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ABSTRACT

In addition to the well-known gas phase mass—metallicity relation (MZR), recent spatially resolved observations have shown that
local galaxies also obey a mass—metallicity gradient relation (MZGR), whereby metallicity gradients can vary systematically
with galaxy mass. In this work, we use our recently developed analytic model for metallicity distributions in galactic discs, which
includes a wide range of physical processes — radial advection, metal diffusion, cosmological accretion, and metal-enriched
outflows — to simultaneously analyse the MZR and MZGR. We show that the same physical principles govern the shape of both:
centrally peaked metal production favours steeper gradients, and this steepening is diluted by the addition of metal-poor gas,
which is supplied by inward advection for low-mass galaxies and by cosmological accretion for massive galaxies. The MZR and
the MZGR both bend at galaxy stellar mass ~ 10'°—10'"3 M, and we show that this feature corresponds to the transition of
galaxies from the advection-dominated to the accretion-dominated regime. We also find that both the MZR and MZGR strongly
suggest that low-mass galaxies preferentially lose metals entrained in their galactic winds. While this metal-enrichment of the
galactic outflows is crucial for reproducing both the MZR and the MZGR at the low-mass end, we show that the flattening of
gradients in massive galaxies is expected regardless of the nature of their winds.
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1 INTRODUCTION

Metals have a profound impact on galaxy formation and evolution
even though their contribution to the total visible matter is less
than 2 per cent. The symbiotic relationship between galaxies and
their metal content has now been investigated in detail through
numerous observations, simulations, and analytic models. One of
the key manifestations of this relationship is the correlation between
the stellar mass of a galaxy (M,, used as a proxy for the total
galaxy mass) and its global (gas phase or stellar) metallicity, Z.
It is now well established that low-mass galaxies have lower Z
as compared to massive galaxies. This is known as the mass—
metallicity relation (MZR; e.g. Kewley & Dopita 2002; Tremonti
et al. 2004; Mannucci et al. 2010; Peng, Maiolino & Cochrane
2015; Belfiore et al. 2017; Curti et al. 2017, 2020; Zahid et al.
2017). The exact cause of the MZR is still debated; for example,
star formation (Brooks et al. 2007), outflows (Finlator & Davé
2008; Chisholm, Tremonti & Leitherer 2018), cosmic accretion or
infall (Larson 1972; Davé, Finlator & Oppenheimer 2012), feedback
(Tissera et al. 2019), and the initial mass function (IMF; K&ppen,
Weidner & Kroupa 2007) can all play a role in setting its shape. The
shape of the MZR seen in observations has now been successfully
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reproduced by many simulations (e.g. Brooks et al. 2007; Davé,
Finlator & Oppenheimer 2011; Davé et al. 2017; Tissera et al.
2019; Torrey et al. 2019) and theoretical models (e.g. Finlator &
Davé 2008; Peeples & Shankar 2011; Lilly et al. 2013; De Lucia
et al. 2020); however, the absolute normalization of the MZR (i.e.
the absolute value of Z) remains uncertain due to difficulties in
calibrating Z from observations (see reviews by Kewley, Nicholls
& Sutherland 2019, Maiolino & Mannucci 2019 and Sanchez
2020).

Since the pioneering works by Searle (1971), Mayor (1976), and
Shaver et al. (1983), it has been known that galaxies also exhibit a
gradient in the spatial distribution of metallicity, both in stars and
in the gas phase, in the radial direction (e.g. Zaritsky, Kennicutt &
Huchra 1994; Gonzilez Delgado et al. 2015; Belfiore et al. 2017;
Goddard et al. 2017) as well as variations in the azimuthal direction
(e.g. Luck et al. 2011; Li, Bresolin & Kennicutt 2013; Ho et al.
2017, 2019; Kreckel et al. 2019). The fact that radial gradients are
usually negative (i.e. the centre of the galaxy is more metal-rich than
the outskirts) is a key piece of evidence for the theory of inside-out
galaxy formation (Mo, Mao & White 1998; Benson 2010; Naab &
Ostriker 2017). Hereafter, we only focus on the metallicities and
metallicity gradients in the ionized gas.

Thanks to the plethora of galaxies observed in the nearby
Universe with large integral field spectroscopy surveys like Calar
Alto Legacy Integral Field Area (CALIFA; Sanchez et al. 2012),
MaNGA (Mapping nearby Galaxies at Apache Point Observatory;
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Bundy et al. 2015), and Sydney-AAO Multi-object Integral-field
spectrograph (SAMI; Bryant et al. 2015), we can now study the
trends of metallicity gradients with different galaxy properties in a
statistical sense. Like the MZR, of particular interest is the stellar
mass—metallicity gradient relation (MZGR). The general consensus
is that the metallicity gradient, when measured in absolute units
of dexkpc™!, either remains independent of stellar mass up to
M, ~ 10197195 M, then flattens towards zero gradient at higher
stellar masses (Maiolino & Mannucci 2019), or shows a mild
curvature around ~ 10'°71%5 M, with flat gradients on either side
(e.g. Belfiore et al. 2017). If the gradients are instead normalized by
the effective radius of galaxies (r.) and expressed in dex r_ ! some
authors find that the MZGR is steepest around M, ~ 1097105 M,
with flatter gradients on either side (e.g. Belfiore et al. 2017;
Mingozzi et al. 2020; Poetrodjojo et al. 2021), whereas others
report a constant, characteristic dex ;! gradient for all galaxies with
M, > 103 My (Sdnchez et al. 2012, 2014; Sanchez-Menguiano
et al. 2016, 2018; Poetrodjojo et al. 2018). However, these trends
in the MZGR are relatively weak as compared to the MZR, suffer
observational and calibration uncertainties (Yuan, Kewley & Rich
2013; Acharyya et al. 2020; Acharyya et al., in preparation; Poet-
rodjojo et al. 2021), and to date, have received limited theoretical
investigation.

The goal of this work is to provide a physical explanation for
the shape of the MZGR. For this purpose, we use our recently
developed first principles model of gas phase metallicity gradients
(Sharda et al. 2021b). This model is based on the equilibrium
between the production, consumption, loss, and transport of metals
in galactic discs. It produces gas phase metallicity gradients in good
agreement with a wide range of local and high-z galaxies, and shows
that these gradients are in equilibrium across a diverse range of
galaxy properties. We refer the reader to Sharda et al. (2021b) for
a full description of the model, the gradients produced, as well as
applications of the model to study the cosmic evolution of metallicity
gradients and their trends with galaxy kinematics (Sharda et al.
2021a). The rest of this paper is organized as follows: Section 2
presents a review of the model, Section 3 describes the MZR
produced by our model, which we use as a proof of concept to explain
the MZGR in Section 4. Section 5 introduces the MZR-MZGR space
in equilibrium as a new way of characterizing gas phase metallicities,
and Section 6 summarizes our key results. For the purpose of this
paper, we use Zo = 0.0134 for Solar metallicity, corresponding to
12 +1log;, O/H = 8.69 (Asplund et al. 2009), Hubble time at z =
0: ty) = 13.8 Gyr (Planck Collaboration 2018), and follow the flat
ACDM cosmology: Q2 = 0.27, Q5 = 0.73, h = 0.71, and o3 =
0.81 (Springel & Hernquist 2003).

2 REVIEW OF THE MODEL

In this section, we provide a brief review of the model of gas phase
metallicity gradients we presented in Sharda et al. (2021b); this is
intended to highlight only the results of which we will make use
here, and we refer readers to the original paper for full details. In
that work, we showed that the evolution of gas phase metallicity is
described by the Euler—Cauchy equation
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where Z = Z/Z is the metallicity normalized to Solar, x is the
radius of the disc normalized to the radius ry that we take to be the
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inner edge of the disc (i.e. x = r/ry where r is the galactocentric
radius), 7 is the time normalized to the orbital time at r(, k is the
normalized diffusion coefficient, and s, $,, and ¢, are the normalized
gas mass, star formation rate (SFR), and cosmic accretion rate per
unit area of the galactic disc, respectively. From left to right, the
different terms in equation (1) represent the equilibration time for a
given metal distribution, radial advection of metals due to inflows,
diffusion of metals due to concentration gradients, production of
metals through star formation and loss via galactic outflows, and
cosmic accretion of metal-poor gas from the circumgalactic medium
(CGM), respectively. From equation (1), we see that Z is governed
by four dimensionless ratios. These are 7 — the ratio of orbital
to diffusion time-scales, P — the Péclet number of the galaxy that
describes the ratio of advection to diffusion (e.g. Patankar 1980;
Rapp 2017), the ‘source’ term S — the ratio of metal production to
diffusion, and the ‘accretion’ term A — the ratio of cosmic accretion
(or infall) to diffusion.

In equilibrium, the first term goes to zero, and one can find a
steady-state solution to equation (1) for any specified profiles of s,,
$., and ¢, versus radius. We set s, and $, from the unified galaxy
disc model of Krumbholz et al. (2018), and ¢, based on cosmological
simulations (e.g. Colavitti, Matteucci & Murante 2008). For these
choices, the corresponding equilibrium solution for the metallicity
as a function of normalized galactocentric radius, Z(x), is given by

Z(x) = % + clx% [ v P2+4A7P]
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where c¢; is a constant of integration that is determined by the
metallicity of the CGM, Z¢gm, and 2, is the equilibrium metallicity
at ry that we can determine from other galaxy parameters. We can
also express P, S, and A in terms of meaningful galaxy parameters
using the Krumbholz et al. (2018) model, which gives
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Here, ¢y — 1 is the ratio of the gas to stellar Toomre Q parameters
(Wang & Silk 1994; Romeo & Wiegert 2011; Romeo & Falstad
2013), B is the rotation curve index of the galaxy, f,o and f,p
are two slightly different measures of the effective gas fraction
(Ostriker, McKee & Leroy 2010; Krumholz et al. 2018), Qi is
the Toomre Q parameter (Toomre 1964) below which discs are
unstable due to gravity (e.g. Krumholz & Burkert 2010; Goldbaum,
Krumholz & Forbes 2015), vg is the rotational velocity of the
galaxy, o, is the gas velocity dispersion, 7 is a dimensional factor
of order unity describing the rate of turbulent dissipation (Mac
Low et al. 1998; Forbes, Krumholz & Burkert 2012), ¢, is the
fraction of total velocity dispersion that is in non-thermal rather
than thermal motions, o is the maximum velocity dispersion
that can be maintained by star formation feedback, e is the star
formation efficiency per free-fall time (Krumholz & McKee 2005;
Federrath & Klessen 2012; Padoan, Haugbglle & Nordlund 2012),
fs¢ 1s the fraction of gas that is molecular (Krumholz, McKee &
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Tumlinson 2009; Krumholz 2013), ¢y, is the ratio of the total
to the turbulent pressure at the mid-plane (Ostriker et al. 2010),
M, is the dark matter accretion rate on to the halo (Neistein &
Dekel 2008; Bouché et al. 2010), fg is the universal baryonic
fraction (White & Fabian 1995; Planck Collaboration 2016), and
€y 1s the baryonic accretion efficiency (Faucher-Giguere, Kere§ &
Ma 2011). We refer the readers to Sharda et al. (2021b, tables
1 and 2) for full descriptions of and typical values for all these
parameters.

In addition to these quantities, the production term S depends
on one additional parameter: the yield reduction factor ¢,, which
describes the reduction in the metal yield due to preferential ejection
of metals through galactic outflows. ¢, = 1 corresponds to metals
injected by Type II supernovae fully mixing with the interstellar
medium (ISM), while ¢, = 0 corresponds to all newly produced Type
II supernovae metals being ejected from the galaxy immediately,
without ever becoming part of the ISM.!

The Sharda et al. (2021b) model is distinct from earlier models
for galaxy metallicity distributions in a few ways: (1) we include
all major transport processes, including advection and diffusion of
metals, both of which are usually neglected, but which can become
important in some regimes, as we show below; (2) we do not make
the common assumption that the wind and ISM metallicities are
equal, since there is observational evidence that they are not (e.g.
Martin, Kobulnicky & Heckman 2002; Strickland & Heckman 2009;
Chisholm et al. 2018); (3) we derive model parameters such as
the SFR, radial advection rate, diffusion rate, etc., from a physical
model of galactic discs that is well tested against observations
(Johnson et al. 2018; Ubler et al. 2019; Yu et al. 2019; Varidel et al.
2020; Girard et al. 2021; Sharda et al. 2021a), rather than adopting
parametrized prescriptions of unknown accuracy; (4) our model
allows us to study both global and spatially resolved metallicity
properties.

However, the model also has some important limitations that we
should note. First, we derive solutions for Z(x) only for galaxies
whose metal distributions are in equilibrium; we show in Sharda
et al. (2021b) that almost all galaxies at z = 0 except ongoing
mergers satisfy this requirement, as do the majority of galaxies
out to at least z &~ 3. However, a major exception to this may be
galaxies with inverted gradients; for this reason, we do not study
inverted gradients with this model. We also make a number of
simplifying assumptions in order to obtain our analytic solutions:
we assume that the rotation curve index S is a constant. We use the
instantaneous recycling approximation (Tinsley 1980), which means
that the model is best applied to elements that are returned to the
ISM quickly via Type II supernovae, rather than over longer time-
scales by other nucleosynthetic sources. We assume gas accreting
on to the galaxy can be described by a single, fixed metallicity,
which implicitly means that we neglect galactic fountains, long-term
wind recycling through the CGM, and other environmental effects
(e.g. the presence of satellites). None the less, as we show in the
next three sections that the model can successfully explain the MZR
(Section 3), the MZGR (Section 4), and the relationship between the
two (Section 5).

't is important to clarify that ¢y is not the same as the metal outflow rate
or the metal mass loading factor, since ¢, only describes how metals are
partitioned between winds and the ISM, not the total metal mass carried by
the winds. For example, a galaxy could have very low mass loading but also
low ¢, if the winds consisted primarily of metal-rich supernova ejecta, with
very little additional ISM mass entrained.
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3 MASS-METALLICITY RELATION (MZR)

3.1 Results on the MZR from the model

Almost all the analytic models that reproduce the observed MZR do
not have spatial information of the distribution of metallicities in a
galaxy — these are typically developed to study global metallicities
in galaxies. Although the primary focus of our work is to explain
metallicity gradients by making use of the spatial information of
metallicity, our model also reproduces the MZR as a proof of concept.
To produce an MZR from the model, we need an estimate of the
mean metallicity in galaxies as a function of M,. For this purpose,
we use the SFR-weighted mean metallicity given by Sharda et al.
(2021b; equation (46))
S s, Zd

~Xmin , 7
Jme g dx 2

Xmin

2:

where §,(x) = 1/x? is the radial distribution of star formation per
unit area (Krumholz et al. 2018). We use the SFR-weighted Z,
because it can be directly compared against available MZRs since
they are inherently sensitive to the SFR as the nebular metallicities
are measured in H 11 regions around young stars (Zahid et al. 2014).
Additionally, semi-analytic models and simulations too use SFR-
weighted metallicities to construct MZRs (e.g. Forbes, Krumholz &
Speagle 2019; Tissera et al. 2019; Torrey et al. 2019; Yates et al.
2021).

In order to derive results in terms of M,, we treat the rotational
velocity, vy, as the primary quantity that we vary. For each vy, we
can estimate the corresponding halo mass My, and halo accretion rate
M, at z = 0 (equations 34-35; Sharda et al. 2021b). We convert
the halo mass to M, following the M;, — M, relation from Moster,
Naab & White (2013) for the local Universe. Following Sharda et al.
(2021b), we keep the yield reduction factor, ¢,, as a free parameter
and vary it between 0.1 and 1, though we note that, based on both
theory and observations, ¢, is expected to be close to unity in massive
galaxies. For all other parameters, in particular the velocity dispersion
o4, we use the fiducial values listed in Sharda et al. (2021b; tables 1
and 2). Specifically, we use local dwarf values for galaxies with M, <
10° M, and local spiral values for M, > 10'*3 M. For intermediate
stellar masses, we linearly interpolate in log;oM, between these two
limits for all parameters. For example, the velocity dispersions we
adopt for spirals and dwarfs are 10 kms~' and 7 km s~', respectively,
so we adopt o, = (2log;y M,/Mg — 11) kms™' for intermediate-
mass galaxies with 10° My < M, < 10'%3Mg. We have verified
that the resulting MZR and MZGR are not particularly sensitive
to the choice of the M, boundaries invoked to classify dwarfs and
spirals; we also discuss this further in Section 4. We set 2, to its
equilibrium value (Sharda et al. 2021b), and set the CGM metallicity
to Zcogm = 0.2 for all galaxies,2 which sets ¢;. The MZR (as well as
the MZGR discussed below) is insensitive to Z,, and only weakly
sensitive to Zcgm as compared to ¢,, so we do not vary Zgem
separately. Finally, we follow van der Wel et al. (2014) to estimate
re as a function of M,, and set x.,;, = 0.5r, and x.x = 37, as the
range of radii x over which our model solution applies. This range of
radii roughly mimics that over which metallicities are measured.

2This is slightly lower than the median Zcgy = 0.3 found by Prochaska et al.
(2017) for z ~ 0.2 galaxies (see also, Wotta et al. 2016, where the authors
find a bimodal distribution of Zcgm); however, these surveys do not cover
the entire range in galaxy masses we are interested in, and we expect Zcgm
to be lower in low-mass galaxies. In any case, this difference does not have a
significant effect on the MZGR.
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Figure 1. Mass-metallicity relation (MZR) in local galaxies predicted by the Sharda et al. (2021b) model, for different yield reduction factors ¢y, colour-coded
by the ratio of the Péclet number (P) to cosmic accretion over diffusion (A). The MZR displays a curvature around M, ~ 10'% — 10103 M, corresponding to
the transition from the advection-dominated (P > A) to the accretion-dominated (P < .A) regime. Overlaid on the model are parameter spaces corresponding
to MZRs derived from observations, using the direct 7. method (Pettini & Pagel 2004; Andrews & Martini 2013; Curti et al. 2017, 2020), and photoionization
models (Kewley & Dopita 2002; Tremonti et al. 2004; Mannucci et al. 2010), adopted from (fig. 15 Maiolino & Mannucci 2019). Finally, the white markers
show model predictions using two possible empirical scalings of ¢, with M,. Scaling 1 is derived from observations (Chisholm et al. 2018), whereas scaling
2 is independently derived from the best match between the model MZR and the Curti et al. (2020) MZR; details of these scalings are given in Appendix A.
Our findings predict a scaling of ¢, with M, where massive galaxies prefer a higher value of ¢,, and vice versa. This implies that low-mass galaxies have more
metal-enriched winds, consistent with observations (Chisholm et al. 2018) and simulations (Emerick et al. 2018; Tanner 2020).

Fig. 1 shows the resulting MZR from our model, colour-coded
by the ratio P/.A that describes the relative strength of advection
to cosmic accretion. We remind the reader that both P and A (as
well as S) are normalized by diffusion in the model. The vertical
spread in the model MZR is a result of varying ¢,. We also overplot
the parameter space of observed MZRs from several other works
based on the direct 7, method (Pettini & Pagel 2004; Andrews &
Martini 2013; Curti et al. 2017, 2020) and photoionization modelling
(Kewley & Dopita 2002; Tremonti et al. 2004; Mannucci et al. 2010),
all of which we adopt from Maiolino & Mannucci (2019; fig. 15). We
see that the model is able to reproduce the MZR of the local Universe
albeit with a large spread due to ¢,. There are several factors behind
quantitative differences between the model MZR and MZRs in the
literature. From the perspective of the model, these differences are
attributed to the choice of the metal yield y, excluding the galaxy
nucleus while finding the mean metallicities, and the absolute size of
the galaxy disc. From the perspective of the MZRs, we compare the
model with, these differences are due to calibration and observational
uncertainties, as well as limited coverage of the galaxy discs.

In order to match with the measured MZRs, the model prefers
higher ¢, for massive galaxies and lower ¢, for low-mass galaxies.
This implies that metals are well-mixed in the ISM in massive
galaxies before they are ejected through outflows, whereas in dwarf
galaxies, some fraction of metals are ejected directly before they can
mix in the ISM; in other words, the best match between the model
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MZR and the literature MZRs predicts that dwarf galaxies have more
metal-enriched winds than massive galaxies. This finding is not new
and has been theorized in several works (e.g. Larson 1974; Dekel &
Silk 1986; Dalcanton 2007; Finlator & Davé 2008; Dayal, Ferrara
& Dunlop 2013; Lilly et al. 2013; Forbes et al. 2019), simulations
(Creasey, Theuns & Bower 2015; Ma et al. 2016; Christensen et al.
2018; Emerick et al. 2018; Emerick, Bryan & Mac Low 2019), and
also has some observational evidence (Martin et al. 2002; Chisholm
et al. 2018).

To further treat the question of how ¢, scales with M, quantita-
tively, we also plot two models for this scaling. We obtain the first
of these from available observations that directly constrain the ratio
of wind metallicity to ISM metallicity (Chisholm et al. 2018), and
the second simply by forcing the model to reproduce the observed
MZR provided by Curti et al. (2020). Appendix A describes how we
obtain these scalings (and the associated uncertainties) in detail.
While the shape of the first scaling is consistent with observed
MZRs, the second is almost identical to the direct 7. based MZRs
by construction; we include the second scaling none the less because
there is no guarantee that the scaling we have enforced to produce
the MZR will also yield the correct MZGR, a question we explore
below.

Fig. 1 shows that the MZR bends roughly where the ratio P/A
passes through unity. We can understand this behaviour as follows:
the total metallicity is set by a competition between metal production
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(the term S) and dilution by metal-poor gas, which can be supplied
either by direct cosmological accretion on to the disc (A) or advection
of gas from the weakly star-forming outskirts to the more rapidly star-
forming centre (P). Each of these terms vary differently with rotation
curve velocity vy, which in turn correlates with stellar mass; as shown
in Sharda et al. (2021b), P is independent of v,,* while S o< v} and
A x v;3 In the low-mass regime, corresponding to small vy, we
have P > A, implying that the metallicities are primarily set by the
balance between source and advection. Since P vg and S quw
as we go to smaller M, and vy, the equilibrium metallicity drops
because of lower v, and lower ¢, as compared to massive galaxies.
On the contrary, in the high-mass regime A > P, implying that the
metallicities are set by the balance between A and S. Since A v;'3,
which is stronger than the dependence of S on vy, the metallicity,
which is proportional to S/.A, ceases to rise with M,, and instead
reaches a maximum and starts to decrease. However, the decrease
is rather mild, because shortly after passing the value of v, where
we move into the A > P regime, galaxies become so massive that
they cease to be star-forming altogether. Thus, among star-forming
galaxies, the trend of Z with M, is simply that Z ceases to increase
and reaches a plateau. For less massive galaxies, the dominant source
of metal-poor gas is advection rather than accretion. However, this
only holds as long as advection is non-zero; for low-mass galaxies
where there is no advection (i.e. there is no turbulence due to gravity),
it falls upon cosmic accretion to balance metal production. Since
cosmic accretion is much weaker in low-mass galaxies, it can take a
long time for this balance to approach a steady-state, which can push
the gradients out of equilibrium (section 5.1; Sharda et al. 2021b).

3.2 Comparison with previous work

The existence of a local gas phase MZR has been known since early
analysis of data from the Sloan Digital Sky Survey (Tremonti et al.
2004), although the absolute normalization of the MZR remains an
unsolved issue due to systematic calibration uncertainties (Kewley &
Ellison 2008; Pilyugin & Grebel 2016; Brown, Martini & Andrews
2016; Barrera-Ballesteros et al. 2017; Curti et al. 2017; Teimoorinia
et al. 2021). Despite these uncertainties however it is clear both that
a relationship exists, and that it has a characteristic mass scale of
~10'%5 Mg, at which the curvature of the relation changes (Blanc
et al. 2019). Not surprisingly, there have been numerous attempts to
explain these relations theoretically, and it is interesting to put our
model in the context of these works. However, we caution that what
follows is only a partial discussion of the (vast) literature on this
topic, and refer readers to the comprehensive review by Maiolino &
Mannucci (2019; section 5.1).

The basic result from theoretical models to date is that galaxies
tend to approach equilibrium between inflows, accretion, star forma-
tion, and outflows, which naturally gives rise to the observed MZR
(Finlator & Davé 2008; Davé et al. 2012; Dayal et al. 2013; Lilly et al.
2013; Forbes et al. 2014). Our results are broadly consistent with this
picture. However, there are some subtle differences among published
models, and between existing models and ours. One important point
of distinction is the extent to which outflows are metal-enriched
relative to the ISM (i.e. ¢, < 1 in the language our model), and

3Recall that each of these terms is expressed as the relative importance of a
particular process compared to metal diffusion; thus, P oc v does not mean
that advection is equally rapid in all galaxies independent of stellar mass, just
that the ratio of advection to diffusion does not explicitly depend on stellar
mass.
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whether this enrichment varies as a function of galaxy mass or
other properties (as is the case for our two possible scalings). As
already discussed, many authors simply assume that outflows are
not metal-enriched (i.e. the outflow metallicity is the same as the
ISM metallicity, ¢, = 1 in our notation; e.g. Finlator & Davé 2008;
Davé et al. 2012; Schaye et al. 2015; Hirschmann, De Lucia &
Fontanot 2016; Davé et al. 2017; Collacchioni et al. 2018; De Lucia
et al. 2020), and produce an MZR based on this assumption. Others
explicitly contemplate values of ¢, < 1 (e.g. Dalcanton 2007; Spitoni
et al. 2010; Peeples & Shankar 2011; Forbes et al. 2014; Lu, Blanc
& Benson 2015; Forbes et al. 2019; Kudritzki et al. 2021; Yates et al.
2021). Our conclusion that reproducing the full shape of the MZR
requires ¢, < 1, particularly in low-mass galaxies, is consistent with
the findings of the latter group of investigators. However, many of
these authors do not study the relative importance of metal-enriched
outflows for dwarfs versus spirals, which we find to be important.

It is also debated whether the MZR really has a curvature at
intermediate stellar masses, and if it does, whether it simply flattens
out or starts to bend. While some simulations do find curvature in the
MZR around 10'° — 105 Mg, (e.g. Davé et al. 2017; Torrey et al.
2019), others do not (e.g. Torrey et al. 2014; De Rossi et al. 2015;
Ma et al. 2016). Our model is consistent with the former, especially
if we look at the empirical scalings of ¢, with M,. Moreover, recent
results also show that the curvature is physical and persists in the data
even after observational uncertainties are accounted for (Blanc et al.
2019). However, the cause behind the curvature is not completely
understood, and factors like active galactic nuclei (AGN) feedback
(De Rossi et al. 2017), gas recycling (Brook et al. 2014), effective
gas fraction (Torrey et al. 2019), chemical saturation in the ISM
of massive galaxies (Zahid et al. 2013), and a transition in galaxy
regimes together with metal-enriched outflows as we show in this
work can all play a role.

In addition to the models above, to which our results are directly
comparable, a number of authors have studied the dependence of
the MZR on factors not included in our work, like downsizing, time-
dependent outflows, variations in star formation efficiencies and IMF,
presence of satellites, environmental effects, etc. (e.g. Koppen et al.
2007; Cooper et al. 2008; Maiolino et al. 2008; Calura et al. 2009;
Bouché et al. 2010; Spitoni et al. 2010; Hughes et al. 2013; Peng &
Maiolino 2014; Genel 2016; Bahé et al. 2017; Wu et al. 2017; Lian
et al. 2018a,b). However, unlike the current work, most models only
study the MZR and not the MZGR, thus it is difficult to reconcile
whether their conclusions hold or are self-consistent with spatially
resolved galaxy properties.

4 MASS-METALLICITY GRADIENT RELATION
(MZGR)

4.1 Results on the MZGR from the model

We use the same metallicity distributions described in Section 3 to
compute metallicity gradients. To be consistent with the procedure
most commonly used in analysing observations, we obtain the
gradient by performing a linear fit to log,, Z from 0.5t02.5r, (e.g.
Sénchez et al. 2012, 2014; Sdnchez-Menguiano et al. 2016; Poetrod-
jojo et al. 2018).* Following the discussion on inverted gradients in
Sharda et al. (2021b; section 5.2.3) and the uncertainty around them
being in equilibrium, we restrict the model to produce only flat or

4To be consistent with observations, we only utilize metallicities till 2.5 r, to
measure the gradients, as opposed to 3 r that we use to measure Z.
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negative gradients for the purposes of studying the MZGR. Fig. 2
shows the MZGR from our model, again colour-coded by the ratio of
advection to accretion (P/.A). The top and the bottom panels show
the metallicity gradients in dex kpc~! and dex ;! units, respectively.
The spread, as for the MZR, is a result of ¢,. The transition from the
advection-dominated to the accretion-dominated regime, as in the
MZR, is also visible in the MZGR. When the gradients are measured
in dex kpc™!, this transition corresponds to the slight curvature in
the MZGR that appears around M, ~ 10' — 10'%3 M, (top panel
in Fig. 2). When they are measured in dex !, it corresponds to the
somewhat sharper curvature around the same stellar mass (bottom
panel in Fig. 2). This finding is strong evidence for the links between
the MZR and the MZGR, and also reveals that it is the same
underlying physical mechanism that controls the shape of both.
While the stellar mass of the accretion-advection transition influ-
ences the location at which our model curves bend, it is not the only
factor that does so. The precise location of the bend is also sensitive
to parameters like Zcgy and ¢y, and both of the MZGR bend and the
mass where P/ A = 1 depend weakly on the limits in M, we select
for smoothly interpolating between the dwarf and spiral regimes:
for example, if we lower the threshold for spirals from 10'%° Mg to
10'° M, both shift to lower stellar mass. Similarly, if we increase the
threshold for dwarfs from 10° Mg, to 10> Mg, both shift to higher
stellar mass. However, irrespective of the interpolation limits in M,,
both the curvature of the MZGR and the transition from P > A to
P < Aare always present. The existence of these features is a robust
prediction of the model independent of uncertain parameter choices.
The physical origin for the behaviour of the MZGR is also the
same as for the MZR: gradients are at their steepest when both of the
processes for smoothing them — accretion, A, and inward advection
of gas, P, are at their weakest compared to metal production, S.
Diffusion also helps smooth gradients, but is always subdominant
compared to either accretion or advection, as evidenced by the
fact that we never have P < 1 and A < | simultaneously. The
point where advection and accretion are weakest is roughly where
galaxies are transitioning from being advection-dominated, P > A,
to accretion-dominated, P < .A. We emphasise that, while the exact
stellar mass at which this transition occurs can be somewhat sensitive
to choices of model parameters (for example, the Toomre Q of
galactic discs), its existence is not; the bends in the coloured bands
in Fig. 2 that describe our model always occur irrespective of our
parameter choices. Additionally, note that the minimum of the model
MZGR is not always coincident with P/A = 1; the position of the
minimum is dependent on the model parameters, in particular, ¢,.
In Fig. 2, we also plot MZGRs from the MaNGA (Belfiore
et al. 2017), CALIFA (Séanchez et al. 2014; Sanchez-Menguiano
et al. 2016), and SAMI (Poetrodjojo et al. 2018, 2021) surveys,
homogenized and corrected for spatial resolution by Acharyya et al.
(in preparation). We adopt the dex kpc™! values from Acharyya et al.
(in preparation), and convert to dex r, ! following the r.—M, scaling
relations from van der Wel et al. (2014) to be consistent with our
assumptions elsewhere.” We also overplot results from MaNGA
based on three different metallicity calibrations by Mingozzi et al.

SThe qualitative trend of the MZGR remains the same for the dex re !
gradients reported by Acharyya et al. (in preparation) as compared to the
ones shown in the bottom panel of Fig. 2 using the scaling relation between
re and M,, with a change in the overall normalization of the metallicity. We
have also verified that the r. we find from van der Wel et al. (2014) is in very
good agreement with that measured in, for example, the SAMI sample we
use.
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(2020): Pettini & Pagel (2004, PP04), Maiolino et al. (2008, M08),
and Blanc et al. (2015, IZI).

The first thing to notice is that the qualitative trend found in the
data is in good agreement with that predicted by our model: gradients
are steepest at M, ~ 10'°—10'%5 Mg, and flatten at both lower and
higher masses. However, the location of the curvature in the data and
the model differ by as much as 0.5 — 1 dex in stellar mass. This is
not surprising given the uncertainties in the parameters that affect
the curvature, as discussed above (e.g. interpolation limits in M,, our
constant adopted value of Zcgy, and the scaling of ¢, with M,).
Moreover, it is important to recall that the data themselves are not
fully secure, due to uncertainties caused by the choice of metallicity
diagnostic; Poetrodjojo et al. (2021, their fig. 11) show that the
exact mass at which the MZGR bends depends on which diagnostic
is used to determine the metallicity, and that these variations are
reduced but still persist even after the diagnostics are homogenized.
Thus, it is presently difficult to accurately determine the location
of the curvature, especially given its mildness. None the less, the
presence of a bend seems to be robust in the data, as it is in our
model.

Secondly, we see that similar to the MZR, this comparison of the
model to the observed MZGR reveals that low-mass galaxies prefer
low ¢,. However, the spread due to ¢, in the MZGR at the high-
mass end is quite narrow; thus, gradients in massive galaxies are not
particularly sensitive to ¢,, although the data suggest higher ¢, for
the MZGR in massive galaxies (note the inverted arrows for ¢, on
Fig. 2 as compared to Fig. 1). Our findings on ¢, being ineffective at
setting gradients in massive galaxies is consistent with earlier works
(e.g. Fu et al. 2013). However, our proposed explanation for the
flattening of gradients in massive galaxies based on the advection-
to-accretion transition differs from these studies that attributed the
observed flattening to saturation of ISM metallicities (Phillipps &
Edmunds 1991; Moll4 et al. 2017), radially varying star formation
efficiency (Belfiore et al. 2019), or past mergers (Rupke, Kewley
& Barnes 2010; Perez, Michel-Dansac & Tissera 2011; Fu et al.
2013).

In Fig. 2, we also plot model predictions using the two scalings
of ¢, with M, that we described in Section 3. These scalings are
able to reproduce the high mass end of the MZGR, and yield a
qualitative trend similar to that seen in the data, but quantitatively the
predicted gradients from the scalings are steeper than that observed
at the low mass end. In retrospect, this is not entirely unexpected
given the uncertainties in the two approaches, and the fact that these
scalings are sensitive to the absolute metallicity (see Appendix A).
Judging from Fig. 2, we slightly prefer scaling 2, since it is closer
to the observations at intermediate stellar masses; we revisit the
comparison between the two scalings in Section 5. Nevertheless, the
fact that both the MZR and the MZGR suggest a qualitatively similar
scaling between ¢, and M, is an encouraging sign of consistency.
However, it is difficult to derive quantitative similarities given the
uncertainties in these empirical scalings.

4.2 Comparison with previous work

Only a handful of models exist in the literature that focus on gas phase
metallicity gradients rather than global metallicities (Jones et al.
2013; Mott, Spitoni & Matteucci 2013; Carton et al. 2015; Ho et al.
2015; Kudritzki et al. 2015; Pezzulli & Fraternali 2016; Schonrich &
McMillan 2017; Kang et al. 2021), and even fewer that actually study
the local MZGR or its equivalent (Lian et al. 2018b, 2019; Belfiore
et al. 2019). Of these, the models by Lian et al. (2018b) and Belfiore
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Figure 2. The mass—metallicity gradient relation (MZGR) for the local Universe. The coloured band shows model predictions for different yield reduction
factors, ¢, (note the opposite direction of the arrow as compared to Fig. 1), colour-coded by the ratio of the Péclet number (7P) to cosmic accretion over diffusion
(A) in galaxies. The data to which we compare this model (orange points) are taken from a homogeneous analysis of metallicity gradients from the SAMI
(Poetrodjojo et al. 2021), MaNGA (Belfiore et al. 2017), and CALIFA (Sanchez et al. 2014) surveys, corrected for spatial resolution by Acharyya et al. (in
preparation). To give a sense of the systematic uncertainty, grey markers denote gradients measured with different metallicity calibrations (Pettini & Pagel 2004,
PP04, Maiolino et al. 2008, M08, and Blanc et al. 2015, IZI) for the MaNGA survey by Mingozzi et al. (2020). Finally, we show model predictions with two
possible empirical scalings of ¢, with M, (white markers); these scalings are the same as in Fig. 1. The important conclusion from this plot is that metallicity
gradients in local galaxies transition from the advection-dominated regime (P > .A) to the accretion-dominated regime (P < .A) as the stellar mass increases,
and it is this transition that drives the shape of the MZGR. Note that the range in stellar mass covered by this figure is different than that shown in Fig. 1, due to
differences in the mass ranges covered by the available observations.

et al. (2019) are closest in spirit to ours.® Quantitative comparison at each radius is proportional to the local orbital period. For massive
between our results and those of Lian et al. is challenging, because galaxies, this scaling is quite similar to that in the Krumholz et al.
they do not quote measurements in dex /kpc or equivalent. Examining (2018) galaxy model that is embedded in our metallicity model, and
their plots, it seems that they also find slightly steeper gradients for thus at first glance is also consistent with our findings. However, there
intermediate mass galaxies, consistent with our findings. Similarly, remain substantial differences between our model and those of Lian
Belfiore et al. find that observed gradients in local dwarfs and spirals et al. and Belfiore et al.. Neither of these studies include the effects
are best reproduced by a model where the star formation time-scale of radial inflow or metal diffusion. Neither adopt our approach of

systematically varying the highly uncertain yield reduction factor ¢,:
Lian et al. adopt a parametrized, time-dependent functional form that
they tune in order to match stellar and gas metallicity gradient data,

6 . .
Lian et al. (2019) focus only on low-mass satellites, so our results are not t L.
( ) Y while Belfiore et al. assume that the ISM and outflow metallicities

easily comparable.
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are equal (¢, = 1 in our terminology), contrary to our findings
and inconsistent with the available observational evidence (Martin
et al. 2002; Schmidt et al. 2016; Chisholm et al. 2018; Telford et al.
2019; Kreckel et al. 2020). Finally, both sets of authors explicitly
fit their model parameters to the data, whereas we do not except
while introducing the second scaling in ¢,. Thus, it is unclear to
what extent the agreement between the models is simply a matter
of their being enough adjustable parameters to make them behave
similarly.

In addition to analytic models, semi-analytic models like L-
Galaxies 2020 have also investigated the local MZGR, finding
somewhat flatter gradients for massive galaxies as compared to
low-mass galaxies (Yates et al. 2021). The authors attribute their
findings to inside-out star formation that increases the gas phase
metallicity in the inner disc in massive galaxies. In the outer disc
in these galaxies, Yates et al. either find metal-rich accretion from
the CGM that enhances the metallicity (their ‘modified’ model), or
metal-poor accretion that dilutes the metallicity at every radius (their
‘default’ model). The combined effect is to produce flatter metallicity
profiles in massive galaxies in each case. They further conclude
that flattening of the metallicity profiles in massive local galaxies
is expected regardless of the mass-loading factors of outflows.
Thus, their explanations for the trends seen in the local MZGR are
consistent with the findings of our model. It is worth noting that
while working with an earlier version of L-Galaxies, Fu et al. (2013)
found relative metal enrichment of outflows to be more important
than advection in driving gas phase metallicities. These authors
also find a trend in the MZGR consistent with Yates et al. and
ours.

It is also helpful to compare our results to simulations that have
studied the local MZGR. For example, both Tissera et al. (2016)
and Ma et al. (2017) find slightly flatter gradients for massive local
galaxies in their simulations, consistent with our model and available
observations. The EAGLE simulations (Schaye et al. 2015) find that
metallicity gradients in their simulated galaxies are systematically
shallower at z = 0 than those observed in the local Universe due to
high star formation efficiency at all radii (fig. 11, Tissera et al. 2019).
As aresult, the MZGR predicted from their simulations does not show
any clear trends with the stellar mass. On the other hand, the local
MZGR produced by the IlustrisTNG50 simulations (Nelson et al.
2019; Pillepich et al. 2019) is in very good quantitative agreement
with that produced by our model, both in terms of the mean gradient
and the scatter in gradients at a given stellar mass (fig. 8, Hemler et al.
2020). These authors suspect that gradients flatten in massive local
galaxies due to AGN feedback and increasing galaxy size. While
the latter of the two is consistent with the findings of Sharda et al.
(2021b), the primary driver of flatter gradients in massive galaxies
in our model is due to the increasing role of metallicity dilution by
cosmic accretion.

5 THE MZR-MZGR RELATION

In this section, we introduce a new way of looking at galaxy
metallicities, by studying the MZR—MZGR correlation space. The
two-fold motivation behind this is to: (1) understand how global
metallicities correlate with metallicity gradients in galaxies, because
this can inform us about the correlations between global and internal
dynamics of galaxies, and (2) given that both the MZR and the MZGR
require similar scaling of ¢, with M, to reproduce the observations,
we can study the relative importance of ¢, for both of these relations.
An additional advantage of studying this parameter space is that it
can be constructed both in observations and simulations.

MNRAS 504, 53-64 (2021)

In order to construct the MZR-MZGR correlation space in the
model, we simply plot V(log,, Z) from Fig. 2 as a function of Z from
Fig. 1. We show this in the left-hand panel of Fig. 3, where we colour-
code the model points by M,, with different curves corresponding
to different ¢,. Note that the range in M, is slightly different in
this plot as compared to that in Figs 1 and 2; thus, there are some
differences visible in this plot as compared to previous figures. It
is clear from this plot that ¢, has two distinct effects. At the high-
mass end, it simply shifts the overall metallicity — Z o ¢, — without
significantly affecting the gradient. At the low-mass end, it affects
the overall metallicity, but also affects the gradient, by making it
steeper for larger ¢,. It is also clear that the relationship between
Z and V(log,, Z) is non-monotonic because of the same P/A
split we have seen in the MZR and the MZGR, i.e. there are two
typical branches where Z and V(log,, Z) change monotonically with
respect to one another, but the curves bend when galaxies transition
from the advection-dominated to the accretion-dominated regime.
Irrespective of the value of ¢,, this bend always occurs around
10'9-195 M, because it is dictated by the ratio P/.A crossing unity.
To demonstrate the robustness of this feature, we also overplot results
for the two empirical scalings of ¢, with M, that we discussed in
previous sections. We see that both empirical scalings also produce a
bend in the Z — V(log,, Z) plane, but with rather different amounts
of curvature. Thus, a generic prediction of our model is that galaxies
should lie along a bent track in Z — V(log,, Z) space, with one
arm closer to vertical and one closer to horizontal, but we cannot
predict the exact shape of this track without a better understanding
of how ¢, varies with M,. The trends in the model we identify
in the MZR-MZGR space remain qualitatively the same when the
gradients are plotted in units of dex 7!, so we do not discuss them
separately.

We create a parameter space similar to that above by plotting
the measured metallicity gradients as a function of the measured
gas phase metallicity at r, from Acharyya et al. (in preparation).’
We show this in the right-hand panel of Fig. 3, colour-coded with
M,. The main takeaway from this figure is that the data show a
qualitatively similar bend at M, ~ 10'%° Mg, as the model. While
this is not a one-to-one comparison between the model and the
data given the former uses global metallicity whereas the latter
uses metallicity at a specific location in the disc, we expect the
qualitative trend (i.e. the presence of the bend) to be robust given
the findings in the previous sections. Similar to our observations
in Section 4, we find that scaling 2 better reproduces the trend
seen in the data. Further, like the model, the same trends in
the data are also present when the gradients are plotted in units
of dexr. . Thus, the model is able to identify and recover the
presence of this bend in the metallicity—metallicity gradient space,
and sets clear predictions for future work that will enable us to
re-construct this space and facilitate a direct comparison with the
model.

Hence, in addition to our findings in Sections 3 and 4, we conclude
that metal-enriched outflows play a crucial role in setting both the
MZR and the MZGR for low-mass galaxies, while for high-mass
galaxies, outflows play a significant role only for the MZR.

"The conversion from metallicity at r, to mean metallicity is non-trivial and
suffers considerable calibration uncertainties, both in the observations and
in the model (which does not use r, as a parameter or make an independent
prediction of its location in the disc), which is why we do not attempt to
create an MZR from the same observations for which we have the MZGR to
directly study the MZR-MZGR space.
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Figure 3. Left-hand panel: MZGR-MZR space from the model for the local Universe, defined by the metallicity gradient (in dex kpc™') as a function of the
global (SFR-weighted) galaxy metallicity (defined as in equation 7). Points are colour-coded by stellar mass, and different curves represent the different yield
reduction factor, ¢, which describes the metal-enrichment of galactic outflows. Both the MZR and the MZGR predict a scaling of ¢, with M, such that low-mass
galaxies prefer low ¢y, implying that these galaxies lose a higher proportion of the metals they produce to winds, as compared to massive galaxies. Also, overlaid
are the two empirical scalings of ¢, with M, that are shown in Figs 1 and 2. The bend seen at intermediate masses corresponds to the advection-to-accretion
transition identified in Figs 1 and 2. The range in M, covered in this plot is slightly different from that in Figs 1 and 2. Right-hand panel: Mean metallicity
gradients as a function of metallicity at the effective radius r. in the CALIFA, MaNGA, and SAMI surveys that we adopt from Acharyya et al. (in preparation).
The observations show a similar bend compared to the predictions of the model in the MZR-MZGR space. Note however the differences in the axes ranges
between this panel and the left-hand panel, reflecting the difficulty of putting metallicity measurements at specific radius (r.) and ‘global’ metallicities on a
common scale. The trends in the model as well as the data in the MZR-MZGR space remain qualitatively similar when the gradients are plotted in units of

dex r; ! instead of dex kpc™!.

6 CONCLUSIONS

In this work, we present a physical explanation for the observed
relation between the stellar mass and the gas phase metallicity
gradient (MZGR) for galaxies in the local Universe, using the
recently developed first-principles model of gas phase metallicity
gradients in galaxies given by Sharda et al. (2021b). We show that
the shape of the MZGR is driven by the balance between metal
advection and production for low-mass galaxies, and between cosmic
accretion and metal production for massive galaxies. The point where
the MZGR begins to curve as the galaxy mass increases corresponds
to the transition of galaxies from the advection-dominated to the
accretion-dominated regime. Additionally, the best match between
the model and the data naturally recover the expected dependence
of the MZGR on metal-enrichment of galactic outflows: low-
mass galaxies have more metal-rich winds as compared to massive
galaxies, implying that metals in low-mass galaxies are not well-
mixed with the ISM before ejection. This is in good agreement
with observations (Martin et al. 2002; Chisholm et al. 2018) and
simulations (Christensen et al. 2018; Emerick et al. 2018; Tanner
2020).

We also present the first joint explanation for the MZR and
the MZGR. We find that, in addition to the model successfully
reproducing both the MZR and the MZGR, it has two primary
commonalities: (1) the curvature observed in both the MZR and
the MZGR around a stellar mass M, ~ 10'°~15 My, have the same
underlying cause, which is the shift between radial advection (in
low-mass galaxies) and cosmological accretion (in more massive
galaxies) as the dominant agent supplying metal-poor gas to galaxy
centres, and (2) both the MZR and the MZGR produced by the
model predict that supernova-produced metals in low-mass galaxies
are largely ejected before mixing with the ISM, while metals in high-
mass galaxies are well-mixed with the ISM. The fact that the MZR
and MZGR results are qualitatively consistent with each other is
evidence for the links between global and spatially resolved galaxy

properties, though our ability to check this quantitatively is currently
limited by the large uncertainties in observed metallicites.

In studying these relations, we also introduce a new way of char-
acterizing gas phase metallicities via the MZR-MZGR correlation
space. We find that the relation between the global metallicity and
metallicity gradient in galaxies is non-monotonic, and bends as a
result of the advection-to-accretion transition identified above. We
also retrieve this bend in the available data (in metallicity gradient—
metallicity at r. space), although limitations due to the mismatch
between model and data techniques prevent us from constructing
the observed MZR-MZGR space exactly as we do for the model.
Moreover, the MZR-MZGR space also disentangles the relative
importance of metal-enriched outflows for the global metallicities
and metallicity gradients: while metal-enrichment of the outflows
significantly influences both the global metallicity and metallicity
gradients in low-mass galaxies, in massive galaxies only the absolute
metallicity is sensitive to the properties of the outflows, and gradients
are flat regardless of outflow metallicity.
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APPENDIX A: SCALING OF THE YIELD
REDUCTION FACTOR WITH STELLAR MASS

Comparing our analytic model with observations of the MZR and
the MZGR discussed in the main text suggests a scaling of the yield
reduction factor ¢, with stellar mass M,. In this appendix, we explore
ways to directly retrieve this scaling using two different methods. The
two scalings introduced below capture the qualitative essence of how
¢, should scale with M,, albeit with significant uncertainties.

(1) Scaling 1: We make use of the observations reported in
Chisholm et al. (2018) to derive a scaling of ¢, with M,. The authors
report on the ratio of the wind to the ISM metallicity, Z,,/Z, as well
as the metal mass loading factor for galaxies of different masses. We
perform a linear fit to their data to obtain Z,,/Z as a function of M,.
To find how the metal mass loading factor varies as a function of
M., we use the scaling provided by Denicold, Terlevich & Terlevich
(2002), which provides the best fit to the data. Then, we use Z,,/Z
and the metal mass loading factor to find the mass loading factor
w as a function of M,. Using Z,,/2Z and p, it is straightforward to
compute ¢, (equations 10 and 13 Sharda et al. 2021b)

_ 1) , (A1)

where y is the yield of metals from core collapse supernovae. Before
we proceed further, it is important to point out the caveats of this
approach. First, Chisholm et al. only observed seven galaxies across
a wide range of M, (~ 10" — 10" My,), so the coverage in stellar
mass is very sparse. Secondly, the ISM metallicities for the galaxies
used in Chisholm et al. are non-homogeneous; for example, some
are stellar metallicities and some are gas metallicities. Thirdly, some
galaxies in this data set are undergoing mergers, and show diluted
metallicities as compared to isolated galaxies of the same mass.
Keeping these caveats in mind, and noting that ¢, is sensitive to the
absolute value of Z as we see from equation (A1), we simply increase
the ISM metallicities quoted in Chisholm et al. by 0.3 dex, which has
the effect of bringing them into closer alignment with the observed
MZR; without this increment, the least and the most massive galaxies
in the sample (M, =~ 107 and 10'7 M, respectively) would have a
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Figure Al. Scalings of the yield reduction factor ¢, with M, obtained using
the two approaches described in Appendix A. Scaling 1 is from observations
(Chisholm et al. 2018), whereas scaling 2 is from the best match between the
model MZR and the Curti et al. (2020) MZR.

metallicity Z = 0.03 and 0.5, respectively, placing them well below
the observed MZR. We do not re-scale the ratio Z,,/Z because it is
not sensitive to the absolute value of Z. With this adjustment, we
show the resulting scaling of ¢, with M, in Fig. Al. This is our first
model scaling.
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(ii) Scaling 2: In this approach, we simply find the best match
between the model MZRs and the Curti et al. (2020) MZR by eye,
where we take the latter to be the representative MZR in the local
Universe. We note that there is no particular reason to prefer the latter
MZR over other available MZRs, especially given the uncertainties
in the absolute normalization of metallicities. However, for the sake
of developing a scaling of ¢, with M, from this approach, we will
continue with this MZR. We plot the resulting scaling in Fig. Al.
Interestingly, while the general trend of ¢, increasing with M, still
holds, we find an inflection at intermediate masses where ¢, is the
lowest. However, we do not place great weight on this finding,
given the large uncertainties in both the choice of MZR and its
absolute value. From the standpoint of our model predictions, the
main difference between this scaling and our first scaling is that this
scaling gives a shallower trend in ¢, with M,, such that ¢, reaches a
minimum value of only ~0.5 even for very low-mass galaxies.
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