaviour in a qualitative sense: the gradients steepen with mass at
low masses, and steepen with size at large masses, in agreement with
observations.

We can therefore begin to understand the metallicity gradients
across the mass—size plane by understanding the rMZR along with the
mass-gradient connection, which itself has been reported before in
MaNGA data (Belfiore et al. 2017; Schaefer et al. 2020). Intuitively,
the tMZR can be understood as reflecting a connection between
the density of a region and its SFH (e.g. Barrera-Ballesteros et al.
2018): denser galaxy regions formed the bulk of their stars earlier
(e.g. Gonzdlez Delgado et al. 2014) and so had more time to enrich.
Given that the inner parts of galaxies are densest, metallicity gradients

-0.2 -0.1 0.0 0.1 0.2
V[O/H]obs - v[O/H]SFH (dex/Re)

Figure 13. Demonstration of our subsample selection procedure, for the
extended mid-mass bin. The red dashed lines indicate the 10th and 90th
percentile regions; galaxies below the leftmost lines are selected as steep
gradient galaxies, and galaxies above the rightmost line are selected as shallow
gradient galaxies. Galaxies between the blue solid lines are selected as small
residual galaxies.

can also be understood in this manner. The relative flatness of low-
mass galaxies’ gradients is likely due to them being more sensitive
to processes such gas mixing and wind recycling (e.g. Belfiore et al.
2017), which will not be fully captured by the rMZR in isolation.
The M,—X,—O/H relation does not fully reproduce the observed
metallicity gradient behaviour in a quantitative sense. This is perhaps
not surprising, as we find a number of residual metallicity trends in
our spaxel sample (Section 3.2). For instance, we recover a local
FMR from our spaxel sample, as reported previously for the O3N2
indicator in MaNGA data by Teklu et al. (2020); however, we are
able to show here that this FMR is not simply a projection of the
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Figure 14. Radial profiles of observed metallicities, for steep gradient galaxies (blue points), small residual galaxies (green points) and shallow gradient galaxies
(red points). Points show the median residuals within a given radial bin, with error bars encompassing the central 68 per cent of data points.

residual M, dependence, and that it persists even once M, is taken
into account. It is evident that only a small minority of data points
are significantly affected by the FMR as measured directly by X spr
and X,; this is a possible reason why attempts at measuring the
FMR on global scales with IFU samples — which consist of relatively
small samples of hundreds to thousands of galaxies — have yielded
non-detections (Barrera-Ballesteros et al. 2017; Sanchez et al. 2013,
2017, 2019). Use of EW(H «) as a proxy may be a way forward for
considering the global or local FMR in IFU galaxy sample samples,
given its reduced susceptibility to error propagation when compared
to the sSFR itself.

Hwang et al. (2019) interpret the residual metallicity trends with
$SFRoca, EW(H «), and D,4000 as evidence of recent metal-poor
gas inflows in affected regions, which serve to dilute metal content
and to trigger renewed periods of star formation. Such gas could
be obtained from gas-rich dwarfs or else from the intergalactic or
circumgalactic medium, and could also result from enhanced radial
inflows following interactions. A signature of this scenario is elevated
N/O and enhanced SFR at fixed gas metallicity, as Andrews &
Martini (2013) find for stacks of SDSS galaxies; such a signature
is observed on ~kpc scales, as reported by Luo et al. (2021) from
N/O measurements of MaNGA galaxies.

In regards to the Hwang et al. (2019) scenario, we note with
interest the trend between metallicity and 7,y that we see for low-
D4000 regions, along with the glut of low-D4000 data points with
high #; values evident in Fig. 7; a 7, bump is also evident in #.y-
EW(H «) (Fig. 8), albeit less prominently so. A possible explanation
is that such regions recently rejuvenated their star formation, which
would be completely consistent with the arguments that Hwang et al.
(2019) put forth.
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By correcting our base models for the metallicity residuals in
trw-D4000 space, we constructed our so-called SFH models. We
found that, compared to the base models, the SFH models yield
improved agreement between observed and predicted metallicity
gradients across the galaxy mass—size plane. This suggests that recent
star formation histories help to drive mass—size gradient trends, and
further supports a close connection between the metallicity of a star-
forming region and its SFH.

However, the SFH models do not fully eliminate the offsets we see
between observed and predicted gradients, suggesting that a further
explanation for the offsets is needed. Thus, it is worthwhile to more
thoroughly consider the physical processes that shape the metallicity
of a star-forming region.

5.2 Effects of gas flows on metallicity gradients

Observed gas metallicities are the products of chemical evolution,
which can broadly be broken down into three key processes (e.g.
Ferreras & Silk 2000): gas infall, star formation (and subsequent
ejection of metals), and metal outflow. We expect our ‘SFH model’
metallicities to indeed be sensitive to the SFH of a given star-forming
region. We also expect to be sensitive to variations in recent inflow
rates, following the arguments of Hwang et al. (2019). Chemical
evolution models support such an assertion, with time-varying inflow
rates appearing sufficient to produce a negative SFR-metallicity
correlation (Wang & Lilly 2021).

However, our metallicity predictions are not necessarily sensitive
to radial variations in outflow rates. Chemical evolution modelling
has repeatedly pointed to outflow rates as a key factor for understand-
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Figure 15. Radial profiles of residuals between observed and SFH model metallicities, for steep gradient galaxies (blue points), small residual galaxies (green
points), and shallow gradient galaxies (red points). Points show the median residuals within a given radial bin, with error bars encompassing the central

68 per cent of data points.

ing gas metallicities (e.g. Andrews et al. 2017). Higher outflow rates
are expected in regions of lower escape velocity (Barrera-Ballesteros
et al. 2018), and increased outflow rates in ~ 10° Mg, galaxies can
explain their flattened metallicity gradients (Belfiore et al. 2019b).
Increased outflow rates at early times are also a potential explanation
for discrepancies between gaseous and stellar metallicities, with a
time-varying IMF providing an alternative explanation for this point
(Lian et al. 2018a, b). Thus, variable present-day outflow rates —
which are not being captured by our metallicity predictions — are a
possible cause of remaining discrepancies in our predicted metallicity
gradients.

Radial gas flows are another potential source of discrepancies
between observed and predicted metallicity gradients. Recent sim-
ulations suggest gas infall to be dominated by co-planar inflow
events (e.g. Trapp et al. 2022). However, observational evidence
of significant radial gas inflows remains extremely limited: while
Schmidt et al. (2016) find mass inflow rates greater than SFRs for at
least 5 of their 10 sample spiral galaxies, most such studies (Wong,
Blitz & Bosma 2004; Trachternach et al. 2008; Di Teodoro & Peek
2021) do not generally detect significant radial flows in spirals.
Furthermore, the expected effect of inward flows on metallicity
profiles remains unclear, with steepening and flattening (Kubryk,
Prantzos & Athanassoula 2015; Sharda et al. 2021) of gradients both
suggested in different works.

To summarize: we expect our metallicity models to capture
variations in recent star formation histories and in recent gas inflow
rates, and we argue remaining gradient discrepancies to be due
to physical processes that are not well-captured by our models.
Variations in recent outflow rates are possible explanation in this
regard, as are the effects of radial gas flows.

6 SUMMARY AND CONCLUSIONS

In B21, we demonstrated a striking trend in gas metallicity gradi-
ents across the mass—size plane: for galaxies at stellar masses of
approximately 10'° M, and beyond, more extended galaxies display
steeper gas metallicity gradients on average at a given stellar mass.
This finding suggests that mass or size individually are not the best
means to understand gas-phase metallicity gradients within a galaxy
sample, and raises the question as to possible physical drivers of such
behaviour.

Here, we set out to develop a physical interpretation of these
observational results, by investigating the ability of local ~kpc-scale
trends to predict observed gas-metallicity trends. We constructed a
set of metallicity predictions using galaxies’ overall stellar masses
along with their local stellar mass surface densities (which we
deem our base models). We also experimented with corrections
for various other residual trends connected to the SFH of star-
forming regions. As part of these experiments, we noted a residual
trend between metallicity and the light-weighted stellar age for low-
D4000 regions, which to our knowledge has not been previously
reported in the literature. We used this trend to construct a second
set of model metallicities (which we refer to as SFH models). We
argued that an age trend at low D4000 values could be explained
by gas infall triggering renewed star formation in affected regions,
which is entirely consistent with the arguments of Hwang et al.
(2019).

Overall, we indeed reproduce the observational behaviour of
galaxy gas metallicity gradients: at a given stellar mass beyond
10" M, larger galaxies display steeper metallicity gradients (in
units of dex/R.) on average. We also found the SFH models to yield
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improved gradient predictions over the base models. Thus, we argue
that gas metallicity gradients can largely be understood in terms
of local trends, which in turn can be understood as reflecting the
connection between the formation history of a region and its observed
metallicity. However, some average offsets can still be seen in the
gradient predictions across the mass—size plane; we ascribe these
to physical processes which are not well captured by the metallicity
predictions, with variable outflow rates and radial gas flows providing
potential explanations.

A number of potential extensions to this work exist. In particular,
it would be useful to test the use of escape velocity as an additional
model parameter, given the suspected importance of metal outflows.
Chemical evolution models of gas metallicity gradients across the
mass—size plane would also be illuminating, in order to constrain
the importance of outflows in setting the observed gradient trends.
A comparison of metallicities with N/O abundance ratios in this
context would also be useful in light of the results of Luo et al.
(2021), though the O/H calibrators employed in this work would not
be suitable for such a study due to their use of the N2 indicator.
Finally, a machine-learning approach (e.g. Bluck et al. 2019, 2020)
would allow for a far more thorough investigation of how metallicity
relates to other local parameters, and seems a logical way forward
given the many-dimensional nature of the parameter space under
study.
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APPENDIX A: SFH MODEL PARAMETER
ORDER

For our SFH models, we started from our base model metallicities (in
which metallicities are predicted using the M,—% ,—O/H relation) and
then performed an additive correction according to the residuals in the
DA4000-,y plane. Given the multidimensional nature of these models,
itis worthwhile to consider if the order of applied parameters matters.
To this end, we constructed two additional sets of models in an
analogous manner to the SFH models. For the first set, we constructed
‘base models in the X, —D4000 plane and then corrected for residuals
in the M,—t;y plane; for the second set, we instead constructed ‘base
models’ in the M, —D4000 plane and then corrected for residuals in
the ¥, —#,w plane. As in the original SFH models, we required bins
within a given parameter space to contain at least 10 spaxels, with
spaxels outside those bins not being assigned metallicities. We refer
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Figure Al. Residuals between the SFH models and the SFH-a models (top)
or the SFH-b models (bottom). The red solid line indicates the mean residual,
and the blue dashed lines the dispersion.
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Table Al. Comparison of performance between the original SFH models and variants for which parameters are treated in
different orders. We find the original SFH models to perform best in a statistical sense.

Model set Model parameters Residual dispersion x2 k BIC

SFH-a models 3., D4000, M., 1w 0.0454 dex 5.62 x 10° 4773 5.69 x 10°
SFH-b models M., D4000, X, 1w 0.0466 dex 5.13 x 10° 4526 5.19 x 10°
SFH models M., 2., D4000, tw 0.0452 dex 4.97 x 10° 4267 5.03 x 10°

to these two new model sets as SFH-a models and SFH-b models,
respectively, to differentiate them from the original models.

To compare these two new models to the original SFH models, we
selected all spaxels with assigned metallicities for all three model
sets; this yielded a sample of 858 065 spaxels. We then studied the
scatter between the original SFH models with the other two, as shown
in Fig. A1. We obtain median residuals close to zero, and we obtain
residual dispersions significantly smaller than the data-model scatter.
Thus, we can conclude that the order in which we apply parameters
to our models has only a modest effect on the model metallicities.

Two further compare the three models, we present in Table Al
a comparison of model performances, assessing the data-model
residual dispersions along with the x2 and BIC. We find the SFH
models to yield the lowest dispersions and the lowest values of the
BIC and x?, indicating that the SFH models are superior to the other
two in a statistical sense. Thus, the order of model parameters does
affect the model outputs, though the impact is indeed modest in
practice.

APPENDIX B: RESULTS FROM THE R2
CALIBRATOR

Over the course of this article, we have focused on results from a
single gas metallicity calibrator (specifically, the O3N2 calibrator of
M13). However, different calibrators can yield significantly different
results, in terms of both gas metallicities and gas metallicity gradients
(e.g. Kewley & Ellison 2008; Belfiore et al. 2017; Sanchez et al. 2017;
Teimoorinia et al. 2021). In addition, Schaefer et al. (2020) show that
gas metallicity gradients are vulnerable to biases from N/O variations
when calculated with the O3N2 indicator. Thus, we briefly present
results obtained from the R2 calibrator of PG16 (their equations 4
and 5), using the same final galaxy sample presented in the main
paper text. As with the M13 O3N2 calibrator, the P16 R2 calibrator
was derived from empirical fitting of observational data. The R2
calibrator is much less vulnerable to biases from N/O variations,
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Figure B2. Mean observed gas metallicity from the PG16 calibrator, as
a function of M, and X, with weak smoothing applied. The contours
encompass ~10, ~50, and ~90 per cent of sample galaxy spaxels.

however, as it employs [O 11]37373729 in addition to [O 1], [N 11], and
Hydrogen lines. Since the R2 calibrator employs the full [O 11] and
[N 11] doublets, we assume a fixed 1/3 ratio between the dominant
and sub-dominant [O 111] and [N 1] components.

We present in Fig. B1, the Spearman correlation coefficients be-
tween the R2-derived metallicity and all other considered parameters.
As was found previously, we find ¥, and M, to yield the strongest
individual trends, though we note higher scatter (lower coefficients)
compared to the M13 case. We then construct a new set of ‘base
models’ by computing the mean metallicity in bins of ¥, and M., as
demonstrated in Fig. B2.

From the new base models, we find the strongest residual metallic-
ity correlations to be with D4000, EW(H «) and sSFR|,, like before,
though the correlations for all parameters but D4000 and EW(H «)
are somewhat stronger than was found from the M13 calibrator. We
show p values between the residuals and all parameters besides M.
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Figure B1. Absolute values of the Spearman correlation coefficient between the R2-derived metallicity and various other parameters. Red bars indicate positive

coefficients, and blue bars negative coefficients. We obtain p < 0.01 in all cases.
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Figure B3. Absolute values of the Spearman correlation coefficient between the gas-phase metallicity residuals and various other parameters. Red bars indicate
positive coefficients, and blue bars negative coefficients. We obtain p < 0.01 in all cases.
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Figure B4. Mean residuals between observed and base model metallicities
with the PG16 calibrator employed, as a function of sSFRjoca1 (top) and as a
combined function of X, and Xgpr with weak smoothing applied (bottom).
Contours encompass ~10, ~50, and ~90 per cent of sample galaxy spaxels.

and X, in Fig. B3. In Fig. B4, meanwhile, we show the residuals as
a function of sSFR,., and as a combined function of ¥, and M,; we
see from these plots that the local FMR is detected in this data set
when the R2 calibrator is applied.
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Figure B5. Mean residuals between observed and base model metallicities
from the PG16 estimator, as a function of D4000 and fzw. The contours
encompass ~10, ~50, and ~90 per cent of sample galaxy spaxels.

In Fig. BS, we plot the base model residuals as a combined function
of D4000 and 7.y, from which we again detect a residual #, trend
at low values of D4000; by correcting for this trend, we produce a
new set of ‘SFH models’ in the same manner as we did with the M13
metallicities previously.

From the galaxy sample we employed in the main paper text, we
obtain a median spaxel metallicity offset of 0.007 dex for the base
models and 0.002 dex for the SFH models. We obtain dispersions of
0.069 dex (base models) and 0.062 dex (SFH models).

In Fig. B6, we present the observed metallicity gradients from the
PG16 calibrator along with the gradients predicted from the base
and SFH models, using the same galaxy sample as for the M13 case.
We present in Fig. B7, meanwhile, the offsets between observed and
predicted metallicity gradients for both model sets. The offsets are
normalized by the dispersion in the base model offsets, with LOESS
smoothing also applied. We calculate median offsets of 0.005 dex/R.
(base models) and 0.009 dex/R. (SFH models); we calculate offset
dispersions of of 0.057 dex/R. (base models) and 0.052 dex/R. (SFH
models).
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Figure B6. Effective radius, plotted against galaxy stellar mass, with data points coloured by the observed metallicity gradients (left; same as the bottom panel
of Fig. 1), the gradients predicted from the base models (middle) and the gradients predicted from the SFH models (right), with LOESS smoothing applied and
with the R2 calibrator employed.
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Figure B7. Effective radius, plotted against galaxy stellar mass, with data points coloured by the offsets between observed and model metallicity gradients in
the case where the PG16 calibrator is applied. We have normalized the offsets by the dispersion for each set of models, along with applying LOESS smoothing.
‘We show results from the base models in the left window, and we show SFH model results in the right window.

From the above two figures, we obtain a picture near-identical but not eliminating this behaviour when compared to the base models.
to that which we obtained from the M13 calibrator. The models Thus, we may conclude that the key results of this paper are not
qualitatively reproduce the observed gradient behaviour across the unique to the M 13 metallicity estimator.

mass—size plane. However, the gradient offsets themselves also trend

across the mass—size plane, with the SFH models somewhat reducing .
This paper has been typeset from a TeX/IZTEX file prepared by the author.
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