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A B S T R A C T 

The recent decade has seen an exponential growth in spatially resolved metallicity measurements in the interstellar medium 

(ISM) of galaxies. To first order, these measurements are characterized by the slope of the radial metallicity profile, known as 
the metallicity gradient. In this work, we model the relative role of star formation feedback, gas transport, cosmic gas accretion, 
and galactic winds in driving radial metallicity profiles and setting the mass–metallicity gradient relation (MZGR). We include 
a comprehensive treatment of these processes by including them as sources that supply mass, metals, and energy to marginally 

unstable galactic discs in pressure and energy balance. We show that both feedback and accretion that can drive turbulence 
and enhance metal-mixing via diffusion are crucial to reproduce the observed MZGR in local galaxies. Metal transport also 

contributes to setting metallicity profiles, but it is sensitive to the strength of radial gas flows in galaxies. While the mass 
loading of galactic winds is important to reproduce the mass–metallicity relation (MZR), we find that metal mass loading is 
more important to reproducing the MZGR. Specifically, our model predicts preferential metal enrichment of galactic winds 
in low-mass galaxies. This conclusion is robust against our adopted scaling of the wind mass-loading factor, uncertainties in 

measured wind metallicities, and systematics due to metallicity calibrations. Overall, we find that at z ∼ 0, galactic winds and 

metal transport are more important in setting metallicity gradients in low-mass galaxies whereas star formation feedback and 

gas accretion dominate setting metallicity gradients in massive galaxies. 

Key words: ISM: abundances – ( ISM: ) H II regions – galaxies: abundances – galaxies: evolution – galaxies: fundamental param- 
eters – galaxies: ISM. 
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 I N T RO D U C T I O N  

etals act as natural tracers of galaxy evolution and provide some
f the most important constraints on the physical properties of
aryons in galaxies (Kobayashi, Karakas & Lugaro 2020 ). This has
esulted in the development of several galactic chemical evolution
odels o v er the last three decades to reproduce, fit, or explain

rends in the metal content of galaxies. Most of the literature thus
ar has focused on understanding the physics of galaxy-integrated
or global) metallicities, and fundamental trends such as the mass–
etallicity relation (MZR; Tremonti et al. 2004 ; Zahid et al. 2014 ;
anders et al. 2021 ). Ho we v er, thanks to inte gral field unit (IFU)
pectroscopy, the last decade has seen immense advancements in
apping the spatially resolved metal content in galaxies. It is now

lear that, at least at z = 0, galaxies typically exhibit a gradient
 E-mail: sharda@strw .leidenuniv .nl (PS); omry.ginzburg@mail.huji.ac.il 
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n metallicity whereby their inner parts are more metal rich than
heir outskirts. Such a ne gativ e metallicity gradient is a natural
onsequence of inside–out galaxy formation (e.g. Shaver et al.
983 ). 
This simplified picture is complicated by various factors internal

nd external to galaxies, as is evident from the vast diversity of metal-
icity gradients disco v ered in numerous galaxies across cosmic time
see re vie ws by K e wley, Nicholls & Sutherland 2019 ; Maiolino &

annucci 2019 ; S ́anchez 2020 ). High-resolution data from IFU
pectroscopy have also revealed the existence of resolved versions
f the MZR: the mass–metallicity gradient relation (MZGR) and the
esolved mass–metallicity relation (rMZR). The former describes
he evolution of metallicity gradients with stellar mass (e.g. S ́anchez
t al. 2014 ; Belfiore et al. 2017 ; S ́anchez-Menguiano et al. 2018 ;
oetrodjojo et al. 2018 ; Mingozzi et al. 2020 ; Sharda et al. 2021b ;
ranchetto et al. 2021 ), whereas the latter describes the evolution of

ocal metallicity with the local stellar surface density (e.g. Rosales-
rtega et al. 2012 ; S ́anchez et al. 2013 ; Barrera-Ballesteros et al.
016 ; Trayford & Schaye 2019 ). 
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Figure 1. Bathtub model of chemical evolution, adapted from Lilly et al. ( 2013 , fig. 2), and modified to reflect the spatially resolved metallicity model presented 
in this work. The galaxy is modelled as a two-component reservoir: stellar (red) and gas phase (blue). The gas reservoir is made up of H, He, and metals (denoted 
by the ISM metallicity Z ). We consider marginally unstable galactic discs (quantified by the Toomre Q parameter) in pressure and energy balance. The evolution 
of gas mass, Ṁ g , is described by equation ( 7 ). It depends on the gas accretion rate ( Ṁ g , acc ), star formation rate ( Ṁ SF ), radial gas flows (or, gas transport, Ṁ trans ), 
and galactic winds ( ηw Ṁ SF , where ηw is the mass-loading factor). Gas turbulence (quantified by the gas velocity dispersion, σ g ) is driven by energy injected 
into the ISM via accretion, star formation feedback, and gas transport. Metals are produced as star formation leads to supernovae (SNe). Some fraction of the 
metals produced is returned almost instantaneously to the ISM ( f R,inst ), whereas the rest is locked in long-lived stars. Metals are also ejected via galactic winds 
with metallicity Z w , which can be greater than or equal to Z . φy denotes the preferential metal enrichment of winds. Once produced, metals are also advected 
with radial gas flows, and diffused into the ISM due to turbulence and thermal instabilities. ©AAS. Reproduced with permission. 
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IFU observations have started to reveal the detailed 2D structure 
f metal distribution in galaxies, finding evidence not just for 
adial, but also azimuthal variations (e.g. Ho et al. 2017 , 2018 ;
reckel et al. 2019 , 2020 ; Li et al. 2021 , 2023 ). Ho we ver, progress

n theoretical work on modelling these first- and second-order 
etallicity variations for a wide range of galaxies has remained 

ather limited (Kudritzki et al. 2015 ; Ho et al. 2015 ; Lian et al.
018 ; Krumholz & Ting 2018 ; Belfiore et al. 2019 ; Sharda et al.
021a ; Metha, Trenti & Chu 2021 ). A key challenge in modelling
esolved metal distributions is that they are impacted by both local 
nd global processes in galaxies (Baker et al. 2023 ; see, ho we ver,
oardman et al. 2022 ). Additionally, while the global metallicity is
nly sensitive to the total metal content of galaxies, the spatially 
esolved metallicity structure is also affected by transport processes 
ithin the interstellar medium (ISM), which redistribute metals from 

he time they are produced. Thus, metal dynamics are as important 
s metal production and ejection in setting spatially resolved metal 
istributions. We subdivide and introduce these two categories below 

see also Fig. 1 ). 

f  
.1 Gas and metal flows in/out of galaxies 

o understand the physics of spatially resolved metal distribution 
nd metallicity gradients, it is helpful to first explore the life cycle
f baryons in galaxies. Gas regulator models paint a simple yet
owerful picture of this life cycle: gas accretes on to the galaxy
rom the cosmic web in the form of cold or hot streams, or through
ergers and interactions (e.g. Fardal et al. 2001 ; Dekel & Birnboim

006 ; Bournaud & Elmegreen 2009 ; Dekel et al. 2009a ; Rupke,
 e wley & Barnes 2010 ). The accreted gas is then transported across

he galactic disc via angular momentum exchange due to viscous 
orques or encounters with giant molecular clouds (GMCs) and bars 
r spiral arms (e.g. Pfenniger & Norman 1990 ; Block et al. 2002 ;
ournaud, Combes & Semelin 2005 ; Dekel, Sari & Ceverino 2009b ;
rumholz & Burkert 2010 ; Hopkins & Quataert 2011 ). The accreted
as also acts as a fuel for star formation, and dictates subsequent
alactic life cycles (e.g. Kere ̌s et al. 2005 ; Somerville & Dav ́e
015 ). Star formation leads to metal production dictated by the
ass distribution of massive stars following a stellar initial mass 

unction. Some of these metals are locked in low mass stars that
MNRAS 528, 2232–2256 (2024) 
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ive for a long time, others are returned to the ISM on relatively
horter time-scales (Tinsley 1980 ), or are depleted on to dust (e.g.
onstantopoulou et al. 2022 ). Star formation and active galactic
uclei (AGNs) feedback drives winds that eject mass and metals out
f the galaxy (e.g. Veilleux, Cecil & Bland-Hawthorn 2005 ; Muratov
t al. 2015 ; Pillepich et al. 2018a ; Mitchell et al. 2020a ; Veilleux et al.
020 ; Pandya et al. 2021 ). A fraction of the ejected mass makes its
ay back on to the disc in the form of fountains (e.g. Shapiro & Field
976 ; Fraternali & Binney 2008 ; Grand et al. 2019 ; Li & Tonnesen
020 ), whereas the rest enriches the circumgalactic medium (CGM)
ith metals (Tumlinson, Peeples & Werk 2017 ). Sufficiently strong
inds can also deposit metals beyond the virial radii of galaxies

nto the intergalactic medium (IGM; Origlia et al. 2004 ; Ranalli
t al. 2008 ; Tumlinson et al. 2011 ). Thus, the life cycle of metals is
uite dynamic, and it is now known that all these different physical
rocesses alter the metal content of galaxies (e.g. Dalcanton 2007 ;
inlator & Dav ́e 2008 ; Lilly et al. 2013 ; Grand et al. 2019 ; Sharda
t al. 2021a ; Wang & Lilly 2022b ; Greener et al. 2022 ). 

.2 Metal dynamics within galaxies 

e define metal dynamics as processes that alter the spatial dis-
ribution of metals within galaxies without altering the total metal

ass. Broadly speaking, we can further classify metal dynamics
nto categories: (1) transport of metals with the bulk flow of the
as, and (2) redistribution of metals. The former results in advection
f metals, and is primarily driven by radial gas flows generated
ue to gravitational instabilities (Dekel, Sari & Ceverino 2009b ;
rumholz & Burkert 2010 ; Forbes, Krumholz & Burkert 2012 ),
agnetic stresses (Wang & Lilly 2022a ), stellar bars (Kubryk,
rantzos & Athanassoula 2013 , 2015 ), or mismatch in the specific
ngular momentum of accreting gas and the disc (Mayor & Vigroux
981 ; Pezzulli & Fraternali 2016 ). The latter is caused by turbulence
n galactic discs that mix metals produced in different parts of
he galaxy (e.g. due to diffusion or thermal instabilities, Yang &
rumholz 2012 ; Petit et al. 2015 ; Beniamini & Hotokezaka 2020 ).
xcept for a handful of galactic chemical evolution models, most
odels to date still lack a treatment for metal advection. The few

hat do include this process find it to be important for setting resolved
etallicity trends in galaxies (Sharda et al. 2021a ; Chen et al. 2023b ).
o we ver, the treatment of radial gas flows is often decoupled from

tar formation and gas accretion, which creates inconsistency in the
reatment of metals and the gas, or allows for tunable parameters that
re then matched to an observable to constrain metal advection. This
s further complicated by the fact that direct evidence for radial gas
ows is scarce (Schmidt et al. 2016 ; Di Teodoro & Peek 2021 ; Sharda
t al. in preparation), even though it has been long suspected to play an
mportant role in galaxy evolution (Tinsle y 1980 ; Lace y & F all 1985 ).

The diffusion of metals due to turbulence warrants a detailed
iscussion since it is a relatively new component of galactic chemical
volution models (Sharda et al. 2021a ), and is usually implemented
s sub-grid physics in hydrodynamical simulations (Escala et al.
018 ). Galactic discs typically exhibit supersonic turbulence, as
s now known from measurements of the multiphase gas veloc-
ty dispersion across cosmic time (Ianjamasimanana et al. 2012 ;

oiseev, Tikhonov & Klypin 2015 ; Wisnioski et al. 2015 ; Varidel
t al. 2016 , 2020 ; Simons et al. 2017 , 2019 ; Wisnioski et al. 2019 ;
 ̈orster Schreiber et al. 2018 ; Übler et al. 2019 ; Girard et al. 2021 ).
imulations have shown that, in the absence of strong anisotropies
Hansen, McKee & Klein 2011 ; Beattie & Federrath 2020 ) or strong
agnetic fields oriented perpendicular to the disc (Kim & Basu

013 ), supersonic turbulence decays very rapidly compared to the
NRAS 528, 2232–2256 (2024) 
ynamical time of the disc (Mac Low et al. 1998 ; Stone, Ostriker &
ammie 1998 ; Lemaster & Stone 2009 ; Downes & O’Sulli v an 2009 ,
011 ; Burkhart et al. 2015 ; Kim & Ostriker 2015b ). Therefore,
urbulence needs to be continuously driven in galactic discs in order to
 xplain the observ ed high gas v elocity dispersions that cannot be a re-
ult of thermal gas motions (Sarrato-Al ́os, Brook & Di Cintio 2023 ).

The two most common sources of turbulent energy injection
nto the ISM in galactic discs are star formation feedback due to
upernovae (Ostriker & Shetty 2011 ; Faucher-Gigu ̀ere, Quataert &
opkins 2013 ) and radial gas flows. Krumholz et al. ( 2018 , hereafter,
BFC18) present a unified model of galaxies that includes both these
rocesses, and show that star formation feedback alone can maintain
 floor velocity dispersion of 6 − 10 km s −1 , explaining why the gas
elocity dispersion tends to settle down to this value. KBFC18 also
nd that the high gas velocity dispersions seen in starburst galaxies
re primarily driven by gravity due to radial mass transport. This
odel has been used to reproduce the observed star formation rate

SFR) – gas velocity dispersion trend in sev eral surv e ys (Johnson
t al. 2018 ; Yu et al. 2019 ; Varidel et al. 2020 ; Yu et al. 2021 ;
irard et al. 2021 ; see also Ejdetj ̈arn et al. 2022 ). A number of other

uthors have also published models to explain the role of turbulence
n galaxy evolution but without the dual role of feedback and transport
hile simultaneously considering energy and momentum balance

KBFC18, section 1.2 and references therein). 
Ho we ver, KBFC18 only consider gas accretion from outside the

alaxy as a source that supplies mass to the galactic disc, but did not
onsider the possibility that it might also drive turbulence in the disc
Ginzburg et al. 2022 ). Such driving is possible because the accreting
as can convert some of its kinetic energy into turbulence, as has been
emonstrated in several simulations (Klessen & Hennebelle 2010 ;
lmegreen & Burk ert 2010 ; Genel, Dek el & Cacciato 2012 ; Gabor &
ournaud 2014 ; Heigl, Gritschneder & Burkert 2020 ; Forbes et al.
023 ). Some works (e.g. Hopkins, Kere ̌s & Murray 2013 ) argue that
his effect is ne gligible; howev er, the y do not consider all regimes
both in terms of halo mass and redshift) where accretion can be
ominant. Some simulations are inconclusive about the importance
f accretion in driving turbulence in discs (Orr et al. 2020 ), while
thers find it to be quite important, at least for certain halo masses
nd redshifts (Gabor & Bournaud 2013 ; Forbes et al. 2023 ; Jim ́enez
t al. 2023 ; Goldman & Fleck 2023 ). Accretion is less efficient at
riving turbulence if it is more spherical rather than in the form of thin
laments, or if the accreting streams are coherent and co-rotating with

he disc, which might be the case for thin-disc star-forming galaxies
Danovich et al. 2015 ; Hafen et al. 2022 ), but this hypothesis is
omplicated by the multiphase nature of accreting streams (Cornuault
t al. 2018 ). Regardless of the predictions of these simulations, it is
learly the case that if gas accretion drives turbulence in the disc,
everal assumptions about the origin of gas velocity dispersions (and
ther quantities that are influenced by the gas velocity dispersion, like
etallicity) need to be revisited (Hopkins, Kere ̌s & Murray 2013 ). 

.3 This work and its motivation 

nly a handful of theoretical works have focused on the spatially
esolved metal distribution and MZGR (Ho et al. 2015 ; Kudritzki
t al. 2015 ; Lian et al. 2018 ; Belfiore et al. 2019 ; Yates et al. 2021 ),
nd none of these investigate metal dynamics due to both radial gas
ows and turbulent diffusion. Ho et al. ( 2015 ), Kudritzki et al. ( 2015 ),
nd Belfiore et al. ( 2019 ) further assume that galactic winds are not
etal enriched as compared to the ISM, which has been well known

o be a severe limitation of chemical evolution models (e.g. Dalcanton
007 ; Peeples & Shankar 2011 ; Chisholm, Tremonti & Leitherer
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018 ; Cameron et al. 2021 ). Sev eral studies hav e discussed the role
f winds in the context of chemical evolution models and shown that
hey are crucial to explaining trends in the MZR (e.g. Finlator & Dav ́e
008 ; Feldmann 2015 ; Chisholm, Tremonti & Leitherer 2018 ; Choi
t al. 2020 ; Tortora, Hunt & Ginolfi 2022 ), but the corresponding role
f winds in setting the spatially resolved metal distribution remains 
argely unexplored. 

Cosmological simulations have also investigated the MZGR, with 
arying degrees of success in reproducing the observed trends 
Tissera et al. 2016 , 2019 ; Ma et al. 2017 ; Collacchioni et al. 2020 ;
emler et al. 2021 ; Porter et al. 2022 ). While these simulations
rovide an excellent overview of the impacts of large-scale physical 
rocesses (including the role of CGM/IGM) and environment on 
etallicity profiles, they rely on subgrid recipes for star formation 

nd metal diffusion. This is due to limitations imposed by finite 
esolution and the adopted temperature floor that does not capture 
he cold ISM. It is also difficult to control for important variables
hat influence metallicity profiles in these simulations, which leads 
o uncertainty around the relative contribution of different physical 
rocesses in setting the MZGR. 
In a series of previous works, Sharda et al. ( 2021a ) introduced a

rst principles model for the physics of gas-phase metallicity and 
etallicity gradients in galaxies. The authors built upon the unified 

isc model of KBFC18 by including metal dynamics to show how 

arious galaxy properties go v ern the gas-phase metallicity profiles 
n galaxies (Sharda et al. 2021a , b , c ). Ho we ver, Sharda et al. only
ncorporated gas accretion as a process that adds mass to the disc, and
id not self-consistently model gas turbulence and its relationship to 
ccretion. In this work, following the updates to the Krumholz et al.
 2018 ) model by Ginzburg et al. ( 2022 ), we self-consistently model
he role of gas accretion by also including it as a source of turbulence,
roperly capturing the relation between metal dilution by accretion 
f metal-poor gas and driving of turbulence by the kinetic energy of
ncoming material. Such a comprehensive treatment of gas accretion 
as not been included in existing chemical and metallicity evolution 
odels, which renders our understanding of the importance of gas 

ccretion in setting ISM metallicities incomplete. As we will show 

n this work, gas velocity dispersion plays a central role in setting
patially resolved gas-phase metallicities, and metal diffusion due to 
urbulence becomes dominant o v er other processes in some galaxies. 

We arrange the rest of the paper as follows. Section 2 presents the
odel for the evolution of gas-phase metallicity, Section 3 presents 

esulting metallicity gradients, Section 4 presents the local MZGR 

e obtain from the fiducial model, and Section 5 discusses the role
f galactic winds in setting the MZGR. Finally, we present our 
onclusions in Section 6 . For the purpose of this paper, we use
 � = 0.0134, corresponding to 12 + log 10 O / H = 8 . 69 (Asplund,
marsi & Grevesse 2021 ), Hubble time t H(0) = 13 . 8 Gyr (Planck
ollaboration 2018 ), and follow the flat Lambda cold dark matter 
osmology: �m 

= 0.27, �� 

= 0.73, h = 0.71, and σ 8 = 0.81. 

 M O D E L  F O R  SPATIALLY  RESOLV ED  

AS-PHA SE  META LLICITY  

n this work, we piece together models for galactic discs and gas-
hase metallicities from Forbes et al. ( 2014a ), KBFC18, Sharda et al.
 2021a ), and Ginzburg et al. ( 2022 ) to present a semi-analytic model
or gas-phase metallicity gradients that self-consistently includes the 
ole of accretion, feedback, and transport. We list all the mathematical 
ymbols representing different physical parameters for the galactic 
isc in Table 1 . Similarly, we provide parameters for the metallicity
odel in Table 2 . For the remainder of this work, we classify galaxies
ccording to their stellar mass, M � , as follo ws: lo w-mass galaxies –
og 10 M � / M � ≤ 9, and massive galaxies – log 10 M � / M � ≥ 10 . 5. 

Any chemical evolution model should also be able to reproduce 
or, be consistent with) g as-phase g alaxy scaling relations since the
rescription of metals in these models is inherently tied to that of the
 as. The g alactic disc model that we incorporate from KBFC18
nd Ginzburg et al. ( 2022 ) has been verified against numerous
caling relations, including the (resolved and unresolved) Kennicutt–
chmidt relation, and the trend between star formation rate and 
alaxy kinematics (Yu et al. 2019 ; Varidel et al. 2020 ; Girard
t al. 2021 ; Yu et al. 2021 ; Parlanti et al. 2023 ; Rowland et al.,
n preparation). Similarly, modelling metallicity gradients has an 
dditional constraint as compared to modelling inte grated/unresolv ed 
etallicities – metallicity gradient models should also be able to 

imultaneously reproduce the scaling relations of integrated metal- 
icity with galaxy properties. We have shown in previous works how
ur model also reproduces the MZR (Sharda et al. 2021b ). Since
he updates we present in this work provide a better description of
etal dynamics within galaxies but does not change the global metal

ontent in the disc, we only discuss and apply the new model to study
etallicity gradients. 
We base our model on the premise that galactic discs remain
arginally stable due to gas transport driven by gravitational instabil- 

ties (Krumholz & Burkert 2010 ; Forbes, Krumholz & Burkert 2012 ;
orbes et al. 2014a ). In other words, we assume that galactic discs are
ble to self-regulate to a particular value of the Toomre Q parameter
Toomre 1964 ). Following Krumholz et al. ( 2018 , equation 7), we
et the Toomre Q parameter of the gas 

 g = 

κσg 

πG
 g 
, (1) 

here κ is the epicyclic frequency given by κ = 

√ 

2(1 + β) �; here, 
= d ln v φ/d ln r is the rotation curv e inde x of the galaxy, v φ is

he rotational velocity at the outer edge of the disc, and � is the
ngular velocity. σ g is the gas velocity dispersion, and 
 g is the
as surface density. We assume a flat rotation curve for massive
alaxies ( β = 0) and a rising rotation curve for low-mass galaxies
 β = 0.5). Following Sharda et al. ( 2021b ), we create a linear ramp
o interpolate between these two for setting β for intermediate-mass 
alaxies (9 ≤ log 10 M � / M � ≤ 10 . 5). 

Following Romeo & Falstad ( 2013 ), we also express the total
oomre Q parameter of the gas and the stars as 

 = f g , Q × Q g , (2) 

here f g,Q is the ef fecti ve gas fraction in the disc (KBFC18,
quation 9). For discs to be marginally stable, we require that Q

Q min , where Q min is the minimum Toomre Q parameter needed
or stability (see, ho we v er, F orbes 2023 for a more sophisticated
pproach). As a fiducial value, we set Q min = 1 as appropriate for
elatively quiescent discs. 1 We will discuss the role of Q min in detail
n Section 2.1 . 

We begin by describing the evolution of the halo mass and gas
ass (Section 2.1 ), from which we infer the gas velocity dispersion

Section 2.2 ) based on the Toomre criterion. We then incorporate
hese parameters into the metallicity model, solve for the metallicity 
t each radius, and check if the radial metallicity distribution is in
quilibrium. If it is, we find radial metallicity profiles (Section 2.3 )
MNRAS 528, 2232–2256 (2024) 
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Table 1. List of parameters in the galaxy evolution model. 

Parameter Description Reference equation Fiducial value 

M h Halo mass – –
M � Stellar mass – –
M g Gas mass – –

 g Gas surface density Equation ( 1 ) –
κ Epic yclic frequenc y Equation ( 1 ) –
β Rotation curve index Equation ( 1 ) −0.5 − 0.5 
σ g Gas velocity dispersion Equation ( 1 ) –
Q Toomre Q parameter of stars + gas Equation ( 2 ) ≥Q min 

Ṁ h Dark matter accretion rate Equation ( 3 ) –
v φ Rotational velocity Equation ( 5 ) –
c Halo concentration parameter Equation ( 5 ) 6 − 17 
Ṁ g Rate of change of gas mass Equation ( 7 ) –
ηw Wind mass loading factor Equation ( 7 ) 0 
Ṁ g , acc Gas accretion rate Equation ( 8 ) –
f B Universal baryonic fraction Equation ( 8 ) 0.17 
εin Baryonic accretion efficiency Equation ( 8 ) 0.1 − 1 
Ṁ SF Star formation rate Equation ( 9 ) –
φa Ratio of unresolved and resolved star formation rate Equation ( 9 ) 2 
t SF, max Maximum gas depletion time-scale Equation ( 9 ) 2 Gyr 
εff Star formation efficiency per free-fall time Equation ( 9 ) 0.015 
φmp Ratio of the total to the turbulent pressure at the disc mid-plane Equation ( 9 ) 1.4 
f g, Q Ef fecti ve gas fraction in the disc Equation ( 9 ) 0 −1 
f sf Fraction of star-forming gas Equation ( 9 ) 0 −1 
f g, P Ef fecti ve mid-plane pressure due to self-gravity of gas Equation ( 9 ) 0 −1 
Ṁ trans Gas transport due to radial flows Equation ( 10 ) –
η Scaling factor for the rate of turbulent dissipation Equation ( 10 ) 1.5 
φQ 1 + ratio of gas to stellar Toomre Q parameter Equation ( 11 ) 2 
φnt Fraction of gas velocity dispersion due to non-thermal motions Equation ( 12 ) 0 −1 
σ SF Turbulence driven by star formation feedback Equation ( 14 ) –
〈 p / m 〉 � Av erage superno va momentum per stellar mass formed Equation ( 14 ) 3000 km s −1 

σ acc Turbulence driven by accretion Equation ( 16 ) –
ξ a Accretion-induced turbulence injection efficiency Equation ( 16 ) 0.2 

Table 2. List of parameters in the ISM metallicity model. 

Parameter Description Reference 

s g Radial profile of gas surface density Equation ( 18 ) 
k Radial profile of metal diffusion Equation ( 18 ) 
ṡ � Radial profile of star formation rate Equation ( 18 ) 

surface density 
ċ � Radial profile of cosmic accretion Equation ( 18 ) 

surface density 
x b Radius where star formation in the Toomre Equation ( 21 ) 

regime equals that in the GMC regime 
T Orbital to metal diffusion time-scale Equation ( 22 ) 
P Ratio of metal advection to metal diffusion Equation ( 23 ) 
A Ratio of gas accretion to metal diffusion Equation ( 23 ) 
S Ratio of star formation to metal diffusion Equation ( 24 ) 
φy Preferential enrichment of galactic winds Equation ( 26 ) 
Z w Metallicity of galactic winds Equation ( 26 ) 
ξw Fraction of newly produced metals ejected Equation ( 27 ) 

with the wind 
t eqbm 

Metallicity equilibration time-scale Equation ( 28 ) 
t fluc Metallicity fluctuation time-scale Section 2.3.1 
Z ISM metallicity normalized to solar Equation ( 29 ) 
Z r 0 Central ISM metallicity normalized to solar Equation ( 29 ) 
c 1 Constant of integration in the Equation ( 29 ) 

metallicity equation 
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nd calculate the metallicity gradient. This way, we can self-
onsistently find the gas velocity dispersion and metallicity at each
poch without violating the total mass, energy and metal budget of
he disc. We provide a schematic that captures the most important
ngredients of our model in Fig. 1 . 

.1 Evolution of the halo mass and gas mass 

o describe the evolution of the halo mass, M h , we first estimate
he halo accretion rate, Ṁ h , following Neistein & Dekel ( 2008 ) and
ouch ́e et al. ( 2010 ) 

Ṁ h 

M h 
= −a 

(
M h 

10 12 M �

)b 

ẇ , (3) 

here a = 0.628, b = 0.14 and the self-similar time variable w is
uch that 

˙  = −0 . 0476 × (
1 + z + 0 . 093(1 + z) −1 . 22 

)2 . 5 
Gyr −1 . (4) 

e integrate equation ( 3 ) to find the halo mass, M h as a function
f redshift. Note that we use the stellar mass – halo mass relation
rom Moster, Naab & White ( 2013 , table 1) to estimate M � . Once we
etermine M h , we follow Dekel et al. ( 2013 ) to find the rotational
elocity at the outer edge of the disc, v φ , assuming a Navarro, Frenk &
hite ( 1997 ) profile for the dark matter density as (equations 69 −71

f Krumholz et al. 2018 ) 

 φ = 76 . 17 
√ 

c 

ln (1 + c) − c/ (1 + c) 

(
M h 

10 12 M �

)1 / 3 

( 1 + z ) 1 / 2 , (5) 
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here c is the halo concentration parameter that encodes the merger 
istory of dark matter haloes. We follow Zhao et al. ( 2009 , fig. 16)
o vary c as a function of M h , ignoring the ∼0.1 dex scatter in c
t fixed M h (e.g. Jing 2000 ; Wechsler et al. 2002 ; Diemer & Joyce
019 ), since changes by an order of magnitude in c only impact v φ by
50 per cent. We also evolve the size of the galactic disc following

Ginzburg et al. 2022 ) 

 = 2 × 1 . 89 

(
M h 

10 12 M �

)1 / 3 (1 + z 

3 

)−1 

, (6) 

here we have added the leading factor of 2 to ensure we co v er most
f the star-forming part of the disc. 
The rate of change of gas mass in the disc is controlled by processes

hat supply mass to the disc (e.g. accretion) and that remo v e mass
rom the disc (e.g. star formation and outflows). Thus, 

˙
 g = Ṁ g , acc − Ṁ trans − Ṁ SF − ηw Ṁ SF , (7) 

here the terms on the right-hand side represent, respectively, the 
ccretion rate of gas on to the galactic disc ( Ṁ g , acc ), radial transport
f gas through the disc ( Ṁ trans , also referred to as radial gas flows),
tar formation rate ( Ṁ SF ), and mass outflow rate given by the product
f the mass-loading factor ηw and Ṁ SF . In writing equation ( 7 ), we
ave assumed that the gas is transported down the potential well of
he galaxy and ends up in a bulge that forms a distinct component of
he galaxy. We, ho we ver, do not track the evolution of the bulge in the

odel; the bulge is only intended to act as a boundary condition for
he galactic disc rather than a separate reservoir. We have neglected 
he recycling of metals in the form of galactic fountains (Spitoni, 

atteucci & Marcon-Uchida 2013 ; Christensen et al. 2016 ; Grand 
t al. 2019 ; Tollet et al. 2019 ; Veilleux et al. 2020 ). Assuming it is the
as expelled by star formation feedback that gets recycled through a 
ountain, including galactic fountains would add a source term of the 
orm αGF Ṁ SF in equation ( 7 ), where αGF describes mass-loading of 
aterial returned to the galaxy (e.g. Lapi et al. 2020 ). Ho we ver, it is

nclear if this is sufficient to describe galactic fountains because the 
ass and dynamics of fountains are not just set by star formation-

riven winds, but also by material already present in the CGM (e.g.
andya et al. 2022 ). Further, there is no consensus on the time-scales
n which fountains re-supply mass and metals to the galaxy (e.g. 
pitoni et al. 2009 ; Angl ́es-Alc ́azar et al. 2017 ; Grand et al. 2019 ;
itchell, Schaye & Bower 2020b ). 

.1.1 Gas accretion 

o define the gas accretion rate, we re-write it as 

˙
 g , acc = Ṁ h f B εin , (8) 

here f B = 0.17 is the universal baryonic fraction (White & Fabian
995 ; Burkert et al. 2010 ; Planck Collaboration et al. 2016 ), and
in is the accretion efficiency of baryons that we adopt from Forbes
t al. ( 2014a , equation 22), which is based on fits to cosmological
imulations of Faucher-Gigu ̀ere, Kere ̌s & Ma ( 2011 ). As KBFC18
nd Ginzburg et al. ( 2022 ) mention, these fits likely o v erestimate the
ccretion rate in the most massive haloes at z = 0. 

.1.2 Star formation 

ollowing Krumholz, Dekel & McKee ( 2012 ) and Forbes et al.
 2014a ), we assume that the star formation rate, Ṁ SF , is different
n the Toomre-regime (where it is set by global disc instabilities –
enzel et al. 2008 ; Tacconi, Genzel & Sternberg 2020 ; Hodge &
a Cunha 2020 ) and in the GMC-regime (where it is set by local
nstabilities, as observed in the Milky Way and nearby spiral galaxies
Bigiel et al. 2008 ; Leroy et al. 2008 ; Jeffreson et al. 2020 ). In other
ords, star formation occurs in a continuous, volume-filling ISM in 

he Toomre regime whereas it occurs in individual molecular clouds 
n the GMC regime. Note that both Sharda et al. ( 2021a ) and Ginzburg
t al. ( 2022 ) only consider the Toomre regime for calculating Ṁ SF . In
ur present model, we take the SFR to be (equation 60 of Krumholz
t al. 2018 ) 

Ṁ SF = 

√ 

2 

1 + β

φa f sf f g , Q v 
2 
φσg 

πGQ 

×

ax 

[ 

√ 

2(1 + β) 

3 f g , P φmp 

8 εff f g , Q 

Q 

, 
t orb , out 

t SF , max 

] 

, (9) 

here f sf is the fraction of gas in the star-forming molecular phase,
a is a parameter of order unity that accounts for the integral of

he star formation rate per unit area for galaxies with varying β
section 3.1.2 of Krumholz et al. 2018 ), εff is the star formation
fficiency per freefall time, f g,P denotes the ratio of the mid-plane
ressure due to self-gravity of the gas to the total mid-plane pressure,
mp denotes the ratio of the total to the turbulent pressure at the disc
id-plane, t orb,out is the orbital time-scale at the outer edge of the

isc, and t SF , max ≈ 2 Gyr is the maximum gas depletion time-scale. 
hus, terms in parentheses represent star formation feedback in the 
oomre and the GMC regimes, respectively. 
In practice, we set f g,Q = f g,P , φmp = 1.4, and φa = 2. Following

umerous results (Krumholz, Dekel & McKee 2012 ; Federrath & 

lessen 2012 ; Salim, Federrath & K e wley 2015 ; Sharda et al. 2018 ,
019 ; Hu et al. 2022 ), we keep εff = 0.015, ignoring possible intrinsic
catter (Hu et al. 2021 , 2022 ), variations with radius (Leroy et al.
018 ; Fisher et al. 2022 ) or redshift (Tacconi, Genzel & Sternberg
020 ). We express f sf as the ratio of the molecular to the molecular and
tomic gas mass, and find it following a compilation of observations
y Tacconi, Genzel & Sternberg ( 2020 , table 3) and Saintonge &
atinella ( 2022 , fig. 4). We also consider a theoretical model that
an specify radial variations in f sf (Krumholz 2013 ) in Appendix A . 

.1.3 Gas transport 

s gravitational instabilities and non-axisymmetric torques trans- 
ort angular momentum outwards from the galaxy centre, mass 
s transported inwards to conserve angular momentum (a process 
imilar to that observed in accretion discs around protostars and 
lack holes – Shakura & Sunyaev 1973 ; Hartmann et al. 1998 ). The
f fecti ve transport rate can be estimated either from considerations
f energy conservation (Krumholz & Burkert 2010 ) or, in the case
f gas-rich discs that produce massive clumps, from analysis of 
lump kinematics (Dekel, Sari & Ceverino 2009b ). Since the two
pproaches differ only by a small factor in their predictions (and not
t all for galaxies with flat rotation curves), we adopt the transport
ate by KBFC18, who adopt the energy conservation approach. Their 
ormulation is based on the premise that star formation feedback can
lso drive turbulence in the disc in addition to gas transport. Ginzburg
t al. ( 2022 ) extend the KBFC18 formulation to include gas accretion
s another source of turbulence in the disc. We combine the two
pproaches set in (KBFC18, equation 49) and Ginzburg et al. ( 2022 ,
quation 39) to define the gas transport rate as 

˙
 trans = 

4 ηφQ φ
3 / 2 
nt f 2 g , Q 

Q 

2 
min 

(
1 + β

1 − β

) ( 

σ 3 
g 

G 

) 

F ( σg ) , (10) 
MNRAS 528, 2232–2256 (2024) 
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2 In writing equation ( 16 ), we have equated mass transport rates due to 
turbulent viscosity from Krumholz et al. ( 2018 , equation 49) and Ginzburg 
et al. ( 2022 , equation 39) to re-define the parameter γ diss in Ginzburg et al. 

( 2022 ) as γdiss = 3 / 
(

2 ηφQ 

φ
3 / 2 
nt 

)
. Our expression differs from Ginzburg et al. 

( 2022 , equation 37) by a factor (2 + β)/2 because we also study galaxies where 
v φ is not constant across the disc (i.e. galaxies with β 
= 0). For β = 0.5, this 
makes a 7 per cent difference for σ acc . 
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here Ṁ trans > 0 corresponds to inward mass flow, η = 1.5 defines
he dissipation of turbulence across the scale height of the disc in one
rossing time, φQ is given by 

Q = 1 + 

Q g 

Q � 

, (11) 

nd φnt parametrizes the contribution of thermal motions to the total
as velocity dispersion, 

nt = 1 − σ 2 
th 

σ 2 
g 

, (12) 

here σ th is the thermal gas velocity dispersion. Following Krumholz
t al. ( 2018 , section 2.4.3), we estimate σ th = f sf σ th,mol + (1

f sf σ th,WNM 

). Here, σth , mol ≈ 0 . 2 km s −1 is the thermal velocity
ispersion of molecular gas assuming a gas temperature ≈ 10 K,
nd σth , WNM 

≈ 5 . 4 km s −1 is the thermal velocity dispersion of the
arm neutral medium (WNM; Wolfire et al. 2003 ). 
The last term in equation ( 10 ), F ( σ g ), warrants a detailed dis-

ussion. It represents the fractional contribution of star formation
eedback and gas accretion as compared to transport in driving
urbulence in the disc. Below, we analyse different cases where
e only include star formation feedback or accretion as drivers
f turbulence in the disc, to study their impact on the gas-phase
etallicity gradients. 

(i) Turbulence driven by feedback and transport. First, we only
onsider the case where star formation feedback and gas transport
ue to radial flows drive σ g , and accretion only adds mass to the disc
ut does not drive turbulence in the disc. This is equi v alent to setting 

 ( σg ) = 1 − σSF 

σg 
, (13) 

here σ SF is the gas velocity dispersion that can be maintained by
tar formation feedback. We define σ SF as (equation 39 of Krumholz
t al. 2018 ) 

σSF = 

4 f sf εff √ 

3 f g , P πηφmp φQ φ
3 / 2 
nt 

〈 p 

m 

〉 

� 
×

ax 

[ 

1 , 

√ 

3 f g , P 
8(1 + β) 

Q min φmp 

4 f g , Q εff 

t orb 

t SF , max 

] 

, (14) 

here we maximize o v er terms that represent star formation feedback
n the Toomre and the GMC re gimes, respectiv ely. 〈 p/m 〉 � ≈
000 km s −1 represents the average momentum per unit stellar mass
ormed that is injected into the ISM by non-clustered core-collapse
upernov ae (Ciof fi, McK ee & Bertschinger 1988 ; Thornton et al.
998 ; Ostriker, McKee & Leroy 2010 ; Walch & Naab 2015 ; Kim &
strik er 2015a ; Hayw ard & Hopkins 2017 ). Although simulations of

lustered supernovae that lead to the formation of superbubbles (e.g.
eller et al. 2014 ) suggest a value higher by a factor of few (Kim &
striker 2015a ; Gentry et al. 2017 , 2019 ; Kim, Ostriker & Raileanu
017 ), discrepancies up to an order of magnitude exist between
ifferent simulations (see the discussion in Hu et al. 2023 ). These
iscrepancies stem from a mixture of numerical (treatment of shocks
nd contact discontinuities in Lagrangian versus Eulerian codes) and
hysical (impact of magnetic fields) issues. Supernova clustering
s also sensitive to the local ISM metallicity due to metallicity-
ependent cooling and associated expansion of superbubbles (Kar-
ov et al. 2020 ). It is also not yet clear what fraction of this momentum
rives turbulence in the ISM as compared to driving winds (e.g. Orr
t al. 2022 ). Giv en these cav eats, we continue to use momentum
njection from non-clustered supernovae in our model, but emphasize
NRAS 528, 2232–2256 (2024) 
hat further exploration of supernova clustering (especially at non-
olar metallicities) is highly desirable to more accurately model the
ole of star formation feedback for ISM metal distribution. 

(ii) Turbulence driven by accretion and tr ansport. Ne xt, we
onsider the case where only accretion and transport drive σ g . Here, 

 ( σg ) = 1 −
(

σacc 

σg 

)3 

, (15) 

here σ acc is the gas velocity dispersion due to turbulence induced
y gas accretion 

acc = 

( 

(2 + β) ξa G Ṁ g , acc 

8(1 + β) ηφQ φ
3 / 2 
nt 

Q 

2 
min 

f 2 g , Q 

) 1 / 3 

, (16) 

here ξ a is the fraction of kinetic energy of the accreted gas
hat drives turbulent motions in the disc. 2 Klessen & Hennebelle
 2010 ) argue that ξ a is set by the density contrast between the
ccreting material and the material in the disc. The density of the
ccreting material depends on the clumpiness of the accreting streams
Mandelker et al. 2020 ). Taking inspiration from models that find
he clumpiness of accreting streams to strongly vary with redshift
Mandelker et al. 2018 ), Ginzburg et al. ( 2022 ) propose ξ a = 0.2(1
 z). Further, Forbes et al. ( 2023 ) also find ξ a ≈ 0.1 −0.2 on average

cross the disc at z ≈ 0 for a M � = 5 × 10 9 M � galaxy they study
n the Illustris TNG50 suite of simulations (Nelson et al. 2019 ).
o we ver, there are no direct observational measurements of ξ a to
ate. Keeping these facts in mind, we fix ξ a = 0.2(1 + z), and show
ow our results remain unchanged for a higher ξ a in Appendix B . 
(iii) Turbulence driven by feedback, accretion, and transport. In

his case, star formation feedback, gas accretion and gas transport all
rive turbulence in the galaxy. The equivalent expression for F ( σ g )
hen becomes (Ginzburg et al. 2022 ) 

 ( σg ) = 1 − σSF 

σg 
−

(
σacc 

σg 

)3 

. (17) 

t is worth noting that σ g equilibrates to a higher value when both
ccretion and feedback drive turbulence as compared to the cases
bo v e. In the analysis that follows, we use different versions of
 ( σ g ) to understand the impacts of various drivers of turbulence on
as-phase metallicity gradients. 

.1.4 Winds 

he role of galactic winds for the evolution of M g is described by ηw 

see equation 7 ). Several works have focused on developing models
or ηw (Creasey, Theuns & Bower 2013 , 2015 ; Forbes et al. 2014b ;
ayward & Hopkins 2017 ; Torrey et al. 2019 ; Tacchella, Forbes &
aplar 2020 ), as well as measuring it in simulations (Muratov et al.
015 ; Christensen et al. 2016 ; Pillepich et al. 2018b ; Kim et al.
020 ; Pandya et al. 2021 ). These works find ηw that spans more than
hree orders of magnitude (fig. 13 of Mitchell et al. 2020a ), which is a
ubstantially larger range than that estimated from direct observations
f galactic winds. This scatter is a complex combination of varying
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Figure 2. Gas velocity dispersion, σ g , as a function of stellar mass, at z = 0. 
The three curves corresponds to models where turbulence is driven by either 
feedback due to star formation, gas accretion, gas transport, or a combination 
of the three. 
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etails of (star formation and/or AGN) feedback models, accurately 
esolving the multiphase nature of galactic winds, the location at 
hich ηw is measured (in isolated versus cosmological simulations), 

reatment of the CGM, and burstiness of star formation. Observations 
stimate ηw ≈ 0 −30 (Bouch ́e et al. 2012 ; Newman et al. 2012 ;
acprzak et al. 2014 ; Schroetter et al. 2015 , 2019 ; Chisholm et al.
017 ; Davies et al. 2019 ; F ̈orster Schreiber et al. 2019 ; McQuinn, van
ee & Skillman 2019 ), but are plagued by systematics originating 

rom the location as well as the thermal phase in which it is measured.
In our fiducial model, we leave ηw undefined because no models 

xist that self-consistently treat the role of outflows in driving 
urbulence in galactic discs together with the other sources we 
escribe abo v e. 3 In practice, this means that we do not consider
he wind term in equation ( 7 ) in the fiducial model, but we explore
he full possible range of preferential metal ejection via winds below 

n Section 2.3 . To rectify this inconsistency, we will later consider
hree different scalings of ηw derived from theoretical models and 
imulations to discuss the effects of a non-zero ηw in Section 5 . Note
hat we do not consider AGN feedback in our model. In massive
aloes, AGN feedback can boost ηw (Mitchell et al. 2020a ), so it
s likely that some of the scalings we consider based on studies
xcluding AGN feedback underestimate ηw at the high-mass end. 

.2 Gas velocity dispersion 

ith all the terms in equation ( 7 ) defined, we can now integrate the
quation to obtain the evolution of the gas mass as a function of
edshift. The only input parameter that we need is the halo mass at
ome high redshift, which we use to evolve the galaxy down to z =
. 4 The exact choice of redshift is not important since the solution
uickly converges to its steady-state value within a few orbital times
fig. B1 of Ginzburg et al. 2022 ). 

In cases where F ( σ g ) ≥ 0, we use the Toomre Q criterion
equation 1 ) to obtain σ g ( z). Ho we ver, we also encounter cases
here F ( σ g ) < 0; physically, this occurs when mass transport is
ot needed to drive the required level of gas velocity dispersion, and
he disc self-regulates the Toomre Q parameter. In such cases, Q 

Q min , and we find σ g by solving for F ( σ g ) = 0. 5 This is a major
mpro v ement o v er Sharda et al. ( 2021a ) because we self-consistently
erive σ g based on the overall mass and energy budget in galactic 
iscs instead of setting it to ad-hoc values. Although only a handful of
heoretical studies have focused on possible correlations between σ g 

nd gas-phase metallicity (Ma et al. 2017 ; Krumholz & Ting 2018 ;
harda et al. 2021c ; Hemler et al. 2021 ), it is expected that the ISM
etal distribution is sensitive to σ g (Queyrel et al. 2012 ; Gillman 

t al. 2021 ), so it is crucial to self-consistently find σ g . Solving for
g in this manner means that we do not take any radial variations

n σ g into account; ho we v er, these are e xpected to be minor, since
 Leaving ηw undefined is not the same as setting it to 0 since the latter would 
onstrain φy to unity as per equation ( 26 ), not permitting variations in φy . 
ince our aim in this section is to explore the full range of φy , we leave ηw 

ndefined. 
 We use SCIPY solve ivp to numerically integrate equation ( 7 ) from high- z 
o z = 0. Given the stiffness in the differential equation that arises from 

he different time-scales of accretion and star formation, we employ the 
ackwards differentiation formula (BDF, Shampine & Reichelt 1997 ) method 
o search for stable solutions at each z. 
 The equation we solve is a sixth degree polynomial in σ g , as compared 

o the cubic equation in Ginzburg et al. ( 2022 ) because σSF ∝ φ
−3 / 2 
nt (cf. 

quation 14 ) and σacc ∝ φ
−3 / 2 
nt (cf. equation 16 ). We retain the dependence 

f φnt on σ g , whereas Ginzburg et al. ( 2022 ) assumed φnt = 1. 
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oth modelling (KBFC18) and observations (e.g. Wilson et al. 2011 ;
ogotsi et al. 2016 ) show that σ g varies with radius by at most a

actor of two in local galaxies. We do not make a distinction between
g in the star-forming molecular phase versus the ionized phase, 

hough we caution that recent observations and simulations have 
hown the former can be systematically lower (Girard et al. 2021 ;
jdetj ̈arn et al. 2022 ; Rathjen et al. 2022 ; Lelli et al. 2023 ). 
Fig. 2 shows the resulting σ g for the three cases where gas

urbulence is driven by feedback + transport (blue), accretion + 

ransport (orange), and feedback + accretion + transport (green). 
e find that, in energy balance, accretion-driven turbulence (with 

fficiency ξ a set to 0.2) plays a minor role in setting σ g in low-
ass galaxies, but it is the dominant contributor to turbulence in
assive galaxies. The high σ acc at high M � is partially caused by

he o v erestimation of Ṁ g , acc in massiv e haloes as we mention in
ection 2.1 . Nevertheless, the value of σ g at the high-mass end

s in good agreement with that observed in local galaxies (Epinat,
mram & Marcelin 2008 ; Moiseev, Tikhonov & Klypin 2015 ;
aridel et al. 2020 ). 
Conversely, feedback plays a major role in driving turbulence in 

ow-mass galaxies but becomes sub-dominant compared to accretion 
n massive galaxies. This is seemingly contrary to the findings of both
BFC18 and Ginzburg et al. ( 2022 ) who find that mass transport is

he dominant driver of turbulence in massive local galaxies. Ho we ver, 
BFC18 did not consider accretion as a possible source of turbulence

hat would reduce the amount of transport needed to maintain σ g ,
nd Ginzburg et al. ( 2022 ) did not consider the GMC regime of
tar formation, which compared to their assumption that all galaxies 
re in the Toomre regime yields a higher Ṁ sf and hence reduces
he transport rate Ṁ trans required to maintain energy equilibrium (cf. 
quation 7 ). Mass transport is thus very sensitive to model parameters
hat go v ern Ṁ sf and ηw at z = 0. As we will discuss later, this has
mportant consequences for the metallicity distribution and gradient 
n local galaxies. 

.2.1 Other potential drivers of turbulence 

e pause here to briefly mention other potential sources of turbulence 
n the disc that we have not taken into account in this work. 

Feedback from supermassive black holes is another potential 
ource of turbulent energy injection in galaxies (e.g. Churazov et al.
MNRAS 528, 2232–2256 (2024) 
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(equation 39 in their paper). This error has no impact on their results since 
they assumed Q = Q min = 1. 
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004 ; Zhuravle v a et al. 2014 ; Li et al. 2020 ). For instance, both
 GN-driven winds (Wagner , Umemura & Bicknell 2013 ) and radio

ets (Mukherjee et al. 2018 ; Zovaro et al. 2019 ; Nesvadba et al. 2021 )
an enhance turbulence throughout the galactic disc on kpc scales.
e also ignore turbulence injected by magnetorotational instabilities

hat could be important in the outskirts of galactic discs (Sell w ood &
albus 1999 ; Piontek & Ostriker 2005 ), since the current evidence

emains rather inconclusive (Tamburro et al. 2009 ; Utomo, Blitz &
algarone 2019 ; Bacchini et al. 2020 ). 
Another class of potential turbulence drivers are stellar compo-

ents of the galaxy that can transfer energy to the gas, for example,
piral arms and bars. While these can drive turbulence in the gas
Kim & Ostrik er 2007 ; Hayw ood et al. 2016 ; Khopersk ov et al. 2018 ;
rr et al. 2023 ), simulations spanning a variety of redshifts and halo
asses find that they remain subdominant compared to feedback,

ransport, and accretion (Bournaud, Elmegreen & Elmegreen 2007 ;
ournaud & Elmegreen 2009 ; Ceverino, Dekel & Bournaud 2010 ;
oldbaum, Krumholz & F orbes 2015 , 2016 ). Nev ertheless, the

mpact of these drivers of turbulence on the gas-phase metallicity
emains largely unexplored (e.g. Zurita et al. 2021 ; Chen et al. 2023a ).

.3 Evolution of gas-phase metallicity 

he metallicity model of Sharda et al. ( 2021a ) is a standalone
odel that uses a galaxy evolution model as an input to predict the
etallicity profile in a wide variety of galaxies. The model includes

ev eral ke y ph ysical processes – g as accretion, radial gas flows,
etal advection and diffusion, star formation, metal consumption in

ong-lived stars, and outflows. In its primitive form, the evolution
f spatially resolved gas-phase metallicity in this model is given by
quation 14 of Sharda et al. ( 2021a ): 

T s g 
∂Z 

∂τ︸ ︷︷ ︸ 
Equilibration 

time 

− P 

x 

∂Z 

∂x ︸ ︷︷ ︸ 
Advection 

− 1 

x 

∂ 

∂x 

(
xks g 

∂Z 

∂x 

)
︸ ︷︷ ︸ 

Diffusion 

= S ̇s � ︸︷︷︸ 
Star formation + 

Outflows 

− ZA ̇c � ︸ ︷︷ ︸ 
Accretion 

. 

(18) 

here x and τ are the dimensionless galactocentric distance and time
 ariables, respecti vely. x = r / r 0 , where r 0 = 1 kpc is the reference
adius that we assume to be the inner edge of the disc. Similarly,
= t �0 , where �0 is the angular velocity at r 0 . Z is the gas-phase
etallicity Z normalized to Z �. The parameters s g ( x ) , k( x ) , ̇s � ( x )

nd ċ � ( x), respectively, represent the functional forms of spatial
ariations in the gas surface density 
 g , epic yclic frequenc y κ , star
ormation rate surface density 
̇ � , and gas accretion rate surface
ensity 
̇ g , acc . 
We pause here to mention a key difference between our approach

nd that of Sharda et al. ( 2021a ). These authors find s g ( x ) = 1/ x ,
 ( x ) = x by assuming that v φ is the same throughout the galactic
isc. Ho we ver, this is only valid as long as β ∼ 0. We further
eneralize their results by re-writing v φ = v φ, r ( r/R) −β where v φ, r 

s the rotational velocity at a distance r from the galaxy centre, and R
s the disc size we define in equation ( 6 ). The advantage of re-writing
he rotational velocity in this way is that we retain the meaning of v φ
s that defined at the outer edge of the disc. With this generalization,
e obtain 

 g ( x ) = 

x β

x 
, (19a) 

( x ) = 

x 

x β
. (19b) 

t is expected that ̇c � declines with x (Chiappini, Matteucci & Romano
001 ; Fu et al. 2009 ; Courty, Gibson & Teyssier 2010 ; Forbes et al.
NRAS 528, 2232–2256 (2024) 
014b ; Pezzulli & Fraternali 2016 ; Moll ́a et al. 2016 ; Stevens et al.
017 ). We retain ċ � ( x) = 1 /x 2 from Sharda et al. ( 2021a ). While the
oti v ation for such a radial variation in 
̇ acc is that it can reproduce

he present-day stellar surface density of the Milky Way (Colavitti,
atteucci & Murante 2008 ), there is no reason why all galaxies

hould follow this profile. Nevertheless, (appendix A Sharda et al.
021a ) show that a different functional form does not qualitatively
hange the resulting metallicity gradients in local spirals, and does
ot matter at all for local dwarfs, and we therefore adopt a single
unctional form for simplicity. 

Since we include both the Toomre and the GMC regime of star
ormation, we update the definition of ṡ � such that it is a continuous
unction of x 

˙
 � ( x) = 

{
x 2 ( β−1 ) ; x ≤ x b (20a)
( x b x ) 

β−1 ; x > x b , (20b)

here x b is the critical location in the disc where 
̇ � in the GMC
egime equals that in the Toomre regime (equation 32 of Krumholz
t al. 2018 ) 

 b = 

[ 

4 

√ 

2(1 + β) f g , Q εff v φt SF , max 

πQ 

√ 

3 f g , P φmp 

( r 0 

R 

)β 1 

r 0 

] 

1 
1 −β

. (21) 

ote that the star formation rate profile is less steep in the GMC
egime, which will lead to more metal production in the outer regions
f the galaxy as compared to the Toomre regime. As we will discuss
ater in Section 4 , this feature is partially responsible for giving rise
o steady-state inverted metallicity gradients in the model. 

The four dimensionless ratios that connect the metallicity model to
he evolution of gas and stars are: (1) T − the ratio of the orbital and
etal diffusion time-scales, (2) P− the ratio of metal advection to
etal diffusion, well known as the P ́eclet Number in fluid dynamics

Patankar 1980 ), (3) S− the ratio of metal production (star formation)
o metal diffusion, and (4) A − the ratio of gas accretion to metal
iffusion. As in Section 2.1 , we have not taken into account the
ffect of galactic fountains in returning metals to the disc. As in
quation (19) and equation ( 20a ), we also generalize the expressions
or T , P, S and A from Sharda et al. ( 2021a ) 

 = 

3 
√ 

2 ( β + 1 ) φQ f g , Q 

Q 

[(
v φ

σg 

) ( r 0 

R 

)β
]2 

, (22) 

 = 

6 ηφ2 
Q φ

3 / 2 
nt f 2 g , Q 

Q 

2 
min 

(
1 + β

1 − β

)
F ( σg ) , (23) 

 = 

24 φQ 

f 2 g , Q εff f sf 

πQ 

2 
√ 

3 f g , P φmp 

(
φy y 

Z �

)
( 1 + β) 

[(
v φ

σg 

) ( r 0 

R 

)β
]2 

, (24) 

 = 

3 GφQ Ṁ g , acc 

2 σ 3 
g ln x max 

, (25) 

here x max = R / r 0 is the disc size normalized by r 0 , and φy is a
ractional quantity that describes the preferential metal enrichment
f galactic winds. 6 Most galactic chemical evolution models to date
ssume that the metallicity of galactic winds is the same as that of
he ISM. Ho we ver, this is not necessarily the case for all galaxies.

y accounts for the fact that the wind metallicity can be higher than
he ISM metallicity in a galaxy if the ejecta from supernovae are
mperfectly mixed with the ISM (Dekel & Silk 1986 ; Mac Low &
errara 1999 ; Recchi et al. 2008 ; Peeples & Shankar 2011 ; Fu et al.
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013 ; Emerick et al. 2018 ; Emerick, Bryan & Mac Low 2019 ; Taylor,
obayashi & K e wley 2020 ; Sharda et al. 2021a ; Yates et al. 2021 ;
ndersson et al. 2022 ), as has now been observed in galactic winds
f low mass galaxies (Chisholm, Tremonti & Leitherer 2018 ; Lopez 
t al. 2020 ; Cameron et al. 2021 ; Xu et al. 2022 ; Tortora, Hunt &
inolfi 2022 ). Following Sharda et al. ( 2021b , equation A1), we
rite 

y = 1 − ηw Z 

(
Z �
y 

)(Z w 

Z 

− 1 

)
, (26) 

here y = 0.028 is the yield of newly formed Type II metals (Forbes,
rumholz & Speagle 2019 ) following the instantaneous recycling 

pproximation (Tinsley 1980 ) and Z w is the metallicity of galactic 
inds normalized to Z �. It is given by equation 41 of Forbes,
rumholz & Speagle ( 2019 ) 

 w = Z + 

(
y 

Z �

)
ξw 

max 
(
ηw , 1 − f R , inst 

) , (27) 

here f R,inst = 0.77 is the fraction of metals locked in low mass stars
Tinsley 1980 ), and ξw is a fractional parameter bounded between 
 and 1 that describes the preferential enrichment of galactic winds 
f some of the newly produced metals are ejected with winds before
hey mix with the ISM. Thus, equation ( 27 ) implies that common
ssumption of wind metallicity being equal to the ISM metallicity is
ikely only a lower bound in reality. Further, since a fraction f R,inst of

etals are locked in stars, the minimum metal mass ejected is 1 −
 R,inst . 

We see from equation ( 26 ) that φy ∼ 0 corresponds to all newly
roduced metals being entrained in the winds, whereas if φy ∼ 1, 
ewly produced metals are perfectly mixed with the ISM before 
hey are ejected such that the wind metallicity equals the ISM

etallicity. In the absence of any scaling relations of φy with galaxy 
roperties, we explore φy in the range of 0.1 −1, and show how the
esulting metallicity gradients are quite sensitive to the choice of 
y . In principle, we can specify φy as a spatially varying parameter. 
o we ver, we treat it as an integrated quantity for this work since
ariations in φy with x remain unexplored. As we will discuss below, 
, S and A form the cornerstone of our metallicity analysis and act

s useful diagnostics to understand what sets metallicity gradients in 
alaxies. 

Note that we only consider elements produced by core collapse 
upernovae in this work, since the observable we study is the oxygen
bundance gradient in the ISM. Therefore, we cannot comment on 
he evolution of φy for elements produced by other nucleosynthetic 
ources (e.g. AGB stars or Type Ia supernovae). In fact, simulations
f low-mass galaxies that explicitly resolve feedback find metal 
nrichment of galactic winds to be dependent on the nucleosynthetic 
ource (Emerick et al. 2018 ). Similarly, metal mixing in the ISM
s also sensitive to the nucleosynthetic source (Krumholz & Ting 
018 ). 

.3.1 Metal equilibration time-scale 

ecause we are interested in searching for steady-state solutions 
o equation ( 18 ), we first estimate the time it takes for a given
etal distribution to reach equilibrium, t eqbm 

. Following Sharda et al. 
 2021a , equation 19), t eqbm 

is given by 

1 

t eqbm 

= �0 

∣∣P 

x 
∂Z 

∂x 

∣∣ + 

∣∣ 1 
x 

∂ 
∂x 

(
xks g 

∂Z 

∂x 

) ∣∣ + 

∣∣S ̇s � 
∣∣ + 

∣∣ZA ̇c � 
∣∣

Zs g T 
. (28) 

he physical interpretation of the abo v e equation is that we compare
he time taken by gas accretion, star formation, outflows, metal 
dvection and metal diffusion to induce changes in metallicity with 
he rate at which metallicity evolves with time as given by the leading
erm in equation ( 18 ). Under equilibrium, ∂ Z/∂ τ → 0. This is a
ommon practice in chemical evolution models, as it allows us to
stimate if metallicity reaches equilibrium simultaneously with other 
alaxy properties (Dav ́e, Finlator & Oppenheimer 2012 ; Lilly et al.
013 ; Feldmann 2015 ; Krumholz & Ting 2018 ). 
If the metal distribution does not reach equilibrium within a 

easonable time, we consider the resulting gradients to be in non-
quilibrium, in which case we cannot apply our model to study
radients. A necessary condition is that the metal equilibration time- 
cale be less than the Hubble time. Ho we ver, this is not sufficient
ince physical processes rele v ant for the model may change on time-
cales much shorter than the Hubble time. Out of all the physical
rocesses we include, the time-scale for star formation, quantified 
y the molecular gas depletion time-scale, t dep , is usually observed
o be the shortest (Genzel et al. 2015 ; Scoville et al. 2017 ; Utomo
t al. 2017 ; Tacconi et al. 2018 ; Liu et al. 2019 ). In nearby galaxies,
bservations find t dep ≈ 2 Gyr (Leroy et al. 2008 ; Bigiel et al. 2011 ;
aintonge et al. 2011 ; Sun et al. 2023 ). Keeping this in mind, we
onsider the metallicity to be in non-equilibrium if t eqbm 


 t dep .
o ensure that local fluctuations in metallicity are not responsible 
or setting the metallicity gradient (that would otherwise generate 
 random metallicity gradient set by a stochastic metal field), we
nvestigate if t eqbm 

is longer than the time-scale for such fluctuations to
ecome steady . Typically , the latter is of the order of t fluc ≈ 300 Myr
n local galaxies (fig. 7 of Krumholz & Ting 2018 ), and we check
f t eqbm 

� t fluc . Given the self-consistent evolution of gas parameters
ith metals, the model we present here allows for inverted gradients

o form in equilibrium, in contrast to the Sharda et al. ( 2021a ) model.

.3.2 Equilibrium solutions 

harda et al. ( 2021a ) show that most galaxies tend to achieve a
teady-state metallicity gradient within a time-scale much shorter 
han the Hubble time, and comparable or shorter than t dep . When this
ondition is satisfied, we can search for equilibrium solutions for 
quation ( 18 ) by setting ∂ Z/∂ τ → 0. 

Since the functional form of the star formation term, ṡ � ( x), is
ifferent in the Toomre and the GMC regimes of star formation,
he resulting solution for Z( x) is also different. Z( x) in the Toomre
egime is given by 

( x ) = 

Sx 2 β

A − 2 β ( P + 2 β) 
+ c 1 x 

1 
2 

[ √ 
P 

2 + 4 A −P 

] 

+ 

(
Z r 0 −

S 
A − 2 β ( P + 2 β) 

− c 1 

)
x 

1 
2 

[ 
−√ 

P 

2 + 4 A −P 

] 
, (29) 

nd in the GMC regime is given by 

( x ) = 

Sx 1 + β

A − ( 1 + β) ( 1 + P + β) 
+ c 1 x 

1 
2 

[ √ 
P 

2 + 4 A −P 

] 

+ 

(
Z r 0 −

S 
A − ( 1 + β) ( 1 + P + β) 

− c 1 

)
x 

1 
2 

[ 
−√ 

P 

2 + 4 A −P 

] 
. (30) 

ere, Z r 0 is the metallicity at r 0 , and c 1 is a constant of integration.
hysically, c 1 reflects the strength of the metallicity gradient at r 0 .
alaxies tend to achieve a particular value of Z r 0 that is go v erned
y the competition between terms that dominate at r 0 . For massive
ocal galaxies, Z r 0 is set by the competition between source (star
ormation and outflows) and accretion. For low-mass galaxies, Z r 0 is 
et by the interplay between advection and diffusion if Ṁ trans > 0. In
he case where there is no mass transport ( Ṁ trans = 0), Z r is set by
MNRAS 528, 2232–2256 (2024) 

0 
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M

Table 3. Summary of differences in the models of KBFC18, Sharda et al. ( 2021a ), Ginzburg et al. ( 2022 ), 
and this work. Parameter definitions are available in Tables 1 and 2 . 

Parameter KBFC18 Sharda et al. ( 2021a ) Ginzburg et al. ( 2022 ) This work 

Evolution of Ṁ g � � � � 

Self-consistent Ṁ g and σ g � � � � 

Radial resolution � � � � 

Include GMC regime � � � � 

Include ξ a � � � � 

Include σ acc � � � � 

Include ηw � � � � 

Include Z � � � � 

Include φy � � � � 

Include φa � � � � 

Allow Q ≥ Q min � � � � 

Allow β 
= 0 � � � � 

Allow radial variations in v φ � � � � 

Allow φnt ≤ 1 � � � � 

Allow f sf ≤ 1 � � � � 
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Table 4. List of parameter values for metallicity gradients in two represen- 
tative galaxies as shown in Fig. 3 . 

Parameter Massive galaxy Low-mass galaxy 

M � 10 10 . 8 M � 10 9 M �
x max 15 5.5 
f g, Q 0.5 0.9 
εin 0.24 0.46 
c 10 15 
β 0 0.5 
f sf 0.6 0.4 
f g, P 0.5 0.9 
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ource and diffusion. We provide the equations for Z r 0 in terms of c 1 
n Appendix C . Thus, c 1 is the only unknown parameter in practice.

e also see that equation ( 29 ) reduces to equation (41) of Sharda
t al. ( 2021a ) when β → 0. 

With these solutions, we can develop some intuition for the
teepness of the resulting metallicity profiles. If S > P + A , the
rofiles are steeper, thus giving strong ne gativ e metallicity gradients.
n the contrary, if P + A > S, the metal distribution is quite
omogeneous, giving flat metallicity gradients. In the extreme case
here P + A 
 S, this can ev en lead to an inv ersion in the
etallicity profile where the inner regions of the galaxy are more
etal-poor as compared to the outskirts, thereby driving an inverted
etallicity gradient. The inversion is more likely to occur for low-
ass galaxies because of the leading term that scales as x β in both

he Toomre and GMC regimes. The strength of the gradient is also
odulated by c 1 , which we constrain using physically meaningful

oundary conditions in Section 2.3.3 . 

.3.3 Boundary conditions for equilibrium solutions 

e follow Sharda et al. ( 2021a ) to define boundary conditions for
he equilibrium solutions we obtain in Section 2.3.2 . These boundary
onditions constrain c 1 to a finite range of values that in turn give rise
o a family of metallicity profiles (hence, gradients) for each solution.
ote that if we excluded metal diffusion, equation ( 18 ) would reduce

o first order, which will only have one constant of integration that
an be fully specified using Z r 0 . So, we would only obtain one profile
er solution instead of a family of profiles. 

We first require that Z( x) is greater than some minimum value,
 min at all x . This condition provides a lower bound on c 1 . We

lso demand that the metal flux crossing into the disc is at most
qual to advection of metals from the CGM (with metallicity Z CGM 

).
ollowing Sharda et al. ( 2021a , equation 43), we express this
ondition as 

− PZ( x) − ∂ 

∂x 
Z( x) ≥ −PZ CGM 

. (31) 

his condition ensures that most metals present in the disc belong to
he in situ population of metals produced by star formation (which is
enerally true unless galactic fountains recycle a significant amount
f metals), and provides an upper bound on c 1 . We do not show the
esulting equations for c 1 here as they consist of several non-linear
NRAS 528, 2232–2256 (2024) 
unctions that are not illuminating, but they can be directly obtained
y the applying the abo v e constraints. 
We set Z CGM 

= 0 . 05 for low-mass galaxies, 0.2 for massive
alaxies, and create a linear ramp in log 10 M � between these two
or intermediate mass galaxies. Such a set-up roughly reproduces the
etallicity of metal-poor inflows on to the disc seen in simulations

Muratov et al. 2017 ). As more measurements of Z CGM 

become
vailable (e.g. Prochaska et al. 2017 ; Kacprzak et al. 2019 ), it will
e possible to refine the prescription we use. 
This completes the formulation of the model. In Table 3 , we

rovide a summary of key differences between our approach and
arlier works we make use of. 

 EQUI LI BRI UM  META LLI CI TY  G R A D I E N T S  

e now present resulting ISM metallicity profiles and gradients from
he model for two classes of galaxies. Table 4 lists the values of model
arameters for the two representative galaxies. The top panel of Fig. 3
resents the resulting family of metallicity profiles from the model
or a fiducial local massive galaxy with M � = 10 10 . 8 M � at z = 0 with
y = 1.0 (solid curves) and 0.1 (dotted curves). We include all three
ources of turbulence (feedback, accretion, and transport) to create
hese profiles. The family of curves results from the permissible range
f values of the constant c 1 in the metallicity equation. However, not
ll the gradients are in equilibrium. The colourbar in Fig. 3 informs
n the time taken by the metal distribution to reach equilibrium
ompared to t dep ; the redder the colour, the larger are the deviations
rom equilibrium. As expected, we see that the metallicity at the
nner edge of the disc naturally approaches the value Z r set by the
0 
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Figure 3. Top panel: ISM metallicity profiles ( Z = Z/Z �) as a function of 
the dimensionless radius ( x = r / r 0 with r 0 = 1 kpc ) for the fiducial case of 
a massive galaxy ( M � = 10 10 . 8 M �) with φy = 1.0 (solid) and 0.1(dotted), 
respectively. φy describes the preferential metal enrichment of galactic winds. 
The family of curves for each φy arise from constraints on the constant 
of integration c 1 in the solution for metallicity. Colourbar represents the 
difference between the metal equilibration time-scale, t eqbm 

, and the gas 
depletion time-scale, t dep , with increasingly red colour representing larger 
deviations from equilibrium. Bottom panel: Same as the top panel but for a 
low-mass galaxy with M � = 10 9 M �. 
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erms that dominate at small radii. The inner regions ( x < 5) of all
he profiles are in the Toomre regime of star formation whereas the
uter regions are in the GMC regime, as expected from the KBFC18
odel. The bottom panel of Fig. 3 presents the family of metallicity

rofiles for a fiducial local low-mass galaxy with M � = 10 9 M �. In
his case, the Toomre regime exists for x < 3.5, beyond which star
ormation occurs in GMCs. For the lowest mass galaxies we study, 
he entire star-forming disc is in the GMC regime at z = 0. For the

assive galaxy, the radial metallicity profiles for high values of φy 

re consistent with the average metallicity profile observed in nearby 
alaxies of similar mass (Belfiore et al. 2017 ). On the other hand,
odel profiles with low values of φy in the low-mass galaxy better 
atch the observed profiles for similar mass (see also Sharda et al.

021a , figs 2 and 5). 
To find a 1D gradient, we fit the logarithmic metallicity profiles

ith a linear function in x from 1 to x max (see Table 4 ), the slope of
hich is the metallicity gradient. This is an o v ersimplification be-

ause the profiles are typically more complex given the non-linearity 
f Z( x), so a gradient returned by the fit is often a poor representation
f the underlying profile. Ho we ver, we use this approach to mimic
bservational measurements where the 2D maps are reduced to 1D by 
tacking metallicity profiles as a function of galactocentric distance, 
nd then fit with a linear function in log 10 Z . For the massive galaxy,
e find gradients to be in the range −0 . 18 dex r −1 

e to 0 . 08 dex r −1 
e ,

here we take r e ≈ R /2 in the model; adopting r e from van der Wel
t al. ( 2014 ) (as in Sharda et al. 2021a ) gives similar results. Similarly,
e obtain gradients in the range −0 . 23 dex r −1 
e to 0 . 13 dex r −1 

e for the
ow-mass galaxy . Typically , profiles given by the maximum possible
alue of c 1 (especially for massive galaxies) are out of equilibrium,
nd these profiles lead to inverted gradients. While most inverted 
etallicity gradients are out of equilibrium in the model, we do
nd some steady-state profiles where the metallicity in the outer 
egions is larger than that in the inner regions. This differs from our
arlier models in Sharda et al. ( 2021a ), which did not include the
MC regime of star formation and did not find any inverted gradient

quilibria. 
Given this new finding, it is worth investigating how these inverted

radients form and exist in equilibrium. Let us consider a simpler
ase of a massive galaxy with no advection, so β = P = 0. In
uch a case, at large radii, accretion and diffusion compete with
tar formation to set the metallicity. Ho we ver, star formation in the
MC regime only declines with radius as 1/ x , while accretion and
iffusion go as 1/ x 2 . So, even though fewer metals are being produced
t large radii, the rate at which they are diluted or transported is
ven smaller. This is why metallicity in the outskirts can be higher,
eading to inverted gradients in the model in equilibrium. Ho we ver,
here are two important corollaries. First, this result is sensitive 
o our assumed radial profile of accretion, ċ � = 1 /x 2 (Colavitti,

atteucci & Murante 2008 ). If we assume that accretion goes
s 1/ x instead, for example, the resulting gradient will likely be
lose to zero. Second, if f sf declines strongly with radius (e.g.
rumholz, McKee & Tumlinson 2009 ; Krumholz 2013 ; Kubryk, 
rantzos & Athanassoula 2015 ), the source term S would decrease
ore rapidly than 1/ x , and we would again have no or less inversion.
e also do not invoke radial variations in φy or ηw below (e.g.

ohnson et al. 2021 ). Exploring radial variations in these parameters
equires direct measurements of both the molecular and atomic gas 
urface densities, as well as metal enrichment of galactic winds at
ifferent radii. This is an area where a multiwavelength observations, 
ombining JWST IFU instruments, VLT/MUSE and ALMA (e.g. 
eroy et al. 2021 ; Emsellem et al. 2022 ) have the potential to
ake a big impact on our understanding of inverted metallicity 

radients. 
Note that our model is based on a disc flow model, but (major)
ergers can significantly impact the disc, and likely reset the 
etallicity gradients. We showed in Sharda et al. ( 2021a ) that the
etallicity distribution falls out of equilibrium during a major merger 

a result corroborated by observations – P ́erez-D ́ıaz et al. 2023 ), and
hus our equilibrium model cannot be applied in such cases. It is
or this reason that we do not study merging galaxies (e.g. ULIRGs)
n this work. The impact of minor mergers is small at resetting the
as-phase metallicity gradient, especially at z = 0, which is the focus
f this work. There is an associated question of the impact of past
ajor mergers on the present day metallicity gradient in the disc,

nswering which requires using a combination of hydrodynamic 
imulations and SAMs like ours (Sharda et al., in preparation), and
s beyond the scope of this work. 

 M Z G R  WI TH  T H E  F I D U C I A L  M O D E L  

e show the observed MZGR (corrected for spatial resolution) from 

hree different surv e ys – MaNGA (Mapping Nearby Galaxies at 
pache Point Observatory, Bundy et al. 2015 ), CALIFA (Calar 
lto Le gac y Inte gral Field Area, S ́anchez et al. 2012 ), and SAMI

Sydne y-AAO Multi-object Inte gral-field spectrograph, Bryant et al. 
015 ) in Fig. 4 . Each marker denotes the average metallicity gradient
normalized by r e ) in different bins of stellar mass. It is immediately
MNRAS 528, 2232–2256 (2024) 
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M

Figure 4. The local MZGR as predicted from the fiducial model. It plots metallicity gradients ( ∇ log 10 Z) as a function of the stellar mass ( M � ). The colourbar 
indicates the ratio of the strength of processes that create flat metal distributions ( P and A ) to those that create steep metallicity gradients ( S) in equilibrium, 
as defined in Section 2 . The top panel plots the model MZGR for the case where only gas accretion and transport drive turbulence in the galaxy. The middle 
panel corresponds to the case where only star formation feedback and gas transport drive turbulence. The bottom panel corresponds to the case where all three 
factors are included as drivers of gas turbulence. The scatter in the model at fixed M � corresponds to the results of varying φy , the parameter that describes 
the preferential ejection of metals via galactic winds, from 0.1 to 1, as indicated. Overplotted (orange markers) are average metallicity gradients in bins of M � 

obtained from IFU surv e ys – MaNGA (Belfiore et al. 2017 ; Mingozzi et al. 2020 ), CALIFA (S ́anchez et al. 2014 ; S ́anchez-Menguiano et al. 2016 ), and SAMI 
(Poetrodjojo et al. 2018 ), as well as mean of the three (grey markers). 
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Figure 5. Left panel: The three dimensionless ratios ( P, A , and S) that set the metal distribution at z = 0 in the fiducial model presented in Section 4 , as a 
function of stellar mass, for the case where turbulence is driven by star formation feedback and gas transport. The value of S is directly proportional to the 
parameter φy that describes the preferential enrichment of galactic winds (see equation 24 ), so for this parameter we plot a vertical range corresponding to 
varying φy from 0.1 to 1, as indicated by the colourbar. Metal transport due to radial gas flows ( P) is only active for the lowest and most massive galaxies in this 
case. The dashed line denotes a value of unity, with values of a parameter less than unity indicating that turbulent diffusion is a more important process than the 
one described by that parameter. Middle panel: Same as the left panel but now turbulence is driven by gas accretion and transport. Metal advection is active for 
most galaxies in this case. Right panel: Same as the other two panels but turbulence is no w dri ven by all three mechanisms – feedback, accretion, and transport. 
Metal advection is active only in the lowest mass galaxies. These diagnostic plots aid in understanding the nature of metal distributions and metallicity gradients 
in each of the corresponding models presented in Fig. 4 . 
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7 Note that most local galaxies with M h ∼ 10 14 M � are usually ellipticals. 
We deliberately co v er such high M h to compare against the few massive 
star-forming galaxies with measured gas-phase metallicity gradients in the 
CALIFA surv e y (S ́anchez et al. 2014 ; S ́anchez-Menguiano et al. 2016 ). 
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lear that even between the three surv e ys, av erage gradients differ by
s much as 0 . 1 dex r −1 

e . In fact, the g alaxy-to-g alaxy scatter at fixed
 � is as high as 0 . 3 dex r −1 

e . The scatter is larger at the low- and
igh-mass ends than at intermediate masses (fig. 10 of Poetrodjojo 
t al. 2021 ). While some of this scatter can be physical (especially
t the low-mass end), it is also caused by systematic differences 
etween gas-phase metallicity calibrations (K e wley & Ellison 2008 ), 
imited spatial resolution and S/N ratio (Mast et al. 2014 ; Acharyya
t al. 2020 ), the sensitivity of metallicity diagnostics to physical 
roperties of H II regions such as ionization parameter (e.g. Pettini &
 agel 2004 ; Kobulnick y & K e wley 2004 ; Pilyugin & Grebel 2016 ;
urti et al. 2017 ; Mingozzi et al. 2020 ), and to poorly understood
ontributions from diffuse ionized gas (DIG; Sanders et al. 2017 ; 
hang et al. 2017 ; Poetrodjojo et al. 2019 ; Vale Asari et al. 2019 ).
n important effect of this discrepancy is that it is not clear if the
ZGR shows an inflection at 9 . 5 < log 10 M � / M � < 10 . 5 (Belfiore

t al. 2017 ; Mingozzi et al. 2020 ); some studies fa v our such a
reak whereas others find a constant, characteristic gradient for all 
alaxies (S ́anchez et al. 2014 ; S ́anchez-Menguiano et al. 2016 , 2018 ;
oetrodjojo et al. 2018 ). 
Using the second data release of SAMI data, Poetrodjojo et al. 

 2021 ) reduce the discrepancy due to different emission line ratios
nd metallicity calibrations to 0 . 02 dex r −1 

e by using a carefully
hosen combination of various diagnostics that include more than 
wo emission line ratios (e.g. Pilyugin & Grebel 2016 ). These authors
nd that there is indeed evidence for a break in the MZGR between
 . 5 < log 10 M � / M � < 10 . 5, ho we ver, the feature is rather weak as
ompared to the curvature observed in the MZR. Franchetto et al. 
 2021 ) reach the same conclusion based on their analysis of the

ZGR in the MaNGA and GASP (GAs Stripping Phenomena in 
alaxies with MUSE, Poggianti et al. 2017 ) surv e ys. Deciphering the
rigin of the MZGR and determining whether there is an inflection 
t intermediate masses is important to understanding how various 
hysical processes we describe in Section 2 impact metal distribution 
n galaxies. 
To construct an MZGR from our model, we specify a range of
alo masses at high- z such that the resulting halo mass at z = 0 span
0 . 9 < log 10 M h / M � < 14. 7 As we saw in Section 3 , the model
roduces a family of metallicity profiles. Below, we find the MZGR
or different cases corresponding to the different drivers of turbulence 
feedback, accretion, and transport). 

.1 Gas turbulence dri v en by feedback and transport 

n this case, the P ́eclet number P that describes the ratio of metal
dvection to diffusion is set only by star formation feedback and gas
ransport ( σ g corresponding to the blue curve in Fig. 2 ). This is the
ase studied in Sharda et al. ( 2021a ) since the KBFC18 model we
sed only considers feedback and transport as sources of turbulence. 
o we ver, there are se veral dif ferences between this and earlier work,

s we point out in Section 2 . 
The top panel of Fig. 4 plots the resulting MZGR from the model in

his case. We colour code the model MZGR by the ratio ( P + A ) / S;
he reason for this coding is that the processes parametrized by the
umerator (advection and accretion) tend to flatten the gradient, while 
he one parametrized by the denominator (star formation) tends to 
teepen it. Thus this ratio is ef fecti vely the ratio of flattening to
teepening processes. We show the resulting values of P , A , and S 

or this case in the left-hand panel of Fig. 5 . The scatter in S at fixed
 � is caused by φy (see equation 24 ). In line with our expectations,
e see that steep ne gativ e gradients develop when S > P + A ; this
rocess is largely controlled by the parameter φy , since at fixed M � 

ncreasing φy leads to larger S (as indicated by colour in Fig. 4 ) and
o steeper, ne gativ e gradients (corresponding to mo ving downward
MNRAS 528, 2232–2256 (2024) 
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n Fig. 4 ). The exception to this trend is the least massive galaxies
ith M � < 10 9 . 1 M � – these galaxies lie in the GMC regime of star

ormation, as ag ainst g alaxies with M � ≥ 10 9 . 1 M � where the inner
egions are in the Toomre regime and the outer regions are in the
MC regime. Since the star formation time-scale is capped by t SF,max 

n the GMC regime, the resulting S < P + A even with φy = 1, as
e can also read off from the left panel of Fig. 5 . We also find that
 > 1 for all M � in this case, implying that metal diffusion is weak

s compared to gas accretion. Ho we ver, metal dif fusion dominates
 v er metal advection and star formation in some low-mass galaxies
hat have P < 1 and S < 1. Since diffusion tends to homogenize the

etal distribution by moving metals from high to low concentrations,
trong diffusion leads to flatter gradients. The inflection we see in the

ZGR at M � ≈ 10 9 . 2 M � occurs due to mass transport shutting off. 
We further see that there is a large scatter in the gradient at fixed

tellar mass (especially in low-mass galaxies) that narrows at the
igh-mass end. This scatter occurs because the gradients are quite
ensitive to the choice of φy –low φy lowers S, driving flat or even
nverted gradients, whereas high φy drives steep negative gradients.
t the low-mass end, the data prefers low values of φy , implying a

ignificant boost in preferential metal ejection in winds of low-mass
alaxies. In the absence of accretion as a source of turbulence, σ g 

quilibrates to a lo wer v alue that is closer or equal to σ SF . This in
urn causes P to go to zero, thus shutting off mass transport and
riving flatter (and even inverted) metallicity gradients at the high-
ass end. This is complimented by the dramatic increase in S and

n even larger increase in A because S ∝ σ 2 
g and A ∝ σ 3 

g . We find
hat this model fails to reproduce the observed MZGR, especially at
he high-mass end. 

At first look, this result seems contradictory to the MZGR
resented in Sharda et al. ( 2021b ), because these authors could
lso reproduce the high-mass end of the observed MZGR with just
eedback + transport. Ho we ver, their ad-hoc choice of σ g was larger
han that we derive in this work (blue curve in Fig. 2 ). Larger σ g led
o P > 0 and smaller A in massive galaxies in Sharda et al. ( 2021b ),
ielding flatter gradients in good agreement with those observed. As
e will discuss below, our self-consistent solution for σ g that includes

ccretion as a source of turbulence does reproduce the MZGR at the
igh-mass end because of larger σ g . This highlights the importance
f accretion and turbulence in setting ISM metallicity distributions
nd gradients in massive galaxies. 

.2 Gas turbulence dri v en by accretion and transport 

ext, we discuss the case where gas turbulence is driven by a
ombination of accretion and transport (orange curve in Fig. 2 ). We
how the predictions from the model in the middle panel of Fig. 4 ,
nd the corresponding dimensionless ratios in the middle panel of
ig. 5 . Overall, this model produces flatter metallicity gradients as
ompared to the feedback + transport model in Section 4.2 . It can also
eproduce the diversity of metallicity gradients in low-mass galaxies,
lthough the range of φy that best matches the data is narrower as
ompared in the feedback + transport case. Including accretion as
 source of turbulence brings the model gradients closer to the data,
ut agreement is still quite poor for massive galaxies. This is because
 > 1 in most galaxies where transport is active, so a combination
f strong metal advection and relatively higher gas accretion drives
he flat and inverted gradients in this model. Thus, we learn that
emoving feedback and accretion as sources of turbulence results in
odel gradients that are too flat or inverted at the high-mass end as

ompared to the observed MZGR. 
NRAS 528, 2232–2256 (2024) 
.3 Gas turbulence dri v en by accretion, feedback, and 

ransport 

e have seen that if feedback and accretion are not included as
ources of turbulence in the disc, the resulting model MZGRs do not
eproduce the observed MZGR at the high-mass end, even with the
ncertainty in φy . Now, we consider the more general case where
g is driven by feedback, accretion, and transport acting together

the green curve in Fig. 2 ). The bottom panel of Fig. 4 plots the
odel MZGR with the data. We find that the agreement between the
odel and the data is much better at all M � as compared to the cases

bo v e where we exclude either feedback or accretion as sources of
urbulence. Higher σ g caused by turbulence due to all three sources
under energy balance) leads to smaller S and even smaller A that
esults in steeper gradients, particularly at the high-mass end. We can
lso discern the same from the right panel of Fig. 5 . As compared
o the other two models, we see that A is smaller due to larger σ g .
he inflection in the MZGR at M � ≈ 10 9 . 2 M � that we noticed in

he feedback + transport model is also present in this case, due to
 → 0 as mass transport shuts off. In equilibrium, the strength of
ass transport is very sensitive to Ṁ sf at z = 0, and thus to variations

n the star-forming gas fraction f sf to which Ṁ sf is proportional. We
xplore alternate models of f sf in Appendix A and show that the
odel MZGR at the high-mass end (where transport may or may not

e shut off) remains qualitatively similar. 
We also see that low-mass galaxies strongly prefer a low φy ,

mplying significant metal enrichment of galactic winds. Below, we
ill see that this conclusion holds irrespective of the mass-loading
f galactic winds in low-mass galaxies. We remind the reader that
e adopt ξ a = 0.2 for local galaxies, and show in Appendix B how

he results change in the unlikely case where ξ a is higher. As we
how in Appendix D using MaNGA data, these interpretations are
obust to scatter caused by different metallicity diagnostics used to
easure metallicity gradients in the data (see also Poetrodjojo et al.

021 ; Sharda et al. 2021a ). 

 RO LE  O F  GALACTI C  W I N D S  

s we mention in Section 2.1.4 , the fiducial model we have presented
o far is limited, and to some extent, inconsistent, because we include
ass-loading of galactic winds ( ηw ) in the evolution of metallicity

cf. equation 27 ) but not in the evolution of the gas mass. There are
e veral dif ferent scalings of ηw av ailable in the literature, which can
roadly be grouped into two categories: one where ηw is related to
he large-scale properties of the galaxy (e.g. M h and virial velocity,

urray, Quataert & Thompson 2005 ; Muratov et al. 2015 ; Pillepich
t al. 2018a ; Mitchell et al. 2020a ; Pandya et al. 2021 ), and another
here it is described by properties internal to the disc (e.g. 
 g , 
 SFR ,

nd f g ; Dekel & Krumholz 2013 ; Hayward & Hopkins 2017 ; Kim
t al. 2020 ; Pandya et al. 2021 ; Bassini et al. 2023 ). To rectify the
nconsistency between metals and the gas, we discuss three cases
elow where we adopt ηw from the two groups of works as abo v e.
ur choice of adopted models is such that we can co v er a broad

ange in ηw at fixed M � . While this approach of adopting ηw from
ther works still renders the treatment of outflows decoupled from
he rest of the model, the advantage of using these recipes is that they
an easily be incorporated into semi-analytical models like ours. 

.1 Effects of different mass loading parametrizations 

(i) Mass-loading factor from Hayward & Hopkins ( 2017 ). Using
n analytical model that describes the dual role of star formation
eedback in regulating star formation as well as launching winds
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Figure 6. Mass loading factor, ηw , as a function of stellar mass at z = 0 from 

the three different cases we consider: (1) analytical model for star formation- 
driven winds (blue, Hayward & Hopkins 2017 ), (2) FIRE-2 cosmological 
zoom-in simulations without AGN feedback (orange, Pandya et al. 2021 ), 
and (3) EAGLE cosmological simulations including AGN feedback (green, 
Mitchell et al. 2020a ). The dashed grey line demarcates 1 − f R,inst , the fraction 
of newly formed metals not locked in low-mass stars (Tinsley 1980 ). 
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rom the galactic disc, Hayward & Hopkins ( 2017 ) show that the gas
raction is a critical factor that determines ηw in star-forming galaxies. 
hese authors find that gas-rich galaxies are typically more turbulent, 
nd turbulence causes sharper density contrasts in the ISM (e.g. 
ederrath et al. 2010 ; Federrath & Klessen 2012 ; Burkhart 2018 ). As
 result, low-density material is more efficiently accelerated out of the 
isc by star formation feedback. We adopt the approximate relation 
etween the gas fraction, f g, HH17 , and ηw provided by Hayward & 

opkins that ef fecti vely captures their detailed calculations 

w = 14 

(
f g , HH17 

M � 

10 10 M �

)−0 . 23 

e −0 . 75 /f g , HH17 , (32) 

here f g, HH17 = M g /( M g + M � ) is given by Hopkins et al. ( 2009 ,
010 ): 

 g , HH17 = f 0 , HH17 

[ 
1 − τ ( z) 

(
1 − f 

3 / 2 
0 , HH17 

)] −2 / 3 

f 0 , HH17 = 

[ 

1 + 

(
M � 

10 9 . 15 M �

)0 . 4 
] −1 

, (33) 

here τ ( z) is the fractional redshift given by the ratio of lookback
ime at given z to that at z → ∞ . Ho we ver, this model uses a
caling 
 SFR ∝ 
 

1 . 7 −2 
g (Faucher-Gigu ̀ere, Quataert & Hopkins 2013 ; 

hompson & Krumholz 2016 ) that is too steep as compared to the
ell-kno wn K ennicutt-Schmidt relation (K ennicutt 1998 ). 
(ii) Mass-loading factor from FIRE-2 simulations. We use the 

est-fitting scaling of the multi-phase ISM ηw (measured in a radial 
hell between 0 . 1 − 0 . 2 R vir ) as a function of M � from FIRE-2 zoom-
n simulations (Hopkins et al. 2018 ): 

w = 10 4 . 3 
(

M � 

M �

)−0 . 45 

. (34) 

his scaling is based on an analysis of multiphase winds in central
alaxies of 13 haloes spanning a wide range of M h (equation 15 of
 andya et al. 2021 ). A ke y impro v ement o v er similar studies is that
andya et al. define a more physically meaningful criteria to define 
utflowing gas particles that also encaptures the slow-moving hot 
ind. Ho we ver, the set of simulations used for this analysis does not

nclude AGN feedback and turbulent metal diffusion. 
(iii) Mass-loading factor from EAGLE simulations: Lastly, we 

dopt the relation between ηw measured in EAGLE galaxies (Schaye 
t al. 2015 ) as a function of M � from Mitchell et al. ( 2020a , fig. 15).
imilar to Pandya et al. ( 2021 ), this ηw corresponds to mass leaving

he ISM of the galaxy, and not the halo, and is measured for
entral galaxies. Crucially, the simulations used for this work by 
itchell et al. include AGN feedback. Ho we ver, the criteria used by

AGLE to select outflowing gas particles is different than FIRE-2 
see section 2.6 of Mitchell et al. 2020a ). 

These scalings of ηw also constrain the range o v er which φy can
ary, as against the fiducial model where we swept across φy = 0 −1.
his is simply because a fixed value of ηw limits the range of ξw 

n equation ( 27 ) that in turn limits φy . Ho we ver, as we can expect
rom equation ( 27 ), this constraint is only used in practice in galaxies
here ηw < 1 − f R,inst . 
Fig. 6 unifies these scaling relations to represent them as a function

f M � for illustration. We find that, at the low-mass end, ηw from all
he three works are qualitatively consistent with each other. While 
if ferent simulations qualitati vely agree on the behaviour of ηw with 
 � for low-mass galaxies, they do not converge on the partition of
ass and metal loading in the different phases of galactic winds 

s this is sensitive to the distance from the mid-plane where ηw 

s measured. There also exists tension between ηw measured in 
imulations and observations (e.g. Concas et al. 2022 ; Marasco et al.
023 ). Simulations of isolated galaxies that can afford very high
esolution tend to measure mass fluxes few kpc from the mid-plane 
e.g. Kim et al. 2020 ; Vijayan et al. 2020 ; Wibking & Krumholz
022 ), whereas cosmological simulations tend to measure much 
 arther aw ay from the disc (see the discussion in Pandya et al. 2021 ).
o we ver, there is a large scatter in ηw for simulated massive galaxies.
he key reason for this difference is that EAGLE includes AGN

eedback that boosts mass-loading in massive galaxies at z = 0. In
he absence of AGN feedback, it is difficult to drive strong winds in

assive galaxies due to their deep potential wells. While our model
oes not include AGN feedback and is closer in spirit to Hayward &
opkins ( 2017 ), it is insightful to test how AGN feedback-dominated

w impacts the MZGR. 

.2 Results 

e know from equation ( 7 ) that introducing ηw 
= 0 acti v ates the
utflow sink term that takes mass out of the disc and thus impacts
 g . Since σ g ∝ M g , and the dimensionless ratios that go v ern the
etallicity profile are all sensitive to σ g , we expect wind mass loading

o non-linearly modulate the metallicity profiles and resulting metal- 
icity gradients. Figs 7 –9 plot the resulting model MZGR where we
cale ηw following Hayward & Hopkins ( 2017 ), Pandya et al. ( 2021 ),
nd Mitchell et al. ( 2020a ), respectively. We only plot the model for
he case where turbulence is driven by a combination of feedback,
ccretion, and transport, as we have seen in Section 4 that neglecting
ither feedback- or accretion-driven turbulence does not reproduce 
he observed MZGR even in the fiducial case with ηw undefined. 

We first discuss results for the scaling of ηw from Hayward &
opkins ( 2017 ). We notice from Fig. 7 that, as compared to the
ducial model (bottom panel of Fig. 4 ), the range of metallicity
radients at the high-mass end of the MZGR remains unaffected by
his scaling. This is because even at fixed φy , the model produces
 family of gradients due to constraints on c 1 (see Section 2.3.3 ).
o we ver, the range of gradients at the low-mass end is reduced by
ore than 0 . 1 dex r −1 

e , due to a high ηw > 1 for low-mass galaxies.
hile this scaling of ηw can capture the observed MZGR, the 
echanism giving rise to the agreement between the observations and 

he model is significantly different as compared to the fiducial model,
s we see from the differences in the ratio ( P + A ) / S denoted by the
olourbar. The transition in colour from green to blue as a function
MNRAS 528, 2232–2256 (2024) 
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M

Figure 7. Same as the bottom panel of Fig. 4 but with the mass-loading factor ( ηw ) estimated from the analytical model of Hayward & Hopkins ( 2017 ). 

Figure 8. Same as the bottom panel of Fig. 4 but with the mass-loading factor ( ηw ) estimated from the FIRE-2 cosmological zoom-in simulations without AGN 

feedback (Pandya et al. 2021 ). 
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f increasing M � implies a transition in the dominant mechanism that
ets metallicity gradients in low-mass versus massive galaxies, and
s responsible for driving the model MZGR. Additionally, the best
atch between the model and the data reveals a large scatter in the

referred value of φy for galaxies with M � < 10 9 . 4 M �: low-mass
alaxies in the SAMI surv e y prefer φy ∼ 0.1, whereas MaNGA and
ALIFA dwarfs prefer φy ∼ 0.4. The average measurement for the

hree surv e ys prefers φy ∼ 0.25. Massive galaxies ( M � � 10 10 M �)
refer φy ∼ 0.8 −1.0. 
NRAS 528, 2232–2256 (2024) 
To further diagnose the cause for these differences, we plot the
imensionless ratios as a function of M � for this scaling in the left
anel of Fig. 10 . At the high-mass end, φy is restricted to a very
arrow range close to unity because ηw in the Hayward & Hopkins
odel is less than 1 − f R, inst , which limits the allowed range of Z w (cf.

quation 27 ). Physically, we can understand this result very simply:
or these galaxies the mass flux carried by the winds is so small that,
ven if this mass were to consist of pure SN ejecta, winds would carry
way at most a small fraction of the metals being produced. Thus
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Figure 9. Same as the bottom panel of Fig. 4 but with the mass-loading factor ( ηw ) estimated from the EAGLE cosmological simulations including AGN 

feedback (Mitchell et al. 2020a ). 

Figure 10. Left panel: Strength of the dimensionless ratios in the metallicity model ( P, A , and S) as a function of M � for the case where turbulence is driven by 
feedback, accretion, and transport, and the mass-loading factor, ηw , scales with the gas fraction and M � , following an analytical model of star formation-driven 
winds (Hayward & Hopkins 2017 ). Colourbar denotes the permitted range of φy that describes the preferential enrichment of galactic winds (see equation 26 ). 
Middle panel: Same as the left panel but ηw is scaled with M � following FIRE-2 cosmological zoom-in simulations without AGN feedback (Pandya et al. 2021 ). 
Right panel: Same as the other two panels but ηw is scaled with M � following EAGLE cosmological simulations that include AGN feedback (Mitchell et al. 2020a ). 

m
u  

t  

t  

t  

m
f
L  

r
 

2

m  

fi  

t
a
m  

m  

s  

a
l  

H
a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/2/2232/7515290 by Library - H
ancock user on 29 February 2024
ost metals must remain in the galaxy, corresponding to φy close to 

nity. Since the dimensionless ratio S ∝ φy , this leads to a decrease in
he quantity ( P + A ) / S, which in turn drives the colourbar to blue at
he high-mass end in Fig. 7 . We also see from the left panel of Fig. 10
hat P > 0 only for galaxies with M � < 10 10 M �, implying that

ass transport shuts off in massive galaxies because accretion and 
eedback can drive sufficient levels of turbulence in these galaxies. 
astly, metal diffusion dominates o v er star formation for a wider

ange of M � in this case as compared to the fiducial model. 
Ne xt, we e xamine the MZGR using the scaling of ηw from FIRE-

 zoom-in simulations. Fig. 8 shows the results. The scatter in 
etallicity gradients at the low mass end is larger than both the
ducial model and the model abo v e where ηw scales according to

he Hayward & Hopkins model. This correlates with the non-zero P 

s we show in the middle panel of Fig. 10 , and occurs because ηw 

easured in FIRE-2 dwarf galaxies is smaller by almost an order of
agnitude as compared to Hayward & Hopkins. On the contrary, the

catter at the high-mass end remains identical to the other models,
lthough the relative contribution of the dimensionless ratio S is 
arger than the fiducial model but smaller than the model with ηw from
ayward & Hopkins. This occurs because the larger ηw in FIRE-2, 

s compared to Hayward & Hopkins, leads to a wider range of φy , as
MNRAS 528, 2232–2256 (2024) 
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Figure 11. Boxplot showing the predicted scaling of φy that describes the 
preferential enrichment of galactic winds, as a function of M � for local 
galaxies. φy ≈ 1 typically corresponds to wind metallicities being similar 
to ISM metallicities (equation 26 ). φy ≈ 0 typically corresponds to winds 
being very metal enriched as compared to the ISM. The predicted φy is based 
on the best match between the models with different mass-loading factors 
( ηw , see Section 5 ) and the observed MZGR from the three local IFU surv e ys 
(SAMI, MaNGA, CALIFA) as well as their o v erall mean. Notches denote 
confidence interval around the median value that is marked in solid black. 
Errors denote the 5th and 95th percentile range. The x-coordinate for each 
boxplot is the mean M � across the IFU surv e ys. The width of the boxplot 
is the 1 σ deviation from the mean M � . Pink markers denote upper limits on 
φy measured by Sharda et al. ( 2021b , appendix A) based on the observations 
of galactic wind mass-loading and metal-loading in a sample of five local 
galaxies by Chisholm et al. ( 2017 ), Chisholm, Tremonti & Leitherer ( 2018 ). 
Orange marker denotes our estimate of φy for M31 based on the results of 
Telford et al. ( 2019 ). 
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e read off from the middle panel of Fig. 10 . Nevertheless, ηw from
IRE-2 simulations also results in an MZGR that can reproduce the
bserved data, but the preferred value of φy for low-mass galaxies
s lower as compared to the case abo v e with ηw from Hayward &
opkins. Specifically, models with φy ∼ 0.1 −0.2 best reproduce
etallicity gradients in low-mass galaxies in all the three IFU surv e ys

n this case. The preferred values of φy for massive galaxies remain
imilar to the case abo v e. 

Finally, we examine the case where we scale ηw following the
AGLE simulations (Mitchell et al. 2020a ). We plot the resulting
odel MZGR in Fig. 9 , and the corresponding diagnostic plot for

he dimensionless ratios in the right panel of Fig. 10 . For 10 9 M � <

 � < 10 10 . 7 M �, the MZGR from EAGLE is similar to that we obtain
rom FIRE-2 results abo v e. The difference in the range of gradients
t M � < 10 9 M � between the two is due to a non-zero P in FIRE-
. Further, the best match between the observed and the EAGLE
ZGR also leads to φy ∼ 0.1 −0.2 for low-mass galaxies. This is

ot surprising given ηw from both these simulations for low- and
ntermediate-mass galaxies is within a factor of few (Fig. 6 ). While
he range of metallicity gradients predicted for massive galaxies is
lso the same, the underlying mechanism is qualitatively different.
s compared to Fig. 8 , we see that ( P + A ) > S for some gradients

t large M � . The reason behind this is the fact that EAGLE includes
GN feedback that boosts ηw abo v e 1 − f R,inst for massiv e galaxies.
s a consequence, EAGLE allows φy to be as low as possible, which

n turn decreases S. We confirm this from the range of φy and S we
bserve from the right panel of Fig. 10 . 
We can summarize the o v erall conclusions from using different

calings of ηw as follows: (1) there is a transition in the dominant
rocess setting metallicity gradients in local galaxies as a function
f M � ; gradients are set by P (advection) and A (accretion) in low-
ass galaxies, and S (production) begins to play an important role

n setting the gradients in intermediate-mass and massive galaxies,
2) discrepancies in ηw that exist for massive galaxies due to AGN
eedback lead to different mechanisms setting the high-mass end
f the MZGR, (3) mass-loading is less critical for the MZGR as
ompared to metal-loading, and (4) low-mass galaxies seem to prefer
 low φy irrespective of our adopted scaling of ηw , implying winds
n low-mass galaxies are metal-enriched compared to their ISMs. 

.3 Predicted scaling of metal enrichment of galactic winds 

ased on this analysis, we can now predict a scaling of φy that
escribes the preferential metal enrichment of galactic winds using
w from the three studies we discuss abo v e in Section 5.2 . Such an
 x ercise is similar in spirit to Peeples & Shankar ( 2011 ) who predict
he scaling of the ratio Z w / Z based on the best match between
heir chemical evolution model and the MZR from Sloan Digital
k y Surv e y (SDSS; Tremonti et al. 2004 ). For this purpose, we use

he observed MZGR from the three IFU surv e ys as well as their
 v erall mean, and calculate the range of φy needed to reproduce the
verage metallicity gradient observed per M � in the model with ηw 

rom Hayward & Hopkins ( 2017 ), Pandya et al. ( 2021 ), and Mitchell
t al. ( 2020a ). Specifically, we start with a uniform distribution of
y from 0 to 1; for each φy , we check if the model in question
an reproduce the gradients observed in a giv en surv e y. If so, then
t ends up in our final φy distribution. It is difficult to put strong
onstraints on the range of φy (especially for massive galaxies)
iven the family of gradients produced at fixed φy . Nevertheless,
his e x ercise demonstrates the power of using metallicity gradients
s a tracer of metal enrichment of galactic winds, and its subsequent
mpact on the metallicity of the CGM and the IGM. 
NRAS 528, 2232–2256 (2024) 
Fig. 11 shows the predicted scaling of φy as a function of M � from
ur analysis. The median value of φy is denoted by the solid black
ine within the notched boxplots. The errorbars denote the 5th and the
5th percentile range. We take the mean and standard deviation of M � 

n different bins in the three IFU surv e ys to specify the x -coordinates
nd widths for each boxplot, respectively. The key conclusion we
raw from Fig. 11 is that φy is low and well constrained for galaxies
ith M � < 10 9 . 4 M � regardless of the IFU survey data, systematics
ue to metallicity calibrations, adopted scaling of ηw , and boundary
onditions on the metallicity solution imposed by c 1 . The median
alue of φy increases with M � : it is ≈0.5 for intermediate-mass
alaxies and ≈0.8 for massi ve galaxies. Ho we ver, the scatter is high,
ith φy = 0.3 −1.0 providing a match between the model and the
bserved MZGRs. 
We also o v erplot φy for a sample of fiv e local galaxies for

hich mass- and metal-loading were measured by Chisholm et al.
 2017 ), Chisholm, Tremonti & Leitherer ( 2018 ) from Si IV and
i II absorption features in the UV using HST /COS spectra. The
orresponding φy values were obtained by Sharda et al. ( 2021b , see
heir appendix A). 8 The predictions for φy are in good agreement
ith all the galaxies in the Chisholm, Tremonti & Leitherer sample;
o we ver, the least massive galaxy (Mrk 1486) prefers a slightly
igher φy as compared to the predictions. Cameron et al. ( 2021 )
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stimate φy ≈ 0.8 −0.95 from measurements of ionized gas outflows 
or Mrk 1486. Since Chisholm, Tremonti & Leitherer and Cameron 
t al. only analyse the ionized phase of winds in these galaxies, it
s likely that the φy estimated for these galaxies is an upper limit,
s the hot, X-ray emitting phase can also carry a substantial amount
f metals (Lopez et al. 2020 , 2023 ). In addition to these data, we
lso expect φy ∼ 1 based on the results of Telford et al. ( 2019 ) for
he local massive galaxy M31 with M � ≈ 10 11 M �. Our predicted 
caling of φy is in qualitative agreement with the scaling of Z w / Z 

xtracted by Peeples & Shankar ( 2011 ) from the MZR. It is evident
hat observational measurements of φy in diverse galaxies will be key 
o solving the puzzle of the role of galactic winds in driving integrated 
s well as spatially resolved gas-phase metal distribution in galaxies. 

 C O N C L U S I O N S  A N D  F U T U R E  O U T L O O K  

n this work, we create a model of spatially resolved gas-phase 
etallicities in galaxies by combining models of turbulent galactic 

iscs in pressure and energy balance (KBFC18, Ginzburg et al. 
022 ) with a model for ISM metallicities (Sharda et al. 2021a ). The
volution of gas-phase metallicity profiles in our model is dictated 
y both the large-scale properties of galaxies and properties local to 
he ISM. We include a comprehensive treatment of metal dynamics 
advection with radial gas flows and diffusion due to turbulence 
owered by star formation feedback, gas transport, and cosmic 
ccretion), and allow for preferential enrichment of galactic winds 
hereby wind metallicities can be higher than the ISM metallicity 

see the schematic in Fig. 1 ). Crucially, the key parameters in
ur model are constrained by both local and global equilibrium, 
hich ensures that metals are treated self-consistently with the gas 

nd stars in galactic discs. Previous works have shown that our 
odel also reproduces the observed relationship between Ṁ SF − M g , 
 SFR − 
 g , σg − Ṁ SF , and M � − Z . Table 3 highlights the key

ifferences in our work as compared to previous models, which are 
mportant to self-consistently model spatially resolved metallicities 
nd metallicity gradients. 

We compare the results of our model with observed metallicity 
radients in local galaxies. We show that when the gas mass and
elocity dispersion are calculated self-consistently, only models 
here turbulence is driven by a combination of feedback, transport, 

nd accretion can reproduce the local mass-metallicity gradient 
elation (MZGR; see Fig. 4 ). Turbulence driven only by feedback 
r accretion produces metallicity gradients that are flatter than that 
bserved in massive galaxies. Metal transport, if active (due to radial 
as flows), plays an important role in setting metallicity gradients in 
ow-mass galaxies. 

The prescriptions of wind mass-loading we adopt from theoretical 
 orks (Hayw ard & Hopkins 2017 ; Pandya et al. 2021 ; Mitchell et al.
020a ) are naturally decoupled from the rest of the model. Regardless
f this decoupling, we find strong evidence for the preferential metal 
nrichment of winds in low-mass galaxies, in line with earlier works
ased on modelling the MZR (Dalcanton 2007 ; Peeples & Shankar 
011 ; Sharda et al. 2021b ; T ortora, Hunt & Ginolfi 2022 ). W e also
nd metal loading to be more critical than mass loading in driving the
ZGR. The key impact of metal-loaded winds in low-mass galaxies 

s to reduce the o v erall lev el of metal content in the ISM, which is
ecessary to reproduce the observed flatness in metallicity gradients 
n these galaxies without violating other gas-phase scaling relations. 
o we v er, the e xtent of enrichment of winds in intermediate-mass

nd massive galaxies remains unclear because metal-loaded winds 
re less important (compared to feedback and accretion) for driving 
etallicity gradients in these galaxies (Fig. 11 ). 
The current sample of direct measurements of wind metallicities 
nd outflow rates is very limited and often only probes a single
hase of galactic winds. Given the importance of winds in explaining
oth the MZR and the MZGR, it is crucial to obtain direct mea-
urements of mass, metal, and energy loading in diverse galaxies. 
WST /NIRSpec and VLT/MAVIS are expected to deliv er resolv ed
etallicity measurements for a large number of galaxies at high 

edshifts (Rigaut et al. 2021 ; Rigby et al. 2023 ). On the theoretical
ront, it is desirable to self-consistently model the CGM and the
SM so that the decoupling that currently exists between the two
n chemical evolution models such as ours can be remo v ed (Carr
t al. 2022 ; Pandya et al. 2022 ). Equally important is understanding
ultiphase metal mixing at the CGM–ISM interface (Kim et al. 2020 ;
chneider et al. 2020 ; Vijayan, Krumholz & Wibking 2023 ) that
ccurs at pc scales not currently resolved in cosmological simulations 
Gentry et al. 2019 ). Such a unification of ISM and CGM models
an also provide a self-consistent formalism for galactic fountains 
hat is missing from models like ours. Particularly interesting is the
isco v ery of inv erted gradients in galaxies across redshift (e.g. Cresci
t al. 2010 ; Curti et al. 2020 ; Wang et al. 2019 , 2022 ). Explaining
he origin of inverted gradients within the context of gas regulator

odels remains a critical task for future theoretical work. 
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PPEN D IX  A :  I M PAC T  O F  VA R I AT I O N S  IN  

H E  FRAC TION  O F  STAR-FORMING  

O L E C U L A R  G A S  

s we explain in the main text, whether massive galaxies show 

ass transport or not is sensitive to the star formation rate under
quilibrium because transport is not needed if star formation and 
as accretion are of similar strength. Thus, the existence of mass
ransport in the model boils down to parameters that dictate Ṁ sf . 

Variations in the fraction of star-forming molecular gas ( f sf ) that
ets Ṁ sf needs further exploration as previous work has shown it 
aries with galactocentric radius whereas we treat it as a constant 
igure A1. Same as the fiducial model in the bottom panel of Fig. 4 but for 
he fraction of star-forming gas, f sf , estimated using the approach laid out in 
rumholz ( 2013 ). 

Figure A2. Same as Fig. 5 but for the model presented in Fig. A1 . 

F
t
1
m
f

n the main text. In principle, we can follow the approach used
y KBFC18 to define a radially varying f sf that these authors find
rom the Krumholz ( 2013 ) model. Ho we ver, the Krumholz ( 2013 )
odel uses metallicity as an input to find f sf since the transition

rom atomic to molecular gas is sensitive to the ISM metallicity
Krumholz, McKee & Tumlinson 2009 ; Ostriker, McKee & Leroy 
010 ). Since metallicity is the final output of our model, it would
equire an iterative algorithm over several non-linear terms to model 
patial variations in f sf , which is why we refrain from adopting it as
ur standard choice. 
As a workaround, we now use the Krumholz ( 2013 ) model to

nd f sf where we estimate the input metallicity from the MZR. We
dopt the value of f sf at r = R /2 that roughly represents the radially
veraged f sf across the disc. Fig. A1 shows the resulting MZGR for
he fiducial model we plot in the bottom panel of Fig. 4 . We also plot
he corresponding dimensionless ratios that go v ern the metallicity in
ig. A2 . We find that transport is now active even in intermediate-
ass galaxies because the average f sf is lower than the one we use in

he main text, which lo wers Ṁ sf . Ho we ver, the gradients produced
y the model for M � ≈ 10 10 . 6 M � are slightly shallower than that
bserved, because a lower f sf decreases S (cf. equation 24 ). 

PPENDI X  B:  I M PAC T  O F  UNCERTAI NTIES  IN  

H E  EFFI CI ENCY  O F  AC C R E T I O N - I N D U C E D  

U R BU L E N C E  

he efficiency with which accreting gas can convert its kinetic into
riving turbulence in the disc is described by the parameter ξ a in
ur work. Throughout the main text, we have assumed ξ a = 0.2
or all galaxies. Ho we ver, as Ginzburg et al. ( 2022 ) point out, ξ a is
ssentially a free parameter as no constraints or measurements are 
MNRAS 528, 2232–2256 (2024) 

igure B1. Same as the fiducial model in the bottom panel of Fig. 4 but with 
he ξ a = 0.6 (top panel) and ξ a = 1.0 (bottom panel), implying 60 per cent and 
00 per cent of the kinetic energy of accreting gas goes into driving turbulent 
otions in the disc, respectively. The mass-loading factor ( ηw ) is estimated 

rom the EAGLE cosmological simulations (Mitchell et al. 2020a ). 
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vailable for it (except from the analysis of one low-mass galaxy in
he IllustrisTNG simulations by Forbes et al. 2023 that gives ξ a =
.2). It is difficult to constrain ξ a because it depends on the angular
omentum of the accreting gas as well as its clumpiness (Mandelker

t al. 2018 , 2020 ). In this section, we explore higher values of ξ a =
.6 and ξ a = 1.0 to understand its impact on the MZGR, noting that
a = 1 in particular is an extreme value since it implies all the kinetic
nergy of accreting gas goes into driving turbulent motions. We only
how results for the fiducial model where σ g is driven by feedback,
ccretion, and transport. 

The top and bottom panels of Fig. B1 plot the MZGRs for the case
ith ξ a = 0.6 and 1, respectiv ely. The ke y difference between these
lots and the ones we present in the main text is that the scatter due
o φy at large M � is higher. We can understand this trend with the
elp of σ g – higher ξ a leads to more turbulence due to gas accretion,
nd thus, higher σ g . Since S ∝ σ 2 

g but A ∝ σ 3 
g , A decreases much

ore as compared to S, and a stronger S can driv e steeper, ne gativ e
etallicity gradients even at high M � . However, it is unlikely that ξ a 

s high in local massive galaxies, especially if a significant fraction of
ccreting gas is co-rotating with the disc (e.g. Danovich et al. 2015 ;
rapp et al. 2022 ). 

PPENDIX  C :  E QUAT I O N S  F O R  C E N T R A L  

ETA LLICITY  

ollowing from Section 2.3.2 , we provide here the resulting equa-
ions for the central metallicity Z r 0 . For the case where Z r 0 is
et by the competition between source and accretion (e.g. massive
alaxies), 

 r 0 = 

S 

A 

. (C1) 

f Z r 0 is set by the competition between advection and diffusion (e.g.
ow-mass galaxies), then, in the Toomre regime of star formation, 

Z r 0 = 

[
P 

2 S + A 

(
2 c 1 P 

√ 

4 A + P 

2 + S 
)

−

4 Sβ2 + PS 
(√ 

4 A + P 

2 + 2 β
)

− 4 c 1 P 

√ 

4 A + P 

2 
(
2 β2 + Pβ

)]
/ 

[(
A + P 

(
P + 

√ 

4 A + P 

2 
))(

A − 4 β2 − 2 Pβ
)]

, (C2) 

nd, in the GMC regime of star formation, 

Z r 0 = 

[
c 1 P 

√ 

4 A + P 

2 
(
2 A + P ( −2 − 2 β) − 2 ( 1 + β) 2 

) + 

S 

(
A + P 

2 − ( 1 + β) 2 + P 

(
1 + 

√ 

4 A + P 

2 + β
))]

/ [(
A + P 

(
P + 
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4 A + P 

2 
))(

A + P ( −1 − β) − ( 1 + β) 2 
)]
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(C3) 

inally, if Z r 0 is set by the competition between source and diffusion
e.g. when transport shuts off), 

Z r 0 = 

[
0 . 5 

(
S 

(
4 A + P 

2 + P 

(
−2 + 
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4 A + P 

2 − 2 β
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−

4 ( 1 + β) 2 
)
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4 A + P 
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(
2 A + P ( −2 − 2 β) − 2 ( 1 + β) 2 
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(
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4 A + P 
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))(

A + P ( −1 − β) − ( 1 + β) 2 
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(C4) 
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PPENDI X  D :  SYSTEMATIC  DI FFERENCES  IN  

Z G R  D U E  TO  META LLI CI TY  DI AG NOST ICS  

he gas-phase metallicity is typically measured using a combination
f emission lines commonly found in the spectra of H II regions.
arious diagnostics of ISM metallicity exist that provide a way to
onvert emission line ratios to metallicity on the absolute scale (12 +
og 10 O / H ; see the re vie ws by K e wley, Nicholls & Sutherland 2019
nd Maiolino & Mannucci 2019 ). These diagnostic have systematic
ifferences that are partially responsible for the observed scatter in
etallicity gradients (e.g. Poetrodjojo et al. 2021 ). In this section,
e study the impacts of these differences on our interpretation of

he MZGR. To do so, we plot the MZGR obtained from the MaNGA
urv e y (Mingozzi et al. 2020 ) but for three different calibrators: PP04,
ased on the N II to H α ratio, (Pettini & Pagel 2004 ), M08, based
n O III and O II (Maiolino et al. 2008 ), and IZI (Blanc et al. 2015 ).
riefly, the modified version of IZI that Mingozzi et al. create uses
ayesian inference to predict the joint posterior probability distri-
ution function (PDF) of the metallicity, ionization parameter, and
xtinction along the line of sight by comparing the observed emission
ine ratios with the Dopita et al. ( 2013 ) photoionization models. 

Fig. D1 shows a comparison of the fiducial model MZGR where
g is driven by feedback, accretion, and transport with the MaNGA
ZGR derived from these metallicity calibrations. The overall trend

n the MZGR remains the same for all the three calibrations, as
lready noted by (fig. 12 of Mingozzi et al. 2020 ). In fact, the scatter
ithin different surv e ys (MaNGA, SAMI, CALIFA) is somewhat

arger than that within the same surv e y but different calibrators. The
omparison between the model and the observed MZGR also remains
nchanged. Thus, we find that systematic differences arising from
ifferent metallicity calibrations has no appreciable impact on the
omparison between the model and the data. 

igure D1. Same as the fiducial model in the bottom panel of Fig. 4 but
he o v erplotted data is from the MaNGA surv e y (Mingozzi et al. 2020 ) using
hree different metallicity calibrations: PP04 (Pettini & Pagel 2004 ), M08
Maiolino et al. 2008 ), and IZI (Blanc et al. 2015 ). The mass-loading factor
 ηw ) is estimated from the EAGLE cosmological simulations (Mitchell et al.
020a ). 
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