
MNRAS 000, 1–12 (2020) Preprint 4 December 2020 Compiled using MNRAS LATEX style file v3.0

A Relationship Between Stellar Metallicity Gradients and Galaxy Age in
Dwarf Galaxies

Francisco J. Mercado1★, James S. Bullock1, Michael Boylan-Kolchin2, Jorge Moreno3, AndrewWetzel4,
Kareem El-Badry5, Andrew S. Graus2, Alex Fitts2, Philip F. Hopkins6, Claude-André Faucher-Giguère7,
Alexander B. Gurvich7
1Center for Cosmology, Department of Physics and Astronomy,4129 Reines Hall, University of California Irvine, CA 92697, USA
2Department of Astronomy, The University of Texas at Austin, 2515 Speedway Stop C1400, Austin, TX 78712, USA
3Department of Physics and Astronomy, Pomona College, Claremont, CA 91711, USA
4Department of Physics, University of California, Davis, CA 95616, USA
5Department of Astronomy and Theoretical Astrophysics Center, University of California Berkeley, Berkeley, CA 94720, USA
6TAPIR, Mailcode 350-17, California Institute of Technology, Pasadena, CA 91125, USA
7Department of Physics and Astronomy and CIERA, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, USA

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT
We explore the origin of stellar metallicity gradients in simulated and observed dwarf galaxies. We use FIRE-2 cosmological
baryonic zoom-in simulations of 26 isolated galaxies as well as existing observational data for 10 Local Group dwarf galaxies.
Our simulated galaxies have stellar masses between 105.5 and 108.6M�. Whilst gas-phase metallicty gradients are generally
weak in our simulated galaxies, we find that stellar metallicity gradients are common, with central regions tending to be more
metal-rich than the outer parts. The strength of the gradient is correlated with galaxy-wide median stellar age, such that galaxies
with younger stellar populations have flatter gradients. Stellar metallicty gradients are set by two competing processes: (1) the
steady “puffing” of old, metal-poor stars by feedback-driven potential fluctuations, and (2) the accretion of extended, metal-rich
gas at late times, which fuels late-timemetal-rich star formation. If recent star formation dominates, then extended, metal-rich star
formation washes out pre-existing gradients from the “puffing” process. We use published results from ten Local Group dwarf
galaxies to show that a similar relationship between age and stellar metallicity-gradient strength exists among real dwarfs. This
suggests that observed stellar metallicity gradients may be driven largely by the baryon/feedback cycle rather than by external
environmental effects.
Key words: galaxies: dwarf – galaxies: formation – cosmology: theory

1 INTRODUCTION

Dwarf galaxies are critical laboratories for understanding galaxy
assembly over cosmic time. Within the Local Group, dwarf galaxies
can be split into two categories. Dwarf Irregulars (dIrrs) are gas-
rich, generally star forming systems that are commonly found in
isolation (Mateo 1998; McConnachie 2012; Simon 2019). Dwarf
Spheroidals (dSphs) are gas-poor systems that exhibit little to no
recent star formation and are, in general, satellites orbiting larger
galaxies (Mateo 1998; Grebel 1999; Wilkinson et al. 2004; Muñoz
et al. 2005, 2006; Walker et al. 2006, 2007; Koch et al. 2007; Mateo
et al. 2008). Whilst dIrr and dSph galaxies are found in different
environments and have some distinct characteristics, they fall on the
same relationship between stellar mass and average stellar metallicity
(Kirby et al. 2013) and follow similar scaling relations (Tolstoy et al.
2009). Thus, the extent to which a dwarf galaxy’s current appearance
and morphology are affected by external environment, as opposed
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to internal processes (such as supernova feedback and gas cooling),
remains an active area of research.

The heavy element content of dwarf galaxies provides a means
to explore feedback processes and metal retention in systems with
relatively shallow potential wells (Dekel & Silk 1986; Mateo 1998).
In particular, dwarf galaxies often exhibit radial variations in stellar
metallicity, with more metal-poor populations at large galactocentric
radii. Such gradients provide an opportunity to explore relationships
between feedback and dynamical evolution in shaping small galaxies
(Koleva et al. 2011). The strength of the gradient can vary signif-
icantly amongst galaxies with approximately the same stellar mass
(Saviane et al. 2001;Harbeck et al. 2001; Tolstoy et al. 2004;Battaglia
et al. 2006, 2011; Kirby et al. 2010; Koleva et al. 2011; Vargas et al.
2014; Ho et al. 2015; Kacharov et al. 2017). If we can identify sys-
tematic trends underlying these differences, this may provide insight
into their origin.

Recent studies of stellarmetallicity gradients in LocalGroup dwarf
galaxies point to a slight dichotomy in the strengths of the galaxy gra-
dients, such that (older,more dispersion-supported) dSphs commonly
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Figure 1.—Mock Hubble Space Telescope Images.Mock u/g/i composite images of three galaxies within our sample (m10f, m10xc, and m10xe from left to
right). We choose these galaxies to represent the full range in galaxy sizes and stellar masses (top right) within our sample. The average projected half-light radii
of these galaxies are 𝑅1/2 = 0.52 kpc, 2.25 kpc, and 2.93 kpc, from left to right, respectively.

exhibit stronger gradients than dIrrs (Leaman et al. 2013; Kacharov
et al. 2017). A potential reason for this difference is proposed by
Schroyen et al. (2011), who use idealised dwarf galaxy simulations
to show that systems initialised with higher angular momentum tend
to have weaker gradients. Specifically, the younger stellar popula-
tions formed from enriched gas with high angular momentum tend
to be spatially smoother (i.e. less radially clustered), flattening those
galaxies’ stellarmetallicity gradients. Other internalmechanisms that
can play a role in the existence of gradients include feedback-induced
redistribution of material in the ISM (De Young & Heckman 1994)
or the perturbation of stellar orbits (Read & Gilmore 2005; Pontzen
& Governato 2012; El-Badry et al. 2016) due to potential fluctua-
tions. A third process potentially responsible for affecting a galaxy’s
gradient is ram-pressure stripping of an infalling satellite (important
for LG dSphs). In this scenario, the radial extent of star formation in
satellite galaxies is reduced, enriching the central regions as a result
(Mayer et al. 2001, 2007).

In this work we analyse 26 cosmological zoom simulations of
isolated dwarf galaxies with stellar masses from 105.5 − 108.6M�
from Graus et al. (2019) and Fitts et al. (2017), run using GIZMO
(Hopkins 2015) with the FIRE-2 feedback implementation (Hopkins
et al. 2018). We show that a range of stellar metallicity gradients
arises naturally in these isolated systems and that the strength of
the gradient correlates with overall galaxy age, such that galaxies
that form a larger fraction of their stars at late cosmic times have
flatter gradients. Gradients arise from the steady redistribution of old,
metal-poor stars from central, feedback-driven potential fluctuations
and can be weakened when late-time star formation is sourced by
recycled (enriched) gas, which is deposited at larger radii. These
trends appear consistent with what has been observed in Local Group
galaxies, without appealing to environmental processes.

This paper is organised as follows: In Section 2 we discuss our
simulations. In Section 3 we present stellar metallicity gradient mea-
surements in our simulated sample and show how gradient strengths
increase with galactic ages. Note that all instances of galaxy age in
this paper refer to the lookback age of the galaxy (i.e. not cosmic age).
Finally, in Sections 4 & 5 we discuss the mechanisms that form and
set a galaxy’s gradient strength and present a qualitative comparison
between the gradient-strength-galaxy-age relations for our simulated
sample and 10 Local Group dwarf galaxies.

2 SIMULATIONS

Our simulations employ the gravity+hydrodynamic code GIZMO

(Hopkins 2015) with the Meshless Finite Mass (MFM) hydrody-
namic solver and FIRE-2 (Feedback In Realistic Environments1)
feedback implementation (Hopkins et al. 2018). MFM offers many
advantages over classic SPH, including the ability to capture mixing
instabilities and resolve sharp shocks, to accurately evolve sub-sonic
flow with minimal numerical viscosity, all while conserving energy
and angular momentum to a high degree of accuracy (Hopkins 2015).
The simulations include gas cooling due to molecular transitions

and metal-line fine structure transitions at low temperatures whilst
cooling at temperatures of ≥ 104𝐾 is due to primordial and metal
line cooling.We adopt a redshift-dependent, ionisingUVbackground
model from Faucher-Giguère et al. (2009). Star formation occurs for
self-shielding, molecular gas that is above a threshold density of
𝑛crit ≥ 1000 cm−3, self-gravitating, and Jeans unstable (see Hopkins
et al. 2018) for details). Once a star particle is formed, it is treated
as a single stellar population with a Kroupa initial mass function
(Kroupa 2002) and a mass and metallicity inherited from its pro-
genitor gas particle. The total metallicity along with eleven chemical
species (H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe) are tracked for
each gas and star particle – of which Fe and H are the most rele-
vant to this work. Feedback mechanisms include supernovae (Ia &
II), stellar mass-loss due to fast and slow winds (from OB-stars and
AGB-stars, respectively), photo-ionisation/electric heating, and radi-
ation pressure. The ensuing feedback quantities are calculated from
stellar population models (Leitherer et al. 1999, STARBURST99).
Sub-grid metal diffusion is implemented to account for the turbulent
eddies between gas particles in a turbulent ISM. Without such an
implementation the metals assigned to a given gas particle would
remain locked in with that particle throughout time, not allowing for
proper enrichment.Whilst this does not affect the meanmetallicity of
a galaxy, this implementation has been shown to produce more real-
istic metallicity distribution functions in simulated lowmass galaxies
(Escala et al. 2018).We note that whilst previous FIREwork suggests
that galaxies simulated with FIRE-2 physics tend to exhibit average
stellar metallicities lower than that seen in real galaxies, the slope of

1 The FIRE project website: https://fire.northwestern.edu/
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Stellar Metallicity Gradients in Dwarf Galaxies 3

Figure 2.— Two example gradients. Median stellar iron abundance as a function of projected 2D radius 𝑅 for two example galaxies, one with a weak stellar
metallicity gradient (m10xh; left) and one with a strong gradient (m10xg; right). Each panel shows information measured over 100 random viewing angles. The
solid line represents the median metallicity at a given radius over all projections, whilst the shaded region spans the full range of median metallicities measured
at a given radius over all projections. The dashed line represents the least squares fit to the solid line and its slope is taken to be the galaxy’s stellar median
metallicity gradient (𝛾𝑧 ; value shown in the lower left). These galaxies were chosen to represent the range of gradient strengths within our sample.

the Mass-Metallicity Relation of FIRE-2 simulated galaxies seems
to match that of the observed galaxies (Escala et al. 2018; Wheeler
et al. 2019). Furthermore, this work focuses on the slope of stellar
metallicity profiles in galaxies rather than their normalization and we
therefore believe that the underprediction of low-mass metallicities
by FIRE-2 is not an issue for this specific study.

Graus et al. (2019) and in Fitts et al. (2017) were the first to present
the galaxies analysed in this work. The Graus et al. (2019) galaxies
(m10xa-i) consist of galaxies with 𝑀vir ' 1010 M� – 1011 M�
and stellar masses between 107 M� and 109 M� . These simulations
were run with a dark matter particle mass of 𝑚dm = 20000 M�
and an initial gas particle mass of 𝑚g = 4000 M� . The Fitts et al.
(2017) galaxies (m10b-m) consist of lowermass galaxies with𝑀vir '
1010 M� and stellar masses between 105 M� and 107 M� . These
simulations were run with darkmatter particle masses of𝑚dm = 2500
M� and gas particles with an initial particle mass of 𝑚g = 500M� .
Finally, Graus et al. (2019) adopts the cosmological parameters: 𝐻0
= 70.2 km s−1 Mpc−1,Ωm = 0.272,Ωb = 0.0455,ΩΛ = 0.728, whilst
the Fitts et al. (2017) simulations were run with a slightly different
set of cosmological parameters: 𝐻0 = 71.0 km s−1 Mpc−1, Ωm =
0.266, Ωb = 0.044, ΩΛ = 0.734.

We provide mock Hubble Space Telescope images of three of our
simulated galaxies in Figure 1 (m10f, m10c, m10xe). These exam-
ples span the range of sizes and masses of the galaxies in our sample.
In what follows we explore twomeasures of metallicty gradients: one
in 2D, 𝛾𝑧 , and one in 3D, �̃�𝑧 . The projected gradients are used to
connect with observations while the 3D gradients are used to infer
physical meaning. Given the range of galaxy sizes, we measure gra-
dients in units of each galaxy’s half-mass radius in order to compare
galaxies across our full sample. It is clear from Figure 1 that these
galaxies are aspherical. However, for the sake of simplicity, below
we use spherically-averaged 3D gradients and circularly-averaged
2D gradients measured over many viewing angles. We also restrict

our quantitative measures to within two times the half-light radii of
galaxies, regions where the systems are somewhat more spherical, as
can be inferred from Figure 1.

3 RESULTS: AGE AND STELLAR METALLICITY
GRADIENTS

Figure 2 presents two representative stellar metallicity gradients from
the simulated sample: m10xh (left; weak gradient) and m10xg (right;
strong gradient). Whilst the galaxies have comparable stellar masses
and similar mean metallicities, they have markedly different radial
variations in stellar [Fe/H]. Each panel shows the iron abundance
profile measured in annular bins of 2D projected radius 𝑅. The solid
lines show the median metallicity measured at a given radius over
100 random viewing angles. The shaded region represents the full
range of median stellar metallicity at a given radius over all viewing
angles. The dashed line shows a least-squares fit to the solid line
and its slope is taken to be the galaxy’s metallicity gradient, 𝛾𝑧 . The
gradients are normalised by the mean 2D half-mass radius over all
projections and thus have units of dex per 𝑅1/2. We examine many
projections of our simulated galaxies to account for the fact that the
galaxies are not spherical, as evidenced by Figure 1. The plot shows
a clear radial variation in the metallicity of the galaxy such that the
inner (outer) regions of the galaxy are primarily populated by stars
of higher (lower) metallicity.
We list the projected stellar metallicity gradients, along with other

properties, for all galaxies in our sample in Table A1. The majority
of these galaxies have clear negative gradients with more metal-rich
stars residing in the centers of the galaxies and more metal-poor
stars occupying the outer regions. Graus et al. (2019) finds similar
(also negative) gradients in the ages of the stellar populations of the
galaxies in this sample. The significant variation in 𝛾𝑧 from galaxy
to galaxy motivates us to seek correlations in this variable with other

MNRAS 000, 1–12 (2020)
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Figure 3.— The simulated gradient-strength-galaxy-age relationship. A correlation between galactic age and stellar metallicity gradient strength in simulated
galaxies. Left: Stellar metallicity gradient strength for each galaxy versus median age of stars in that galaxy (𝑡50). The error bars correspond to the range of
metallicity gradient strengths measured over 100 random viewing angles. The black dashed line represents the least squares fit to the relationship (presented at
the top right). The slope and y-intercept of the fit are −0.036 ± 0.005 and 0.049 ± 0.035, respectively. At the bottom right, we provide the spearman coefficient
(𝑟𝑠 = −0.87) calculated for this relationship. Right: Median iron abundance (measured over all projections) for each galaxy plotted as a function of projected
radius in units of the 2D half-mass radius. The profiles are normalised by the metallicity at the centre of each galaxy and are coloured corresponding to their 𝑡50
values, with yellow representing earlier star formation times (older galaxies) and purple representing more recent star formation times (younger galaxies). We
use the profile data within 2𝑅1/2 to calculate the gradient strengths and thus exclude the part of the profiles that extend into the shaded region. In both panels
older galaxies tend to have steeper gradients.

galaxy properties. As we show in the Appendix, we find that 𝛾𝑧
is largely independent of halo mass, galaxy mass, and galaxy size.
However, we find a strong correlation with galaxy age (as well as age
gradient). Finally, we find no clear correlation between a galaxy’s
gradient strength and the its 𝑣/𝜎 value. This is in contradiction with
results fromSchroyen et al. (2011) that suggest that rotaion-supported
galaxies tend to exhibit stronger stellar metallicity gradients – though
it is important to note that the simulated galaxies in our sample have,
overall, lower values of 𝑣/𝜎 than the galaxies considered in Schroyen
et al. (2011).
Figure 3 depicts a relationship between metallicity gradient-

strength and galactic age in two ways. On the left the gradients,
𝛾𝑧 , are depicted as a function of 𝑡50 – the fiftieth percentile age of
the stars in a given galaxy, i.e. the median age. Our sample follows
the following relationship:

𝛾(𝑡50) = −0.036𝑡50 + 0.049, (1)

with the slope and y-intercept having errors of ±0.005 and ±0.035,
respectively. We provide the calculated spearman coefficient, 𝑟𝑠 , as a
measure of howwell the two variables are correlated. On the right we
show themean stellar iron abundance as a function of projected radius
(as in Figure 2) for every simulated galaxy in our sample, colour-
coded by the galaxy’s median stellar age (i.e. lookback age). The
profiles are normalised by the metallicity at the centre of each galaxy.
Yellow and purple represent older and younger stellar populations,
respectively. We use the profile data within 2𝑅1/2 to calculate the
stellar metallicity gradients. Thus, the parts of the profiles that extend
into the grey shaded region are excluded. In general, the galaxies
that form their stars earlier tend to have stronger stellar metillicity
gradients. We explore correlations with other measures of galaxy age

(90th percentile age, 25th percentile age, etc.) and find the correlation
is strongest when using the stellar component’s median age.
Graus et al. (2019) find a similar relationship for age gradients as

a function of galaxy age. We find that metallicity gradients appear
to correlate even more tightly with galaxy age than do age gradients.
This suggests that stellar metallicities can serve as a better "internal
dynamical clock" for galaxy gradients than do absolute age gradients.

4 ORIGIN OF STELLAR METALLICITY GRADIENTS

Dynamical heating associatedwith stellar feedback appears to play an
important role in creating the gradients we see in our simulated galax-
ies. Note that star formation in FIRE dwarf galaxies is particularly
time-variable throughout cosmic time (Sparre et al. 2017; Faucher-
Giguère 2018; Flores Velázquez et al. 2020). El-Badry et al. (2016)
use a separate suite of FIRE simulations to explore the role of stellar
feedback on radial migration of stars. They find that older stars gen-
erally experience more outward migration than their younger coun-
terparts. Repeated bursts of star formation throughout a galaxy’s life-
time create gravitational interactions that systematically drive stars
towards more extended orbits (see Figures 4 & 5 of El-Badry et al.
2016). This results in a scenario in which stars that live through more
“puffing cycles” will have migrated more, on average, than younger
stars that live through fewer cycles. We note that the effects of bursty
stellar feedback on stellar distributions is analogous to the effects of
stellar feedback on the dark matter distribution in halo centres (Read
& Gilmore 2005; Pontzen & Governato 2012; Oñorbe et al. 2015;
Chan et al. 2015).
The top panels of Figure 4 illustrate the process of stellar migra-

tion. We show the change in each star particle’s radial position since

MNRAS 000, 1–12 (2020)
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Figure 4. — Stellar radial migration and birth radius versus stellar age. Radial migration of stellar populations with age for the same weak-gradient (left)
and strong-gradient (right) examples as in Figure 2. We colour star particles by their iron-to-hydrogen abundance ratio normalised with respect to the galaxy
average. Top panels: net change in stellar particle radial position since its birth (Δ𝑟 = 𝑟now − 𝑟birth) in units of 𝑟1/2 at 𝑧 = 0, versus age. The horizontal black
line corresponds to no net radial migration. Points above the line have migrated outward. In general, the older (more metal-poor) star particles experience more
outward migration than their younger (more metal-rich) counterparts. This is true for both the weak-gradient and strong-gradient examples. Bottom panels: the
birth radius of each star particle in units of the galaxy’s 𝑟1/2 versus age. Whilst both examples show a trend between radial migration and stellar age, the weak
gradient case experiences more radially extended late-time star formation, which acts to flatten the gradient. Note that the features at ∼6 Gyr (left) and ∼10
Gyr (right) that trail downward in the top panels and upward in the bottom panels are mergers. We find that mergers play at best a secondary role in shaping
metallicity gradients.

MNRAS 000, 1–12 (2020)
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Figure 5. — Stellar population migration versus stellar age. The mi-
gration of stars, Δ 𝑟 , in units of the 𝑧 = 0 3D half-mass radius as
a function of stellar age for the simulated galaxies in the Graus et al.
(2019) sample. We divided the sample into galaxies with strong gradi-
ents (𝛾𝑧 < −0.165 𝑑𝑒𝑥/𝑅1/2) and galaxies with weak gradients (𝛾𝑧 >

−0.165 𝑑𝑒𝑥/𝑅1/2), where −0.165 𝑑𝑒𝑥/𝑅1/2 is the median value of 𝛾𝑧 . The
shaded regions represent the 68th percentile spread of the data. It is clear
that older stars have, in general, migrated farther out than their younger coun-
terparts in the entire simulation sample, regardless of the galaxy’s gradient
strength.

its birth (Δ𝑟 = 𝑟now − 𝑟birth), normalised by the galaxy 3D half-mass
radius today, 𝑟1/2, as a function of that star’s age. Positive values
of Δ𝑟 indicate that the star has moved outward. The left and right
panels show the same information for the same weak-gradient exam-
ple (m10xh) and strong-gradient example (m10xg) respectively (as
in Figure 2). Points are colour-coded by the iron-to-hydrogen abun-
dance ratio assigned to that particle, normalised by the average [Fe/H]
of the galaxy. In both the weak-gradient and strong-gradient galax-
ies, the oldest, most metal-poor stars tend to migrate outward, more
than their younger, more metal-rich counterparts. The difference be-
tween the two galaxies is in the younger, more metal-rich population.
The galaxy with the weaker gradient (left) has a significant amount of
late-time,metal-rich star formation occurring at large radii, whilst the
strong-gradient case (right) has all the new star formation confined
to a small radii. Note that there are features at ∼6 Gyr (left panel) and
∼10 Gyr (right panel) indicative of mergers (large negative values of
Δ𝑟). Whilst there is a possibility for a galaxy’s gradient to be altered
by merger processes – through the deposition of old, metal-poor stars
onto a galaxy’s outskirts – this does not seem to be the case for the
galaxies in our sample. For the galaxies in our sample, the fraction
of mass in stars that is acquired through mergers is negligible and
distributed throughout the whole galaxy and thus will play, at best, a
minor role in changing the galaxy’s stellar metallicity gradient (Fitts
et al. 2018; Graus et al. 2019). This is in line with results from recent
investigations that suggest that morphological disturbances in dwarf
galaxies are seldom driven by mergers (Martin et al. 2020).
The bottom panels of Figure 4 provide a complementary picture.

The vertical axis displays the ratio of a star’s birth radius to the current
half-mass radius versus stellar age and colour-coded by metallicity.
One important takeaway from these panels is that the particles in

Figure 6. — Gradient strength versus young stellar population size. The
3D stellar metallicity gradient strength as a function of median radial posi-
tion (in units of 𝑟1/2) of the star particles younger than 4 Gyrs old within
4𝑟1/2 of their respective galaxy. There is a correlation (𝑟𝑠 = 0.86) in which
galaxies with stronger gradients have a young stellar population that is more
centrally concentrated than the young stellar populations of galaxies with
weaker gradients.

the same age bin indicate no clear radial metallicity gradient. This
implies that there was no radial variation in the metallicity of the
cold, dense, and self-gravitating gas making stars at any given time.
This rules out the possibility of a pre-existent gas-phase gradient
ultimately driving the global stellar metallicity gradient we witness
at late times. This is consistent with results from Escala et al. (2018)
which show that FIRE-2 dwarf galaxies have ISMs that are well
mixed at any given time. Second, in the weaker gradient case (left),
late-time star formation is occurring at much larger radii than early
star formation. This allows the formation of metal-rich stars at large
radii, whichmitigates the effect of migration of metal-poor stars from
feedback puffing. The strong-gradient galaxy (right) lacks late-time
extended star formation, which preserves the gradient established by
migration of old stars.
Figure 5 shows the change in each star particle’s radial position

since its birth (Δ𝑟 = 𝑟now − 𝑟birth) for all galaxies in the Graus et al.
(2019) sample, normalised by the 3D half-mass radius today, 𝑟1/2, as
a function of that star’s age2. We divide the galaxies in two groups:
strong gradients (𝛾𝑧 < −0.165 𝑑𝑒𝑥/𝑅1/2, cyan) and weak gradients
(𝛾𝑧 > −0.165 𝑑𝑒𝑥/𝑅1/2, magenta) where −0.165 𝑑𝑒𝑥/𝑅1/2 is the
median value of 𝛾𝑧 for the sample. The solid lines show the median
value of Δ 𝑟/𝑟1/2 in a given stellar age bin for the galaxies in a given
group. The shaded regions represent the 68th percentile spread about
the median. It is clear that regardless of a galaxy’s gradient strength
at 𝑧 = 0, older, more metal-poor star particles migrate farther out
than their younger, more metal-rich counterparts. This suggests that

2 Only the Graus et al. (2019) galaxies were used in this figure (as well as
Figure 7) because only the 𝑧 = 0 snapshots of the Fitts et al. (2017) sample
were saved. We do not expect there to be much difference in the Fitts et al.
(2017) sample as they span the same range of metallicity gradients and lie on
the same gradient-strength-galaxy-age relationship.

MNRAS 000, 1–12 (2020)



Stellar Metallicity Gradients in Dwarf Galaxies 7

Figure 7. — The size evolution and gas accretion history of our simulated galaxies. Two factors that likely contribute to setting the strength of a galaxy’s
gradient. Left: The half-mass radius value at a given time normalised by the half-mass radius today as a function of lookback time. Right: The gas mass accretion
rate at a given time, normalised by the time averaged gas mass accretion rate in a given galaxy, versus lookback time. The data are split into two categories –
galaxies with strong gradients (cyan) and galaxies with weak gradients (magenta). The shaded regions represent the 68th percentile spread of the simulated data.
Galaxies with strong gradients tend to set their size and experience more gas accretion earlier on than do galaxies with weak gradients.

the difference between weak and strong gradient galaxies must be
connected to how the young, metal-rich stars are distributed, rather
than differences in the migration of old, metal-poor stars.

In Figure 6 we illustrate the systematic role of late-time star for-
mation in flattening gradients. We show the 3D stellar metallicity
gradients for our full sample (�̃�𝑧) versus the ratio of 𝑟

young
1/2 to 𝑟1/2,

where 𝑟young1/2 is defined by themedian 3D radial position of stars born
within the last 4 Gyrs. Here we normalize the gradients by the galaxy
stellar 3D half mass radius (as opposed to the 2D radius-normalized
gradients in Figure 2) in order to better-examine the internal dynam-
ics of the system. We include every star within 4𝑟1/2 to capture the
region in which most star formation is happening. There is a clear
relationship (𝑟𝑠 = 0.86) between a galaxy’s gradient strength and
the radius of recent star formation. Galaxies with weaker gradients
have more extended young stellar populations, whilst galaxies with
stronger gradients have recent star formation confined to the centre.
This suggests that metallicity gradients are flattened in galaxies that
undergo radially extended, late-time star formation.

Figure 7 demonstrates that galaxies with strong gradients (cyan)
tend to have their sizes set earlier (left) and undergo more gas accre-
tion early (right) than do galaxies with weak gradients (magenta). In
the left panel we are plotting the stellar half-mass radius of the main
progenitor of each galaxy, normalised by the half mass radius today,
as a function of lookback time. As in Figure 5, we divide galaxies into
strong and weak gradient samples based on their 𝑧 = 0 gradients. The
solid lines show the median relation for galaxies in each sample. The
shaded regions represent the 68th percentile spread over the sample.

The solid lines in the right-hand panel of Figure 7 show themedian
gas mass accretion rate for all galaxies normalised by the galaxy’s
time-averaged gas mass accretion rate. The shaded regions represent
the 68th percentile spread over the sample. We compute the gas mass
accretion rate within 0.1𝑅vir using the following formula (Faucher-

Giguère et al. 2011; Muratov et al. 2015):

¤Macc =
𝜕M
𝜕𝑡

=

∑
𝑣rad 𝑚p
0.1𝑅vir

, (2)

where 𝑣rad and 𝑚p are the radial velocities and masses of individual
gas particles (within 10 percent of the virial radius), respectively, and
𝑅vir is the virial radius. Note that we assume that gas particles with
𝑣rad < 0 are being accreted onto the galaxy.
We see that galaxies that end up with weaker gradients grow

steadily over cosmic time and experience significant cold gas accre-
tion in the past 4-6 Gyrs. On the other hand, galaxies with stronger
gradients set their sizes and accrete gas earlier than their weak-
gradient counterparts.

4.1 Gas-Phase Metallicity Gradients

Recall that in the bottom panel of Figure 4 we showed that young
stars at fixed lookback times tend to be distributed with fairly uniform
metallicities, suggesting the lack of pre-existing gas-phasemetallicity
gradients. In this subsection, we explore gas-phase gradients in our
simulated galaxies directly, and use these to develop a more complete
picture of how stellar gradients arise. We also demonstrate that our
simulations exhibit no correlation between stellar gradients and gas
gradients at 𝑧 = 0.
Figure 8 shows the evolution of the gas-phase metallicity gradient

for one example galaxy, m10xc, at various lookback times. The lines
extend out to the radius that contains 90 percent of the gas mass
existing within 0.1𝑅vir. We constrain our gas budget to temperatures
cooler than 104 K. Each profile is colour-coded by the lookback time.
There are three results here. First, the extent of the gas component
grows with time. Second, the average metallicity of the gas increases
as a function of time. Finally, at fixed time, the metalliticy falls
off weakly with radius. This result is consistent with our previous
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Figure 8. — Evolution of gas-phase metallicity profiles. The average gas-
phase metallicity as a function of radius out to the 90 percent gas mass radius,
within 0.1𝑅vir, (for m10xc) at different points in time. The lines are colour-
coded by lookback time. The gaseous component grows and becomes more
enriched over time whilst simultaneously maintaining a relatively flat radial
metallicity profile.

findings. Stars forming fromgas at 6Gyr lookback timewould be both
concentrated and metal poor. Such stars would be prone to feedback
puffing. Stars forming at very late times would trace extended, metal
rich gas. We see this behaviour in gas-phase metallicity evolution in
other galaxies within our sample in ways that are consistent with the
broader picture painted above.
The relatively flat gas-phase metallicty gradient we see at 𝑧 = 0

in Figure 8 is typical of our entire sample. This is illustrated in Fig-
ure 9, which shows the relationship between our galaxies’ gas-phase
and stellar metallicity gradient strengths at 𝑧 = 0. We determine the
gas-phase metallicity gradients by employing the same approach as
for their stellar counterparts. Whilst the galaxies exhibit a wide range
of stellar metallicity gradients, their corresponding gas-phase gradi-
ents are all relatively flat and show no clear correlation with stellar
metallicity gradients. There is only one galaxy, m10xh, where the
gas-phase metallicty gradient is comparable to the stellar metallicity
gradients. Whilst this galaxy is unique in that it has the most massive
gaseous component of all the galaxies in our sample, more workmust
be done to determine the origins of its steep gas-phase metallicity
gradient. However, whilst the inner gas-phase gradient is steep, the
gradient is relatively flat when measured out to larger radii.
The results from Figures 8 & 9 are in agreement with previous

results based on the FIRE simulations, which show that gas in sim-
ulated galaxies at these mass scales is well mixed at all times (Ma
et al. 2017; Escala et al. 2018). The growth in the gas component,
coupled with the metal-enrichment over time, further suggests that
gas accretion and self enrichment (via the baryon cycle) play a key
role in shaping their present-day stellar metallicity gradients.

Figure 9. – Gas-phase versus stellar metallicity gradients. The strength of
3D gas-phase metallicity gradients versus 3D stellar metallicity gradients for
the galaxies in our sample. Most of the galaxies have relatively flat gas-phase
metallicity gradients but span a wide range of stellar metallicity gradients.
We observe no clear relationship between the two sets (𝑟s = 0.38). Note that
the steepest stellar metallicty gradients have quite flat gas-phase metallicity
profiles.

4.2 Summary explanation: why do stellar metallicty gradients
correlate with galaxy age?

Figures 4-8, together with previous work by El-Badry et al. (2016),
motivate the following explanation for the trend we see between
metallicity gradient strength and galaxy age (illustrated in Figure
10): negative metallicity gradients in the FIRE-2 simulations are
driven in dwarf galaxies by periodic feedback events that steadily
puff older stars outward over time. Younger stars experience fewer
feedback cycles and therefore experience less radial migration. Some
galaxies experience significant gas accretion at late times, and this
acts to flatten gradients. The late-time accretion is metal-enriched,
tends to be deposited at larger radii because it has higher angular
momentum (Stewart et al. 2013; El-Badry et al. 2018; Grand et al.
2019), and provides fuel for younger, radially-extended, metal-rich
star formation. Previous analyses employing the FIRE simulations
find that the re-accretion of gas previously ejected in galactic winds
dominates late-time accretion, especially at the dwarf mass scale
(Anglés-Alcázar et al. 2017). Other galaxies experience earlier ac-
cretion of lower angular momentum gas, so they preserve steeper
gradients driven by feedback puffing. The tendency for late-time gas
accretion to flatten gradients is also seen in Milky-Way scale sim-
ulations by Grand et al. (2019). Our findings are also in line with
results from earlier literature, which suggest that secular processes
– such as gas accretion and feedback – play a key role in shaping
stellar metallicity gradients (Benítez-Llambay et al. 2016; Revaz &
Jablonka 2018).

5 OBSERVATIONAL COMPARISON

For our comparison with observations we use the results of Leaman
et al. (2013) and Kacharov et al. (2017) to compile stellar metallicity
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Figure 10.— The formation and evolution of stellar metallicity gradients. Negative stellar metallicity gradients in most FIRE-2 dwarf galaxies are formed as
a result of periodic feedback events that preferentially puff older, more metal-poor stellar populations (red-shaded circles) outward. Younger, more metal-rich
stellar populations (blue-shaded circles) live through fewer of these cycles and are puffed less. Subsequently, a galaxy’s gradient strength can be set during one
of two scenarios: (a) some galaxies tend to set their sizes and experience more gas accretion earlier on than do their weak-gradient counterparts. This serves
to preserve strong, negative, stellar metallicity gradients. On the other hand, (b) some galaxies tend to grow steadily over time and experience significant gas
accretion at late times. This gas is pre-enriched and tends to settle at large radius. This drives extended, late time star formation that is relatively metal rich and
this that works to weaken/flatten existing stellar metallicity gradients.

gradient information for a total of 10 Local Group dwarfs. We then
use 𝑡50 values determined from the star formation histories created
in Weisz et al. (2014a,b), and Bettinelli et al. (2018). Table 1 sum-
marises the 𝑡50 values, gradient strengths, 𝛾𝑧 , and the 𝑅1/2 values
taken from McConnachie (2012), Muñoz et al. (2018), and Simon
(2019) – for the ten galaxies we analyse. Note that the observed
galaxies’ gradient strengths and associated errors are determined by
bootstrapped sampling the observed profile data. The quoted error
in the gradient strengths represent the 1𝜎 spread about the average.
We define 𝛾𝑧 the same way we have defined it in our simulated
measurements, using the slope of a least-squares fit from 𝑅 = 0 to
𝑅 = 2𝑅1/2.

The left panel of Figure 11 compares the simulated and observed
gradient-strength-galaxy-age relationship. Purple circles show sim-
ulated galaxies, whilst pastel-coloured triangles represent observed
Local Group galaxies (galaxy names indicated). On the right, we
present the mean metallicity profiles of the observed galaxies as a
function of projected radius in units of 𝑅1/2. As in Figure 3, which
shows the same for our simulated galaxies, we normalise the metal-
licity profiles to the values at the centre of each galaxy. The solid
lines depict the average metallicity at a given radius. The colour cor-
responds to each galaxy’s median age, as indicated by the colour bar.
The grey bands represent the 1𝜎 uncertainty of the running average
stellar metallicity (calculated by Leaman et al. 2013).
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Figure 11. — An observed gradient-strength-galaxy-age relationship. A comparison between the simulated and observed gradient-strength-galaxy-age
relationships. Left: Gradient strength versus median stellar age (𝑡50) of both the simulated (purple circles) and observed (pastel triangles) galaxy samples. The
black, dashed and dash-dotted lines represent the least squares fit to the simulated and observed relationships, respectively. The corresponding fits are shown at
the top left. While the simulated and observed galaxies follow similar gradient-strength-galaxy-age relationships, the observed sample seems to follow a slightly
shallower relationship. Right: The average iron abundance for each observed galaxy as a function of projected radius in units of the 𝑅1/2. The right panel can
be compared to the theoretical models in Figure 3, where we also normalise the profiles to the metallicity at the centre of each galaxy and colour-coded by 𝑡50
values. The shaded bands represent the 1𝜎 uncertainty in the running averages. Similarly to the simulated sample we use the stellar metallicty data within 2𝑅1/2
to determine the metallicity gradeint strength and thus exclude the data that extends into the shaded region.

Table 1. Properties of 10 observed Local Group galaxies: (1) lookback time to
the formation of 50% of stars determined from published SFHs (Weisz et al.
2014a,b; Bettinelli et al. 2018), (2) calculated stellar metallicity gradients
including error bars, (3) galaxy half-light radius

Galaxy 𝑡50 𝛾𝑧 𝑅1/2
Name [Gyr] [𝑑𝑒𝑥/𝑅1/2 ] [kpc]

MW Dwarfs (1) (2) (3)
WLM 2.28 -0.11 ± 0.12 2.111
SMC 3.21 -0.13 ± 0.07 1.106
LMC 4.68 -0.15 ± 0.04 2.697
Carina 4.99 -0.16 ± 0.05 0.311
Leo I 5.22 -0.15 ± 0.02 0.270
Fornax 7.40 -0.21 ± 0.03 0.792
Leo II 8.54 -0.18 ± 0.06 0.171
Phoenix 10.48 -0.30 ± 0.02 0.454
Sculptor 11.95 -0.33 ± 0.06 0.279
Sextans 12.64 -0.16 ± 0.07 0.456

Similarly to the simulated galaxy sample, the observed galaxy
sample follows a gradient-strength-galaxy-age relationship such that
galaxieswith older (younger) stellar populations tend to have stronger
(weaker) stellar metallicity gradients. This is intriguing because most
of the observed galaxies on this figure are satellites of the Milky
Way, whilst our simulations are of isolated systems. This suggests
that internal star formation processes play a dominant role in creat-
ing stellar metallicity gradients with a diversity of strengths – thus
implying that dynamical/environmental effects, such as ram pressure
stripping, play a more limited, secondary role in shaping metallic-
ity gradients by limiting late-time gas accretion, thereby preventing
the flattening effect we see in our youngest galaxies (see previous

section). The observed sample of galaxies follow this relationship:

𝛾(𝑡50)obs = −0.015𝑡50 + 0.081, (3)

The slope for this observed relationship is −0.015 ± 0.005 whilst
the slope of the relationship followed by the simulated sample is
−0.036 ± 0.005. The apparent disagreement in the slopes suggests
that whilst the observed galaxies follow a similar gradient-strength-
galaxy-age relationship to the simulated sample, the slope is slightly
flatter (relationship represented by the dash-dotted line). It is possible
that the strong feedback in the FIRE-2 implementation can lead to
stellar metallicity gradients that are stronger than what we would
expect to see in the real universe - resulting in a steeper gradient-
strength-galaxy-age relationship. Determining the ages and stellar
metallicity gradients for more dwarf galaxies will help us determine
the extent of this discrepancy between the simulated and observed
galaxies.
One clear outlier in the left panel of Figure 11 is Sextans (pink

triangle). This galaxy has a fairly flat gradient compared to simulated
galaxies of similar (old) age. The metallicity profile of Sextans is
somewhat unusual, as can be seen by the yellow line in the right panel
with a fairly flat slope out to 1.5𝑅1/2 accompanied by a steep gradient
beyond that. In keeping with the 𝛾𝑧 definition used elsewhere, we
have defined it using the slope out to 2𝑅1/2, but had we defined it
out to larger radii we would have measured a steeper slope, more in
line with the global trend.

6 CONCLUSIONS

In this paper we examine 26 simulated dwarf galaxies using FIRE-2
physics (Hopkins et al. 2018) to explore the origin and nature of
radial, stellar metallicity gradients. The galaxies have stellar masses
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between 105.5 and 108.6M� and 𝑀vir ' 1010M� – 1011M� . Most
of the galaxies in this sample exhibit negative stellar metallicity gra-
dients, with interiors more metal-rich than the outskirts. We predict
a correlation between the stellar metallicity gradient strength and
overall galaxy age, as measured by the median stellar age of the
galaxy at 𝑧 = 0: 𝛾(𝑡50) = −0.036𝑡50 + 0.049. Older galaxies tend
to have stronger gradients. Graus et al. (2019) finds a correlation
between galaxy age and age gradient using the same galaxy sample.
whilst these galaxies exhibit negative stellar metallicity gradients, it
is important to note that these galaxies have well mixed gas-phase
metallicities (and thus, do not exhibit a gas-phase gradient) at any
given point in time (Ma et al. 2017; Escala et al. 2018).
By studying the evolution of stars and gas with time in these

systems,we conclude that strong negative stellarmetallicity gradients
arise from the steady “puffing” effects of feedback, which tend to
drive the oldest, most metal-poor stars outward over time (Figure
5). This mechanism, detailed by El-Badry et al. (2016), is a result of
stars gravitationally reacting to gas outflows occurring in conjunction
with repeated starburst events. Although feedback puffing appears to
be a universal feature amongst our galaxies, there is a fair amount
of variance in the level of late-time gas accretion. Recent accretion
tends to flatten out gradients. This is because gas that is deposited
at late times tends to be recycled, enriched, and deposited at large
radii (see Anglés-Alcázar et al. 2017, and also our Figure 8). Stars
that form out of this late-accreted gas create an extended, metal-rich
stellar population, which washes out any previous gradient set by
the radial migration outward of old, metal-poor stars. This overall
picture is sketched in Figure 10.
Using published data from 10 Local Group dwarfs (Leaman et al.

2013; Kacharov et al. 2017), we show that they do appear to fol-
low the gradient-strength-galaxy-age relationship predicted by our
simulations (Figure 11). This suggests that stellar metallicity gra-
dients in real galaxies may be largely governed by a competition
between feedback-puffing of old/metal-poor stars and late-time star
formation from recently accreted recycled/metal-enriched gas. We
conclude that our prediction that dwarf galaxy stellar metallicity gra-
dient strength should correlate with galaxy age is consistent with
current observations, though the slope of the correlation appears to
be flatter in the observed population. This suggests that internal feed-
back mechanisms and associated baryon-cycle enrichment may play
the dominant role in driving stellar metallicity gradients in dwarf
galaxies rather than environmental factors.
Future work exploring the existence and strength of any

age/gradient relationships in other simulation codes may provide
an avenue for testing feedback models. Similarly, larger, more com-
plete observational samples from future telescopes likeWFIRST and
JWST may enable more detailed and quantitative comparisons.
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Figure A1.— 2D versus 3D gradients. The relationship between the median
projected 2D and 3D stellar metallicity gradients in our sample. A 1-to-1 line
is depicted by the black, dashed line.

APPENDIX A: SIMULATED GALAXY PROPERTIES &
ANCILLARY RESULTS

We list the properties for all of the simulated galaxies in our sample
in Table A1. These properties include the galaxies’, masses, Vmax
values, mean projected 2D half mass radii over 100 different viewing
angles, median stellar ages, and their projected stellar metallicity
gradients.
Figure A1 shows the relationship between the 2D projected stellar

metallicity gradients (𝛾𝑧) and the 3D stellar metallicity gradients
(�̃�𝑧) for all of the galaxies in our sample. The black, dashed line is a
1-to-1 line. Whilst there is a strong relationship between 𝛾𝑧 and �̃�𝑧 ,
they do not follow the 1-to-1 line because the values of 𝑅1/2 (2D)
and 𝑟1/2 (3D) are slightly different.
Figure A2 depicts the relationship (or lack thereof) between the

stellar metallicity gradients of the galaxies in our sample and other
galaxy properties. The top left panel shows the relationship between
the metallicity gradients calculated in this work and the age gradi-
ents calculated in Graus et al. (2019). As expected, due to the stellar
age-metallicity relation, there is a positive correlation betweenmetal-
licity gradients and age gradients such that galaxies with strong/weak
metallicity gradients also tend to have strong/weak age gradients.
Recent studies have indicated that, within the Local Group,

rotation-supported dIrrs exhibit weaker gradients whilst dispersion-
supported dSphs exhibit stronger gradients. This suggests that a
galaxy’s gradient strength is somehow tied to it’s 𝑣/𝜎 value (Schroyen
et al. 2011; Leaman et al. 2013; Kacharov et al. 2017). The top right
panel shows that within our simulated sample there is no correlation
between the two. However, it is important to note that most observed
dIrrs are more rotation-supported than the simulated galaxies in our
sample. The next four panels illustrate that the metallicity gradients
in our sample are independent of stellar mass, halo mass, 𝑉max, and
half-mass radius.
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Figure A2. — Stellar metallicity gradient strength versus several galaxy properties. We test the relationships between the galaxies’ stellar metallicity
gradient strengths and their: age gradient strength (𝛾50, as presented in Graus et al. 2019), 𝑣/𝜎, stellar and dark matter halo mass, median [Fe/H], and half
mean, projected 2D half-mass radius over 100 random projections, 𝑅1/2. We provide the spearman coefficients, 𝑟𝑠 , at the top left of each panel as a measure of
how well each relationship is correlated.
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Table A1. Properties of the simulated galaxies at z = 0 used in this work: (1) stellar mass within 10% of the virial radius of the halo, (2) dark matter halo mass,
(3) maximum circular velocity, (4) mean 2D half-mass radius over all viewing angles; (5) lookback time to the formation of 50% of stars within 10% of the
virial radius of the halo; (6) median stellar metallicity gradients over all projections including the maximum and minimum gradients as error bars. Note that we
present the same values for (2), (3), and (4) as Graus et al. (2019). We present m10xg and m10xh in bold as they are an example of systems with comparable
stellar masses but different stellar metallicity gradients.

Halo 𝑀star 𝑀halo Vmax R1/2 𝑡50 𝛾𝑧

Name [M� ] [M� ] [km s−1] [kpc] [Gyr] [dex/𝑅1/2]
Graus et al. (2019) (1) (2) (3) (4) (5) (6)

m10xa 7.64 × 107 1.87 × 1010 45.26 2.23 6.08 −0.08+0.07−0.15

m10xb 3.29 × 107 2.22 × 1010 42.78 1.73 4.23 −0.09+0.04−0.05

m10xc 1.19 × 108 3.22 × 1010 48.31 2.25 6.55 −0.20+0.03−0.06

m10xc_A 8.46 × 106 8.52 × 109 35.03 1.24 10.89 −0.34+0.05−0.06

m10xd 6.81 × 107 3.86 × 1010 53.51 2.60 4.04 −0.07+0.02−0.01

m10xd_A 1.44 × 107 2.40 × 1010 38.52 1.38 1.63 0.01+0.04−0.03

m10xe 3.26 × 108 4.57 × 1010 56.17 2.93 6.13 −0.17+0.02−0.08

m10xe_A 3.64 × 106 1.36 × 1010 35.74 0.90 8.50 −0.32+0.09−0.10

m10xe_B 1.28 × 107 1.12 × 1010 38.15 1.31 8.75 −0.28+0.03−0.04

m10xe_C 1.84 × 107 1.04 × 1010 34.43 2.11 7.08 −0.13+0.05−0.05

m10xe_D 3.61 × 106 8.88 × 109 34.13 2.43 9.62 −0.50+0.07−0.13

m10xf 1.28 × 108 5.21 × 1010 58.47 2.30 7.38 −0.28+0.01−0.08

m10xg 4.61 × 108 6.20 × 1010 65.75 2.78 7.59 −0.33+0.04−0.13

m10xg_A 1.88 × 107 1.53 × 1010 40.31 1.51 5.11 −0.13+0.05−0.10

m10xh 5.40 × 108 7.44 × 1010 68.10 4.15 3.65 −0.03+0.04−0.06

m10xh_A 4.97 × 107 1.47 × 1010 38.80 2.19 5.68 −0.17+0.04−0.05

m10xi 4.48 × 108 7.58 × 1010 64.35 3.56 6.03 −0.31+0.02−0.04

Fitts et al. (2017)

m10b 4.65 × 105 9.29 × 109 31.51 0.24 2.54 −0.13+0.10−0.12

m10c 5.75 × 105 8.92 × 109 31.40 0.25 4.07 −0.23+0.10−0.12

m10e 1.98 × 106 1.02 × 1010 31.44 0.43 5.63 −0.14+0.05−0.07

m10f 4.11 × 106 8.56 × 109 35.66 0.52 11.96 −0.59+0.05−0.06

m10h 7.80 × 106 1.28 × 1010 37.98 0.58 11.64 −0.54+0.04−0.07

m10j 9.74 × 106 1.10 × 1010 37.98 0.50 11.51 −0.30+0.04−0.11

m10k 1.04 × 107 1.15 × 1010 38.22 0.85 10.74 −0.33+0.06−0.10

m10l 1.30 × 107 1.06 × 1010 37.62 0.54 10.76 −0.27+0.04−0.07

m10m 1.44 × 107 1.15 × 1010 38.51 0.69 9.86 −0.29+0.04−0.08
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