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ABSTRACT
We present an analysis of spatially resolved gas-phase metallicity relations in five dwarf galaxies (𝑀ℎ𝑎𝑙𝑜 ≈ 1011𝑀�, 𝑀★ ≈
108.8 − 109.6𝑀�) from the FIRE-2 (Feedback in Realistic Environments) cosmological zoom-in simulation suite, which include
an explicit model for sub-grid turbulent mixing of metals in gas, near 𝑧 ≈ 0, over a period of 1.4 Gyrs, and compare our findings
with observations. While these dwarf galaxies represent a diverse sample, we find that all simulated galaxies match the observed
mass-metallicity (MZR) and mass-metallicity gradient (MZGR) relations. We note that in all five galaxies, the metallicities are
effectively identical between phases of the interstellar medium (ISM), with 95% being within ±0.1 dex between various ISM
phases, including the cold and dense gas (𝑇 < 500 K and 𝑛H > 1 cm−3), ionized gas (near the H𝛼 𝑇 ≈ 104 K ridge-line), and
nebular regions (ionized gas where the 10 Myr-averaged star formation rate is non-zero). We find that most of the scatter in
relative metallicity between cold and dense gas and ionized gas/nebular regions can be attributed to either local starburst events
or metal-poor inflows. We also note the presence of a major merger in one of our galaxies, m11e, with a substantial impact on
the metallicity distribution in the spatially resolved map, showing two strong metallicity peaks and triggering a starburst in the
main galaxy.
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1 INTRODUCTION

Dwarf galaxies are one of the most important components of galac-
tic evolution. They are the lowest-mass galaxies, but are the most
abundant type and form the bottom of the hierarchy of galactic evo-
lution. At low masses, the effects of individual starburst events are
particularly pronounced since individual events can disturb the en-
tire existing gas reservoir in the galaxy. Due to their abundance and
susceptibility to feedback, dwarf galaxies are ideal testbeds for an-
alyzing various forms of enrichment and feedback physics (Tolstoy
et al. 2009; Simon 2019).
Gas-phase metallicity enrichment is essential to our understanding

of galactic formation and evolution. The metal enrichment that fol-
lows supernovae (SNe) surrenders information about star formation
history (Tolstoy et al. 2009; Sacchi et al. 2016) and the assembly his-
tory of galaxies (Sawala et al. 2010; Pawlik et al. 2013; Hirschmann
et al. 2016). When metals are distributed throughout the interstellar

★ E-mail: leport01@louisville.edu

medium (ISM) by SNe marking the death of high mass stars, these
metals constrain star formation and trace feedback frommassive stars
and SNe. These stellar yields are also components that influence
galactic evolution. In particular, the gas-phase oxygen abundance in
ionized gas is significant, as oxygen is the most abundant metal ele-
ment and a primary coolant of the ISM (Draine 2011). It produces
strong optical emission lines when ionized and is used as a tracer of
metallicity in the ISM (e.g., Sánchez et al. 2019).

One of the most well-known relationships for galaxy evolution
and oxygen abundance is the mass-metallicity relation (MZR). This
relation is the strong correlation between stellar mass and both the
gas-phase metallicity and stellar metallicity (Gallazzi et al. 2005;
Lee et al. 2008; Kirby et al. 2013; Jimmy et al. 2015; Ma et al. 2016;
Hidalgo 2017); more massive galaxies tend to have higher metal
enrichment than their low-mass counterparts (i.e, dwarf galaxies).
Kirby et al. (2013) rationalizes the MZR by arguing that the deeper
potential wells of more massive galaxies more easily retain metals,
as they produce them through in-situ star formation. Dwarf galaxies,
such as the ones in this study, lack the mass, and therefore the gravity,
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to resist feedback mechanisms from expelling their metals. The in-
creased effectiveness of such feedback allows for the gas-phase metal
reservoirs to be diluted in samples of dwarf galaxies as compared
to their more massive counterparts. In addition, lower-mass galaxies
are typically more gas-rich, resulting in diluted metals in the case
that they are retained, such that even a closed-box model would show
the MZR.
Star formation efficiency also has a role to play in the MZR, as

galaxies that have increased star formation rates (SFRs) will reach
a higher stellar mass and metallicity enrichment. The stellar mass-
halo mass relation presented in Behroozi et al. (2013) and Moster
et al. (2013) suggests that lower SFR efficiency in dwarf galaxies
results in less metal enrichment. Hopkins et al. (2013) also finds that
the presence of mergers can lower star formation after producing
starbursts. For the masses relevant to this study (𝑀∗ ≈ 108.75 −
109.75𝑀�; see Figure 1), the MZR can typically be characterized by
a power law. Lee et al. (2006) supports this, confirming that a tight
correlation exists among local dwarf galaxies with stellar masses
from 106 − 1011𝑀� .
In addition to the MZR, gas-phase metallicity gradients in dwarf

galaxies can contribute insight into galaxy assemblies and provide
information as to how ordered the systems are. This is because metals
are not uniformly distributed throughout a galaxy (Shaver et al. 1983).
Instead, feedback has a predominant role to play in the distribution
of metals throughout a galaxy (Pilkington et al. 2012; Hemler et al.
2021; Patel et al. 2021). For example, Gibson et al. (2013) uses
cosmological hydrodynamical simulations to investigate how energy
feedback affects the distribution of metals in disk galaxies, finding
that flat and negative gradients are common in galaxies with strong
feedback redistributing metals. In contrast, simulations with weaker
feedback tend to produce steeper gradients. Hemler et al. (2021)
also finds that many TNG50 galaxies (1010𝑀� ≤ 𝑀∗ ≤ 1010.5)
also exhibit negative gradients around 𝑧 ≈ 0, although they note
that TNG50 gradients tend to be steeper at higher redshifts than
similar galaxies in the FIRE (Feedback In Realistic Environments)
simulations.
Searle (1971) introduces the concept of using spatial metallicity

gradients as a function of radius (Ho et al. 2017; Kreckel et al. 2019;
Bellardini et al. 2021). Sharda et al. (2021) states the metallicity
gradient measured in dex per kpc has either one of two properties at
stellar mass of 𝑀∗ ∼ 1010−10.5𝑀�: it will be independent of stellar
mass up to this point, then flatten toward zero at higher stellar masses
(Hemler et al. 2021), exactly the opposite as found in FIRE-2 (Mer-
cado et al. 2021), or it will have a mild curvature with flat gradients
on either side (e.g., Belfiore et al. 2017). Further investigation into
the physical cause of the difference in gradients, similar to the MZR,
can provide clues as to how feedback and turbulence can affect the
population of galaxies at a lower mass, and how dwarf galaxies lose
their metals (Dekel & Silk 1986; Dalcanton 2007; Burkhart et al.
2010; Ma et al. 2016). In addition, the expectation that MW-mass
disk galaxies exhibit negative radial metallicity gradients provides
evidence of inside-out galaxy formation (Mo et al. 1998; Pilking-
ton et al. 2012; Sharda et al. 2021). This is found in Magrini et al.
(2016)’s observations and Bellardini et al. (2021)’s azimuthal anal-
ysis in the FIRE-2 m12 galaxies (MW and M31-mass). However, as
found in Mercado et al. (2021)’s comparison between FIRE-2 and
Local Group dwarfs, dwarf galaxies behave differently due to their
usually well-mixed ISM. Dwarf galaxies have the tendency to exhibit
no radial gradients, but this varies across galaxies of similar masses
(Belfiore et al. 2017; Ma et al. 2017; Escala et al. 2018; Mercado
et al. 2021).
Cosmological zoom-in simulations are an excellent choice to study

Table 1. Summary of 𝑧 ≈ 0 properties of the FIRE-2 dwarf galaxies used in
this work

Name log( 𝑀★
M� ) log( 𝑀gasM� ) 𝑅★,1/2

kpc
𝑅gas,1/2
kpc

𝑣𝑐
km/s

†

m11d★ 9.6 9.5 7.0 11.4 85.6
m11e 9.2 9.3 3.9 6.6 82.7
m11h 9.6 9.6 4.1 6.3 97.7
m11i 9.0 9.2 3.8 3.4 53.1
m11q 8.8 9.2 2.6 4.2 68.8

Note: all quantities measured within a 30 kpc cubic aperture.
†Circular velocities evaluated at 𝑅gas,1/2.
★m11d is significantly disrupted at 𝑧 ≈ 0 from a recent starburst (see,
e.g., Fig. 2), as such its radius (and 𝑣𝑐 at that radius) is poorly defined.
All galaxies here are introduced by El-Badry et al. (2018), with the
exception of m11q, which is introduced by Hopkins et al. (2018).

the metallicity distributions in dwarf galaxies. Several studies in this
field have used one-zone models (Lanfranchi & Matteucci 2003,
2007, 2010; Yin et al. 2011), which are faster than hydrodynam-
ical simulations, but rely on more simplistic models of feedback.
While these results can effective at explaining the phenomena occur-
ring within the galaxies, it can be ineffective at capturing the true
cosmological context surrounding a specific galaxy (e.g., the highly
variable rates of mergers or inflows) and the non-linear interactions
between stellar feedback within galaxies and their surroundings (Ma
et al. 2016; Escala et al. 2018). This makes predicting metallicity
gradients difficult in such models (they are necessarily "sub-grid"
with a single zone), and they fail to address temporal scatter in the
MZR and gradients. It is important to reproduce observed stellar
masses, SFRs, and metallicities in dwarf galaxies, which requires the
increased dynamic range found in such simulations (Ma et al. 2016;
Hemler et al. 2021).
This paper combines the powerful attributes of dwarf galaxies, the

FIRE-2 (Feedback In Realistic Environments) simulations, andmetal
enrichment to form an analysis on gas-phase metallicity relations at
this galaxy mass range. By combining all of these tools, we are
effectively able to resolve the internal structures of galaxies while
maintaining realistic cosmological context, using FIRE’s ability to
recreate a resolved multi-phase ISM, star formation, stellar feedback,
and other forms of physics that result in successfully reproducing
observations. In this paper we analyze five dwarf galaxies from the
FIRE-2 simulations near z∼ 0. We complete our analysis of their
properties by creating spatially resolved maps in the cold and dense
gas and ionized gas (comparable to observed molecular gas and
nebular emission tracers, respectively), progress to discussing the
MZR, radial profiles and gradients, and MZGR, and analyze the
variation in enrichment between the selected ISM phases. Finally, we
make note of the presence of amerger in one of our simulated galaxies
(denoted below as m11e), studying this simulation in slightly more
detail. This paper is then concluded by a discussion and restatement
of our findings compared to existing literature and observations.

2 SIMULATIONS AND METHODS

We make use of five dwarf galaxies from the FIRE-2 cosmologi-
cal zoom-in simulation suite (Hopkins et al. 2018) in our analysis
here. These galaxies have halo masses ∼1011𝑀� , and stellar masses
spanning from ∼2× the SMC mass to slightly more massive than the
LMC (see Table 1 for a summary of the 𝑧 ≈ 0 galaxy masses, sizes
and rotational velocities). We use approximately 60 snapshots from
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Figure 1. Top panel: Stellar masses in each snapshot for all five FIRE-
2 dwarf galaxies. Stellar masses exhibit a slight steady growth over time.
m11e (black) is an exception, with disturbances due to a merger. SMC/LMC
masses from Bekki & Stanimirović (2009) and van der Marel et al. (2002)
for reference are denoted by the horizontal dotted and dashed black lines,
respectively. Bottom panel: Star formation rates averaged over the last 40
Myrs for each snapshot. m11d is clearly bursty with variations over 2 dex.
m11e has a merger-triggered starburst around 𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 = 0 Gyrs. m11i
is somewhat bursty with variations over 0.5 dex. m11h and m11q are fairly
smoothwith recent star formation history. Thickly dashed vertical line denotes
𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 = 0.36Gyrs, which corresponds to the particular snapshot shown
in Figures 2 and 3.

each simulation, spaced ∼ 25 Myr in time (for a roughly 1.4 Gyr
total period analyzed) near 𝑧 ≈ 0. Figure 1 shows the evolution of the
stellar mass (𝑀★) and 40Myr-averaged star formation rate ( ¤𝑀40Myr★ )
of the five galaxies over the epoch analyzed, with estimates for the
stellar mass of the SMC and LMC included for comparison (Bekki
& Stanimirović 2009; van der Marel et al. 2002).
We generate mock observational maps from these snapshots with

the same method as Orr et al. (2020): we project the dwarf galaxies
face-on using the net angular momentum vector of the star particles
within a 3-D stellar half-mass radius, and binning star particles and
gas elements into square pixels with side-lengths (i.e., “pixel sizes”)
250 pc. The maps are 30 kpc on a side and integrate gas and stars
within ±15 kpc of the identified galactic mid-plane. This cube in-
cludes all of the galaxy body and much of the surrounding ∼ 104 K
gas halo for all five of the dwarf galaxies that we map. One simu-
lation however, m11e, undergoes a major (∼2:1 𝑀∗) merger in the
analysis period; and to capture the interaction of the two warm gas
halos surrounding the main galaxy and its companion, we expand the
size of the mapping cube to 60 kpc on a side (and ±30 kpc along the
line-of-sight).
A detailed presentation of the star formation prescription, feedback

physics, and enrichment processes used in these simulations can be
found in Hopkins et al. (2018), however we briefly reiterate some
of the relevant implementations here. These runs all have minimum
baryonic particle/element masses of 𝑚𝑏,min = 7100 M�, adaptive
force softening (with minimum softening lengths <1 pc), and a 10
K gas temperature floor. As the softening lengths are adaptive, we
point out that themedian softening length for the gas elements in these
dwarf galaxies is ℎ ≈ 90 pc for 𝑛 > 1 cm−3 (and ℎ ≈ 50 pc for 𝑛 > 10
cm−3). The spatially resolved maps that we produce in our analysis

have a pixel size of 250 pc, which more than adequately resolves the
cold and dense turbulent gas structures (these have softening lengths
�50 pc). The warm diffuse ionized gas in the galactic outskirts
is marginally resolved at this pixel size, but our analysis focuses
primarily on the better (spatially) resolved gas within the primary
body of these dwarf galaxies, and this does not qualitatively affect
our interpretations of the surrounding warm gas halos.
In these simulations, star formation proceeds in dense (𝑛 > 103

cm−3), molecular (following the scalings of Krumholz & Gnedin
2011), self-gravitating (viral parameter 𝛼vir < 1) and Jeans-unstable
(below the smoothing scale) gas, at a rate of ¤𝜌★ = 𝜌gas/𝑡ff (where
𝑡ff is the free-fall time of the gas element). The resulting star par-
ticles are single stellar populations, with a single age, metallicity,
and mass. Feedback physics in the forms of supernovae, stellar mass
loss (OB/AGB-star winds), photoionization and photoelectric heat-
ing, and radiation pressure are explicitly included. There are no black
holes (or their attendant feedback/accretion processes) in these sim-
ulations.
As we focus heavily on the metal reservoirs of these dwarf galax-

ies, we summarize here the abundance/enrichment implementation
of FIRE-2 (again, see Hopkins et al. 2018 for more detail): nucle-
osynthetic yields from core-collapse SNe taken from Nomoto et al.
(2006), Type-Ia SNe yields from Iwamoto et al. (1999), and stellar
wind yields (from O, B, and AGB stars) fromWiersma et al. (2009).
These simulations also include a sub-grid metal diffusion model, ac-
counting for turbulent mixing in unresolved eddies (Su et al. 2017;
Escala et al. 2018). The diffusion term smooths the abundance dis-
tribution following the prescription of Shen et al. (2010), resulting in
a more realistic distribution of gas phase (and consequently stellar)
metallicities (Escala et al. 2018). Escala et al. (2018) further elabo-
rates and concludes that star-forming gas in FIRE-2 dwarf galaxies is
typically well-mixed at any fixed time, and the enrichment over time
leads to a stellar metallicity distribution that matches observations,
which is only achieved when simulations model metal mixing.
We produce proxies for observational metallicity tracers by map-

ping the ionized gas near the H𝛼 𝑇 ≈ 104 K ridge-line (specifically,
we identify this gas in a band of | log𝑇 − 4.05| < 1/6), as well as
cold and dense gas (𝑇 < 500 K and 𝑛H > 1 cm−3). We also generate
an analogue of observational measures of recent SFRs by calculating
the 10 Myr-averaged SFR in the pixels. To do so, we find the mass
of all age < 10 Myr star particles in the pixel, and correct for stel-
lar evolutionary effects using STARBURST99 (Leitherer et al. 1999). We
choose this time interval because of its approximate correspondence
with the timescales traced by recombination lines like H𝛼 (Kennicutt
& Evans 2012; Velázquez et al. 2020), and to associate ionized gas
near 𝑇 ≈ 104 K with star-forming regions as a proxy for identify-
ing HII region nebulosity (FIRE-2 uses STARBURST99 predictions for
the ionizing photon budget of star particles). We also calculate the
40 Myr-averaged SFR in the pixels, for the purposes of associating
metallicity scatter with the approximate timescale of the duration of
supernova feedback (and their enrichment).
In comparing with observations, we identify the warm ionized gas

column (WIM) and select gas elements with | log𝑇 − 4.05| < 1/6,
regardless of density. In our analysis, we associate this gas reservoir
with diffuse warm ionized gas halos surrounding (and to an extent
throughout) these galaxies and ‘HII regions’ in star-forming clouds
(i.e., pixels where the 10 Myr-averaged star formation rate is non-
zero). We compare our ‘HII region’ columns and metallicities (𝑍HII)
with nebular emission observations of, e.g., [OIII]. Lastly, we also
identify the “cold and dense” gas (𝑍CD throughout), having 𝑇 <

500 K and 𝑛H > 1 cm−3. We gas relate this gas in the simulations
with that traced by cold dust or CO. We present the total, oxygen and
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iron gas-phase metallicities throughout our analysis, but focus mostly
on the total metallicity of the ‘HII regions’ and cold and dense gas.

3 ANALYSIS AND RESULTS

Figure 2 displays the spatial metallicity distribution of the cold and
dense gas for a single snapshot around 𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 ∼ 0.36 Gyrs for
all galaxies in this study at a pixel size of 250 pc. Colored by their
difference from themeanmetallicity of the individual galaxy (relative
to solar), these maps allow us to characterize the galaxies at a glance
in terms of their morphologies, apparent dynamical states, and sizes.
Figure 3 displays the spatial metallicity distributions of the warm

ionized phase (near the H𝛼 𝑇 ≈ 104 K ridge-line) in two of the
simulations in this study,m11e andm11h, in addition to including the
before-seen cold and dense gas.We see immediately that the galaxies,
as expected, are surrounded by a warm gas halo, and that ionized gas
corresponding to HII/star-forming regions is dotted throughout the
main body of the cold and dense gas in the galaxies. Below we
further discuss the gas-phase metal distributions revealed in these
two figures.

3.1 Characterizing the Individual Simulations

We find it important to briefly characterize each simulated galaxy
(alphabetically), all originally introduced in El-Badry et al. (2018),
with the exception of m11q in Hopkins et al. (2018), to understand
the idiosyncrasies that affect the metal distributions. For information
on the stellar metallicity distributions, we direct the reader to Patel
et al. (2021).
An LMC-mass galaxy, m11d has a main body of cold and dense

gas maintaining a metallicity within ±0.2 dex of solar (fairly well-
mixed throughout). The galaxy also displays numerous small pockets
of metal-rich gas with metallicity nearly an order of magnitude larger
than the primary body as a result of repeated feedback events that
majorly disturb the gas. The snapshot of m11d in Figure 2 represents
the galaxy in a pre-major starburst state, an event we observe oc-
curring ∼ 150 Myrs later that completely disrupts the main body of
dense gas. Evident in Figure 1, m11d experiences a significant drop
in the star formation rate around this time.

M11e displays a prominent main disk around ∼ 0.5 solar metal-
licity, as well as a second, metal-poor (metallicity nearly an order of
magnitude below that of the main body) merging galaxy. The im-
aged snapshot occurs just as the cold and dense components of the
satellite and primary body make contact, triggering several smaller
feedback/starburst events in the main disk. Prior to merging, we note
that each individual galaxy is reasonably well-mixed (within ∼ 0.1
dex) in the cold and dense component of the ISM.
Having the largest and most defined disk of the five,m11h exhibits

an extremely well-mixed body (with a metallicity gradient of ±0.1
dex) with few strong feedback events visible in the cold and dense
gas.With a mass nearly identical to that ofm11d, this galaxy also has
a similar Gyr-averaged SFR, but remains the most consistent galaxy
in terms of < 100 Myr SFR, largely due to the lack of disruptive
feedback taking place. A slight metallicity gradient is visible, to the
discerning eye (see Figure 5 for a quantitative presentation of the
metallicity gradient).
One of the smaller FIRE-2 dwarf galaxies in this analysis,m11i is

around three times the mass of the SMC and exhibits several smaller
feedback events. This is evident in the snapshot pictured in Figure 2
through the small scatter of gas with metallicity over an order of
magnitude higher than the rest. These starbursts remain infrequent,

and this galaxy is similarly well-mixed like the three previously
described.
The lowest-mass and physically smallest galaxy in this study is

m11q at just below twice the SMC mass. While similar to m11i,
it has a metallicity lower by ∼ 0.3 dex. We note that this galaxy’s
metallicity is nearly identical to that of the merging body in m11e,
and is also strikingly well-mixed.

3.1.1 Maps of 𝐻𝐼𝐼𝑍 vs 𝐶𝐷𝑍

While we see most of the characteristics (such as disks) of our galax-
ies in the cold and dense gas component, it is important to analyze
other components of the ISM, as the cold molecular gas is more diffi-
cult to observationally measure; more observable phases (such as the
’HII regions’) may provide insight into how to interpret properties
of the cold and dense gas phase. To provide a diverse example of
these varying components, Figure 3 displays two galaxies,m11e and
m11h, in the three ISM components that we study in this paper: from
left to right, we depict the HII gas (with diffuse component), nebular
regions (HII gas with cospatial 10Myr SFR), and cold and dense gas
(previously described in Figure 2).
In the case of m11e, we can clearly see the warm ionized gas

inflow from the merger being mixed into the main disk, including
how well-mixed the individual components are independent of each
other. It is also evident that the ionized gas extends across a larger
region than the cold and dense gas, and so the ionized gas between
the two galaxies begins interacting far before the cold and dense gas
counterpart. Here we also note the inflow in both ISM components
appears to be of much lower metallicity than the main body.
Similar comments can be made aboutm11h despite its absence of

a merger. The ionized gas component extends beyond the cold and
dense gas, and exhibits a similar metallicity gradient. We can see
evidence of metal-poor inflows on the outskirts of the ionized gas
and small areas of higher metallicity spread throughout.
Upon examination of the nebular regions in both galaxies in Fig-

ure 3, we see that they are a clear tracer of the cold and dense gas,
despite the differences between the spatial distributions of the two.
This finding is particularly significant, because while the cold and
dense phase of the ISM is typicallymore difficult tomeasure in obser-
vations, the regions of ionized gas with recent star formation (< 10
Myr) may be able to provide an accurate estimate of the metallicity
of the cold and dense gas component.

3.2 Mass-Metallicity Relation (MZR)

After exploring the spatial metallicity distributions of our selection,
we investigate the correlation between gas-phase metallicity and stel-
lar mass (MZR) in the range of masses, 𝑀∗ ∼ 108.75 − 109.75𝑀� ,
in this study. Figure 4 displays the gas-phase MZR in our selection
of galaxies, averaged over all of the pixels from each snapshot, in
both the cold and dense gas and the nebular regions (𝑇 ≈ 104K
with ∼10 Myr star formation) for the total metallicity in solar units,
O in 12+log(O/H) units, and Fe in 12+log(Fe/H) units, the latter
of which is not typically observed in the gas-phase. The data from
each simulation is plotted against observations from Sánchez et al.
(2019) and Tremonti et al. (2004) in 12+log(O/H), which we scale
to the appropriate units for the top panel. Because the gas-phase
MZR varies depending on calibration, we note that this may cause a
slight difference from the actual total solar MZR, but remains a good
approximation for comparison.
Most of the FIRE-2 dwarf galaxies that we analyze in this paper

MNRAS 000, 1–14 (2022)
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Figure 2. Spatial distributions of metallicity of cold and dense gas component (T< 500K) of FIRE-2 galaxies with a pixel size of 250 pc, colored by their
metallicity relative to solar, with the mean solar metallicity subtracted, at 𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 ≈ 0.36 Gyr. Upper-left: Galaxy m11d pre-starburst; LMC-mass galaxy
that exhibits a majorly disrupted gas disk that is constantly expanding after multiple starbursts. Disk is well-mixed with regions of high enrichment. Top-center:
Galaxy m11e; main disk is well-mixed at log 𝑍/𝑍� ≈-0.25 and exhibits an infalling satellite galaxy with a much lower metallicity (log 𝑍/𝑍� ≈ -0.5.). The
galaxies have not yet fully merged, with the satellite now near its first periapsis. Upper-right: Galaxy m11h; LMC-mass small spiral galaxy with a well-mixed
disk and a slight metallicity gradient. Lower-left: Galaxy m11i; small galaxy near three times the SMC mass with a disrupted gas disk from a recent starburst
that is still relatively well-mixed. Metallicity is comparable to the main disk of m11e. Bottom-center: Galaxy m11q; another small galaxy just under twice the
SMC mass undisturbed by starbursts or recent star formation.

appear to match the observed MZR, with galaxies m11d, m11h, and
m11i most closely following the observational distributions. M11h
appears to fall just above the upper threshold of observations from
Sánchez et al. (2019).Whilem11e andm11q still fall within the range
of observations, both exhibit a decreasing relationship of metallicity
with stellar mass in Figure 4 resulting in contrast to m11d, m11h,
and m11i.
Most of the galaxies in our sample (m11d, m11h, and m11i) are

also in good agreement results found in other literature using FIRE
to evaluate the MZR, including Ma et al. (2016) and Escala et al.
(2018), the former of which also compares FIRE galaxies in theMZR
with observational data from Tremonti et al. (2004) at 𝑧 ≈ 0.
There appears to be little difference between the two plotted ISM

phases. One difference is that the warm ionized gas with recent star
formation appears to have slightly higher scatter in the tails of the
distribution, while the cold and dense gas displays less variation.
Average metallicity appears to be identical with the exception of
m11q and the final few snapshots of m11d, which exhibit a lower
metallicity in the nebular regions than the cold and dense gas.
We note that m11e’s metallicity experiences a sharp drop in the

short timespan of two snapshots, approximately 50 Myrs. This is a
rapid timeframe for a drop in metallicity of half a magnitude, and can
be attributed to the major-merger at the time. Hopkins et al. (2013)

supports this, noting that major-mergers are known to cause such
dramatic drops in gas-phase metallicity.

M11q, however, has no such apparent merger in our analyzed
timeframe to explain such a significant drop in metallicity, and we
see that this occurs throughout the entire span of the ∼1.4 Gyrs
analyzed. Instead, this galaxy appears to be undergoing accretion
of metal-poor gas onto its outskirts, explaining the steep negative
metallicity profile.

We also note that each galaxy appears to have variations both
within themselves at a certain time (a single point in Figure 4) and
over time. For example, galaxies such as m11d, m11h, and m11i
appear to be primarily consistent with their evolution, with m11d
exhibiting more dependence on the scatter caused bymajor starbursts
at later times. We can see that m11e possibly begins an evolution-
dominated path before the satellite appears, resulting in much more
variations within the "galaxy" itself and over time. Galaxy m11q,
however, clearly has a distribution opposite that of the remaining
galaxies, where the feedback caused by accretion prevents a clear
evolution from taking place as variations inside the galaxy dominate
over time.
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Figure 3.Metallicity distributions in various ISM components at 250 pc pixel size for two of the galaxies in this paper (m11e and m11h) from a single snapshot
at 𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 ≈0.36 Gyr, colored as Figure 2. Left column: Hydrogen gas with𝑇 ≈ 104 K (including diffuse ionized component). Top-left panel exhibits m11e’s
main body at a slightly higher metallicity envelope and the infalling companion. As the companion merges, the ionized gas halo is mixing into the main body.
Bottom-left showcases the well-mixed hydrogen of m11h with a weak apparent gradient and some metal-poor gas mixing in the outskirts (𝑅 ≥10kpc). Middle
column: HII nebular regions (𝑇 ≈ 104 K with ∼10 Myr star formation). Center-top panel shows a small distribution of gas in m11e with nebular regions tracing
part of the infalling companion, and the center of the main body. Center-bottom shows how nebular emission tracks star-forming regions, closely tracing the
dense gas peaks in m11h’s spiral arm structure. Right column: Cold and dense gas (𝑇 < 500 K) metallicity as shown in Figure 2, shown for comparison with
diffuse HII gas and nebular regions.

3.3 Metallicity Profiles

We plot radial metallicity profiles of the FIRE-2 dwarf galaxies in
the cold and dense gas in Figure 5. Typically, we would expect very
slight negative relationships in the radial profile for dwarf galaxies,
if they exist at all. Ma et al. (2017) notes that galaxies with strong
perturbations usually have flatter gradients. These forms of feedback
mix the gas, leading to metal distributions that are more uniformly
distributed throughout the ISM than galaxies without as much feed-
back. Further, more massive galaxies with sufficient star formation
and accretion will therefore have a negative gradient as they become
more resistant to feedback, as supported by Bellardini et al. (2021).
Therefore, it is logical to conclude that dwarf galaxies, which are in-
herently more susceptible to feedback due to their small nature, will
be dominated by perturbations and therefore exhibit extremely weak
(if not flat) gradients (El-Badry et al. 2016; Mercado et al. 2021).
However, of the galaxies in this study, we note that not all fol-

low these expectations, and we therefore find it necessary to iterate
through the idiosyncrasies of the radial gradient of each galaxy.
M11d is the only galaxy in our selected sample that appears to

exhibit a positive gradient, although it is slight. This galaxy also
exhibits the largest spread in metallicity, covering just more than an

order of magnitude. This galaxy undergoes several significant large-
scale starburst/feedback episodes, the most of any galaxy studied
here, so we consider this as a possible cause behind the positive
gradient.
M11e is a particularly interesting case in terms of the metallicity

profile. The merging body is clearly visible as a second distribution,
and the significant drop in metallicity creates a particularly steep
gradient. Because we recognize that the major-merger is the cause of
this unique gradient, we chose to fit a line through the main body of
m11e by limiting the radius to only the primary disk, and selecting
to fit the corresponding line to snapshots where the satellite galaxy
is not present in the cold and dense gas. As a result, we believe we
obtain a far more realistic value for m11e’s metallicity gradient in
the cold and dense gas before the merger is present, represented by
the dashed teal line, and we are therefore able to analyze the galaxy’s
gradient both pre-merger and during the merger, matching findings
by Hopkins et al. (2013). We note here that our analysis timeframe
concludes before the two bodies are able to effectively mix, which
is why the gradient appears to be particularly steep. We predict that
over time as the two galaxies begin mixing, the gradient will continue
to flatten.
While it maintains a metallicity slightly higher than that of the
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Figure 4. Gas-phase mass-metallicity relation (MZR) plots of five FIRE-2 dwarf galaxies in cold and dense gas (𝑇 < 500 K) and HII gas (𝑇 ≈ 104 K with
recent SFR), in total metallicity (top row), O (center row), and Fe (bottom row). Each point represents different snapshots, denoting the average metallicity and
stellar mass of all the designated ISM component gas in each, with colors as Figure 1. Thick bars denote 25%− 75% range of distribution of 250 pc pixels within
each snapshot and thin bars represent 5% − 95% range. Shaded red regions represent the range of observational data from Sánchez et al. (2019). Dark red lines
show observational data T04 from Tremonti et al. (2004), with the solid line showing the median data points, the dashed lines showing -68% and +68%, and
dotted lines as -95% and +95%. There seems to be little difference between cold dense and nebular regions, with nebular regions exhibiting scatter to slightly
higher abundances in the tails of the distributions. Simulations are generally in agreement with estimated range of metallicities from Sánchez et al. (2019). and
Tremonti et al. (2004).

pre-merger m11e, the body of m11h has a nearly identical metallicity
gradient as themain body ofm11e.Here,we see a smaller distribution
than in the previous two galaxies, both in terms of size and spread.
While this galaxy is smaller, this negative gradient matches what is
expected for inside-out galaxy formation in disk galaxies of higher
masses, both at observations (Magrini et al. 2016; Sharda et al. 2021)
and simulations (Pilkington et al. 2012; Ma et al. 2017; Bellardini
et al. 2021).
As seen in Figure 2, m11i is our smallest galaxy in the sample and

displays the least scatter in its metallicity profile. A large majority of
the gas is concentrated within 5 kpc and the metallicity stays within
approximately 0.25 dex. This is the flattest gradient of our sample,
and displays an extremely slight negative trend.
M11q is similar to both m11h and m11i in terms of having little

spread in metallicity over most of the galaxy, but it has a strong
negative gradient. This gradient in particular is similar to that found
in m11e post-merger, but there is no major-merger in this timeframe

to explain such a stunningly steep gradient. In this case, we attribute
this steep gradient to a high rate of metal-poor gas accretion in the
galactic outskirts; the cold and dense gas reservoir appears to increase
by roughly 5% over 200 Myr, and corresponds to the period where
m11q’s variations in metallicity are at their highest.
Similar gradients can be found in other literature on FIRE galaxies,

such as inMa et al. (2017), despite the fact that they use high-redshift
and higher-mass galaxies.

3.3.1 Mass-Metallicity Gradient Relation (MZGR)

We compare the MZGR in these simulations to that of data from
the SDSS MaNGA Survey in Belfiore et al. (2017), referenced in
Figure 6. However, we note to the reader that these observations
are complete for stellar masses greater than 109𝑀∗, and not all of
our analyzed galaxies fall within this range. We plot all galaxies
studied on this figure, splitting m11e into pre and post-merger in
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Figure 5. Radial profiles of the cold and dense gas metallicity in all five galaxies, analyzed here with 250 pc pixel size, where each distribution contains all
pixels of the corresponding galaxy (across all snapshots). Shaded regions represent 50%, 75%, and 95% of data. Colors are as Figure 1, with box and whiskers
representing the same ranges as Figure 4 in each radial bin. The least squares regression, denoted by the dashed black line, is fit through the entire distribution
with the exception of m11e, where an additional cyan line has been plotted through only the main galaxy body before the satellite appears in the simulation (R≥5
kpc and 𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 > 0.6 Gyr).Upper-left: m11d; The galaxy is majorly disrupted due to starbursts, producing a positive metallicity gradient. Center-top: m11e;
An apparent steep metallicity gradient appears due to the merging companion. See cyan line for more accurate fit of main galaxy body (and further discussion
in §3.5). Upper-right: m11h; An LMC-mass spiral with inside-out growth; slight negative metallicity gradient consistent with inside-out disk growth models.
Lower-left: m11i; Flat to slight gradient owing to a very well-mixed nature. Center-bottom: m11q; A very steep gradient possibly due to metal-poor inflows that
significantly affect the galaxy due to its small size and mass.

order to more accurately compare the galaxy’s ‘true’ gradient with
and without the presence of the merging companion. For the galaxies
that overlap with the mass range in Belfiore et al. (2017), we see that
the simulations are consistent with observations. While the scatter in
individual galaxies of the observations appears to be far greater than
our simulations, the median observational values are still consistent
with our results.
Most gradients are flat or extremely close to zero, with m11d ex-

hibiting a slightly positive scatter, despite having the same stellar
mass as m11h. In addition, m11h exhibits the least amount of varia-
tion of its gradient. The three galaxies m11e (pre-merger), m11i, and
m11q all have a roughly identical gradient, despite m11q’s smaller
stellar mass. We also make note of the significant drop in metal-
licity and increase in stellar mass for the separately distinguished
post-merger phase of m11e shown in Figure 6.
We include a version of Figures 5 and 6 using nebular gas metal-

licity in A. The results are qualitatively similar, reassuring for our
comparison with observations.

3.4 Enrichment Variation Between ISM Phases

Studying the relative metallicity enrichment between various phases
of the ISM, such as the cold and dense gas and ionized gas, allows us
to gain understanding as to whether the metals are moving spatially
or between phases. All galaxies studied here appear to have a tight
correlation in relative enrichment between the cold and dense and
nebular ISM phases, with scatter remaining of approximately ±0.1
dex.
Figure 7 provides an overview of the metallicity enrichment be-

tween the cold and dense gas and ionized gas. Remarkably, there is
no significant bias in the average enrichment of phases in any of the
galaxies. This occurs for both the diffuse and nebular HII, although
we see slightly more scatter in the diffuse gas, which is consistent
with other FIRE simulations at larger masses, such as MW mass
galaxies in Bellardini et al. (2021).
The two distributions in metallicity enrichment for m11e is par-

ticularly noticeable. This brings to attention that throughout m11e’s
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Figure 6. Cold and dense gas metallicity gradients as a function of stellar
mass (MZGR) for all FIRE-2 dwarfs, with m11e being split into pre-merger
(circle) and post-merger (star). Points denote the position of the galaxy’s
average stellar mass and average slope of metallicity gradient in dex per kpc
(displayed in Figure 5). Thick vertical bars denote 25%− 75% of data within
that interval and thin vertical bars represent 5%−95% of data. Thick horizontal
bars represent the change in stellar mass, with the leftmost point being the first
snapshot and the rightmost point depicting the last snapshot. Colors are as
Figure 1. Grey and burgundy points and errorbars are observational data in the
MaNGA survey from Belfiore et al. (2017), where grey points are individual
galaxies and red points are the median values of 0.25 dex stellar mass bins.
Galaxies have weak to negative gradients; they exhibit a positive slope shortly
after starbursts, as in the case of m11d. m11e clearly has a gradient similar
to that of m11h and m11i until the merger. Simulations are consistent with
observations.

merging process with its satellite galaxy, the two ISM phases of the
merger still primarily stay within ±0.1 dex of each other. We conduct
further investigation in §3.5.
Also evident is m11q’s steep metallicity scatter to low 𝑍 in the

nebular ISM. Again, this is a rather interesting result since m11q is
one of the smallest galaxies in the sample, and it appears to exhibit as
much (if not more) scatter as m11d, which also has significantly more
feedback events that also occur on a much larger scale in relation to
the size of the galaxy.
In order to understand the cause of the scatter outside ±0.1 dex, we

investigate the outlying pixels in a single snapshot. Figure 8’s smaller
five panels in the lower-right represent the snapshot at 𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 =

0.36Gyrs. This figure shows the metallicity relative between the cold
and dense gas and ionized gas for every pixel, with the same filled
contours as Figure 7 for reference, but we study several regions of
outlier pixels individually.
The scatter seen occurring in the cold and dense gas (at constant

𝑍HII) appears to primarily consist of pixels that have a low surface
density in the cold and dense component. We also note that scatter
predominately seems to occur at either constant 𝑍CD or 𝑍HII; we see
very little deviation outside of relative pure 𝑍CD or 𝑍HII enrichment
.
To understand this finding in Figure 8, we supplement a visual for

the physical processes of the scatter in the form of a panel of insets
showing the locations of pixels in the boxed regions of metallicity
space. Only the outlying pixels are colored, which allows us to easily
identify exactly which pixels are the culprit. There is a clear connec-
tion in what seems to be causing the directional scatter. From these
inset images, we generally conclude here that positive scatter in the
cold and dense gas is caused by metal-rich starbursts, and negative
scatter in the ionized gas is caused by metal-poor inflows into the
galaxy.
Reaching back to the peculiar case of m11q, it can easily be seen

how the metallicity profile is so influenced. As discussed earlier,
dwarf galaxies are ideal targets for studying the effects of feedback
since it is more well-pronounced in such a small body. m11q is
both the smallest galaxy in the sample, and appears to have a large
amount of extremely metal-poor gas accretion. This can directly
explain the results of Figure 5, and why the gradient of m11q is far
more influenced by this accretion.

3.5 Merging Metallicity Distributions

M11e is unique in that it has a clear major merger during the t∼1.4
Gyrs studied. We find it important to further analyze the effect of
the merger on the primary galaxy in terms of metallicity enrichment
patterns.
Figure 9 shows the merger in the cold and dense gas, from roughly

the time the companion appears in our analysis (𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 = 0.76
Gyrs) to the end of our analysis period (𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 = 0Gyrs). We see
that the infalling galaxy appears to be roughly the same size as the
main body, but with a metallicity that is nearly half a dex lower. Both
galaxies appear to have their metallicity nearly uniformly distributed
in the cold and dense gas.
As we see time pass and the satellite spirals into into the main

body, the cold and dense components appear to first make contact
and complete the first periapsis around 𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 ∼ 0.36 Gyrs, the
second panel of Figure 9. The cold and dense phases of the two
galaxies continue to swirl and interact, setting off minor feedback
events, before finally setting off a major starburst that disrupts the
entirety of m11e’s main body in the last snapshot (𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 = 0
Gyrs), serving as an interesting shape reminiscent of a tennis racquet.
Over this same analysis period, we can see the satellite very slightly
increase in its overall metallicity, which is better viewed in Figure 10.
In addition, the primary body of m11e has a significant drop in the
metallicity by the time the first periapsis occurs.
While previous literature such as Torrey et al. (2012) indicates

that major mergers in disk galaxies typically flatten the metallicity
gradient through metal-poor inflows, we would like to not that the
merging of m11e, as a dwarf galaxy, is a different scenario. Repre-
sentative through both Figure 5, 6, and 9, the gradient of m11e does
not flatten at all but steepens as a result. Therefore, the analysis of
major mergers between larger disk galaxies and dwarf galaxies, like
m11e, may result in different effects on the metallicity gradients.
While looking at the spatial maps of the cold and dense compo-

nent is illuminating, we are equally interested in the metallicity as
a function of time. We therefore further analyze the distributions of
metallicity in both galaxies through both the nebular regions (HII
with recent star formation) and the cold and dense gas in Figure 10.
In addition to seeing the two distributions in each ISM component,
the slope of the satellite’s metallicity becomes apparent, particularly
through a regression line fit through the cold and dense gas metal-
licity in the middle panel of Figure 10. While the galaxy appears to
have an upward trend in metallicity, the fitted line’s slope represents
a slope of about 0.1 dex/Gyr in the cold and dense gas. We find
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Figure 7. Comparing the enrichment of the cold and dense gas and HII gas (nebular and nebular+diffuse regions) in the five galaxies at 250 pc pixel scale for
all snapshots. Filled contours denote 50%, 75%, and 95% of data inclusion in nebular regions; unfilled contours represent the nebular regions as well as diffuse
HII component. Dashed line denotes equal abundances in the two phases, and dotted lines represent ±0.1 dex. Colors are as Figure 1. In all cases, observable
(nebular) regions are close to equal in abundance (with about ±0.1 dex scatter). Despite larger starbursts, m11d is mixed fairly well; but a diffuse HII component
has a spray to high relative enrichment of the cold phase/low enrichment of the HII phase, which occurs at low cold dense surface density (Σ𝐶𝐷 < 3𝑀�pc−2).
m11e has a well-mixed distribution, but two clear groupings are visible between the galaxy and a companion. m11h and m11i are both very well-mixed with no
significant departures and little difference between nebular and diffuse HII. m11q has a spray to low HII enrichment relative to the cold dense component, but is
still relatively well-mixed.

that this slope is consistent with self-enrichment from internal star
formation in the satellite’s main body.

4 DISCUSSION

In this paper we have explored the stellar mass–gas-phase metallicity
relation (MZR) and metallicity gradients in a suite of FIRE-2 dwarf
galaxies. These relations connect the products of stellar evolution
to the evolutionary history of the galaxy and have been studied for
decades (e.g., Vila-Costas & Edmunds 1992; Tremonti et al. 2004).
Assuming a so-called closed-box model (i.e., no inflow or outflow
of gas into the galaxy), the metal enrichment would be consistent
with the integral of the star-formation rate over cosmic time (star
formation history). This would give a linear MZR and metal profiles
that reflect higher metal content with galaxies/regions of higher star
formation rate (Ellison et al. 2008). Dwarf galaxies systems are far
from closed-box. They are more susceptible to feedback events and

therefore prone to outflows, and are more disrupted by mergers and
starbursts. Our findings reflect this; in regards to the MZR, while
we find a general linear increase in metallicity with stellar mass,
we also find a large amount of scatter can exist among galaxies of
similar masses, and that this scatter is consistent with observations
(Sánchez et al. 2019). Merging systems produce the most scatter in
both stellar mass and in metallicity. We also find that the FIRE-2
dwarfs are consistent with observations of the median metallicity
gradients observed by the MaNGA survey (Belfiore et al. 2017) and
that most gradients are flat or slightly negative, although individual
observed galaxies seem to exhibit more scatter.We show that mergers
and metal poor gas inflows produce steeper gradients (e.g. Figure 5).
Our results therefore suggest that outflows, inflows, aswell asmergers
play an important role in the overall metal-content and metal profile
of galaxies and in particular are especially important for interpreting
metallicity observations of dwarf galaxies (Hopkins et al. 2013).
We find that turbulent mixing is important for dwarf galaxies’

metallicity profiles and a lack of observed correlation between met-
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Figure 8. Larger five panels: Comparison of cold and dense gas abundances to HII gas abundances from all snapshots for each galaxy. Points are representative
of every 250 pc square pixel, including diffuse HII gas, and are colored by the dex of the cold dense gas surface density (𝑀� 𝑝𝑐−2). Unfilled contours are the
same filled contours (observable nebular regions with no diffuse gas) from Figure 7. Dashed and dotted lines are as Figure 7. Dashed rectangles, with colors
as Figure 1, represent areas of enrichment scatter from the one-to-one line where the cold and dense gas and HII gas are equally enriched. Smaller five panels:
In the lower-right corner, the color-coordinated image for each galaxy (ordered as larger panels) shows the spatial distribution of the boxed points in the larger
five panels, highlighting their origin. The full 𝑍𝐶𝐷 distribution in grey, similar to those shown in Figure 3. M11d’s imaged scatter in the red panel, where
𝑍𝐶𝐷/𝑍� > 0, clearly demonstrates that scatter in the +x direction is resultant of metal-rich starbursts. The analyzed scatter for m11e , m11h, m11i, and m11q
all show metal-poor HII gas falling into the galaxies, and in cases like m11q, these inflows contribute to a particularly steep metallicity gradient.

als and SFR (see Appendix C). Starbursting events (e.g., m11d),
mergers (e.g., m11e), and spiral-like structure (e.g. LMC-like m11h)
all produce mild negative or flat gradients, and show consistency
with metal expectations from inside-out star formation (Krumholz
et al. 2018). However, given the short sound-crossing time for dwarf
galaxies, mixing is highly efficient and quickly acts to flatten metal
gradients. While we note that regions of high star formation rate
correspond to regions of enhanced metals and tighter correlation
between metals found in cold gas and nebular gas (see Figure B2),
efficient turbulent mixing quickly diminishes correlations between
star formation and metal enhancements. Regions of moderate to low
SFR have no correlation with metal content and more scatter ex-
ists between cold and nebular gas. Indeed observational studies have
found weak or no correlation between SFR and gas-phase metallic-
ity. The strongest correlations tends to be observed only in regions

of high SFR (Lara-López et al. 2010; Salim et al. 2014; Telford et al.
2016; Sánchez et al. 2019).

This remains consistent with previous work in the FIRE simu-
lations. For example, related literature on MW-mass disk galaxies
and their effect on gradients can be applied to m11h, such as Ma
et al. (2017) and Bellardini et al. (2021)’s findings that rotationally-
supported disky galaxies are more likely to have a negative gradient,
which we see in Figure 5, and correlate with El-Badry et al. (2018),
where they classify m11h as having significant rotational support.
Less perturbed galaxies are also found to have flat gradients, as
visible in m11i, where fewer starbursting events occur, versus the
differing gradients of m11d, m11e, and m11q, which are all highly
perturbed by mergers, starbursts, or metal-poor diffuse gas inflow
(Ma et al. 2017; Bellardini et al. 2021; Patel et al. 2021).

This work further explores the relation between different ISM
phases (cold, atomic/molecular, and dense vs. warm, ionized, and
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Figure 9. Spatial distributions of cold and dense gas (𝑇 < 500 K of m11e with a pixel size of 250 pc in three snapshots (𝑡𝑙𝑜𝑜𝑘𝑏𝑎𝑐𝑘 ≈ 0.76, 0.36, 0 Gyrs,
respectively), colored as Figure 2. Left: One of the first appearances of the merging companion galaxy in our analysis. On first infall, the cold components have
not yet mixed. Center: Companion galaxy is close to pericenter, and the cold components have begun to mix. Right: Merging galaxy causes a significant starburst
in the main disk of m11e, producing a tennis racquet shape, with the "head" being the shell of the main disk (starburst having occurred in the center) and the
satellite galaxy forming the "handle" in this projection.

Figure 10.Metallicity distribution in nebular regions (𝑇 ≈ 104𝐾 ) (top panel)
and metallicity distribution in cold dense gas (𝑇 < 500 K) as a function of
time (center panel). Bottom panel displays separation distance between the
main disk of m11e and the merging companion. Cyan lines denote the time of
snapshots seen in Figure 9. The white dashed line represents a least squares
regression of the satellite galaxy’s metallicity distribution in the cold and
dense gas, where an overall slope of approximately 0.1 dex/Gyr is observed.
Both gas phases show a bimodal distribution resulting from the merger,
beginning close to its first appearance in the cold dense gas at t∼0.67 Gyr.

diffuse) and their metal content. Observationally, it is difficult to
probe the cold molecular and atomic gas phase metallicity as the
most common tracers are in the ionized phase (e.g., ionized oxygen).
Studying the relative abundance of metals in cold gas has important
implications for mixing time scales and the metal content of the next
generation of stars, since star formation occurs in cold molecular gas
and not in ionized warm gas. Overall, we find that all galaxies studied
here appear to have a tight correlation in relative enrichment between
the cold and dense and nebular ISM phases. Turbulent mixing pro-
vides a natural mechanism to quickly diffuse metals from one phase
to another and the cascading rates measured in different ISM phases
via power spectral analysis and other statistics are similar (Herron
et al. 2016; Pingel et al. 2018; Burkhart 2021). This tight correlation
breaks down in the outskirts of dwarf galaxies, where almost all of
the gas content is ionized and the regions are subjected to metal poor
inflows. Additionally, star bursting regions can also contribute to an
enhancement of metals in the cold and dense phase relative to the
ionized phase. Overall, for the bulk of the gas in the central regions
of dwarf galaxies, metallicity estimates from observations of nebular
regions are strongly predictive of the cold and dense gas metallicity.

5 CONCLUSIONS

We presented an analysis of spatially-resolved gas-phase metallicity
relations for five FIRE-2 dwarf galaxies with masses between the
SMCandLMC in this paper.We investigatedmetallicity distributions
across several different ISM phases, the gas-phase mass-metallicity
relation, metallicity profiles and gradients, the relative enrichment
between the ISMphases, and and enjoyed a brief case study of amajor
merger into a major-merger in one run (m11e). We can summarize
our findings by the following key takeaways:

(i) All five FIRE-2 dwarf galaxies match the observable gas phase
MZR. We see falling metallicities in time in m11e (explained by the
merging metal-poor satellite galaxy) and m11q (reasoned through
the accretion of metal-poor ionized gas). The three other galaxies,
m11d, m11h, and m11i, all have positive relationships at a fairly
consistent rate.
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(ii) Metallicity in ’nebular regions’ closely traces metals in the
cold and dense gas component, resulting in a typical scatter of ±0.1
dex. By extension of this, we conclude that metallicity estimates
from observations of ’nebular regions’ (ionized gas where there is
recent star formation) are strongly predictive of the cold and dense
gas metallicity.
(iii) The relative metallicity enrichment between the ionized gas

and cold and dense gas reservoirs does not appear to be influenced
by local SFR (see Figure C1). Instead, it can be linked to large-scale
dynamics of the ISM, like gas inflows or galaxy-scale starbursts, as
seen in Figure 8.
(iv) All our simulated galaxies exhibit flat to slightly negative

metallicity gradients, and are consistent with observations, albeit
with slightly more scatter. Results in the ionized gas are identical to
those in the cold and dense gas. Our lowest mass simulations exhibit
a large scatter in their gradients over the analysis period due to their
various dramatic disruptions to their gas dynamics.
(v) Themerging companion inm11e results in an increased stellar

mass, but a drop in average gas-phase metallicity as the metal-poor
satellite begins to incorporate itself into the main body.
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APPENDIX A: METALLICITY PROFILES AND MZGR IN
HII

Here we present the metallicity profiles and gradients as a function
of stellar mass (as in Figures 5 and 6) for the nebular regions in
FiguresA1 andA2.Though qualitatively similar, there is significantly
more snapshot-to-snapshot scatter in the overall gradients in the lower
mass galaxies (particularly m11e and m11q). This is largely due to
the low SFRs (i.e., small number of pixels contributes to the gradient
calculation) and the large flux of warm gas, either in the halo-halo
interaction in the merger for m11e or the gas accretion for m11q.

APPENDIX B: DIFFERENTIAL ENRICHMENT DISTANCE
(DED)

In Figure 7 we found that the metallicity of the cold and dense
gas and the ionized gas phases were nearly identical (within ≈0.1
dex). However, we also explore this by the Differential Enrichment
Distance (DED).

𝐷𝐸𝐷 =
log 𝑍𝐶𝐷/𝑍� − log 𝑍𝐻𝐼 𝐼 /𝑍�√

2
(B1)

A positive DED value indicates higher local enrichment in the
cold and dense gas, while a negative DED value indicates higher
local enrichment in the ionized gas.
We show the distribution of the DED in each of the galaxies,

as a function of gas surface density and star formation rate surface
density, in Figures B1 and B2. We conclude that the cold and dense
gas appears to almost always be slightly more enriched than the
ionized gas on average. We find no significant correlation with the
Differential Enrichment Distance and other physical factors such as
velocity dispersion, gas surface density, and star formation rate.
We note that for the nebular regions there does not appear to be

a significant relationship for the cold and dense gas surface density
or 40Myr SFR. We see a slight striation pattern in the latter (purely
an effect of resolution, i.e., counting individual young star particles),
but neither seem to show any significant relationships aside from the
fact that cold and dense gas is slightly more enriched, despite the
SFR and gas surface density.

APPENDIX C: RELATING METALLICITY TO STAR
FORMATION

During this study, an effort was made to correlate the local star for-
mation rate, metallicity, and effective radius in these five FIRE-2

dwarf galaxies. This can be found in Figure C1, where we represent
the star formation rate’s surface density (averaged over the last 40
Myr, in units of 𝑀�𝑦𝑟−1𝑝𝑐−2), plotted against the log of the total
solar metallicity in the cold and dense gas. There appears to be no
relationship in any of the five galaxies between these two quantities,
with no further dependence on the effective radius as well. We note
that while galaxy m11e appears to have a smaller, mirrored distribu-
tion at lower metallicity and higher radius, that this is likely from the
snapshots of the merging companion, which intuitively explain the
high radius and low metallicity values.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. Metallicity profiles in the ionized gas (with recent star formation) of the five galaxies analyzed here with 250pc pixel size, where distribution
contains all pixels of the corresponding galaxy across all snapshots. Shaded regions represent 50%, 75%, and 95% of data. Colors are as Figure 1 and box and
whiskers are as Figure 4. The least squares regression, denoted by the dashed black line, is fit through the entire distribution with the exception of m11e, where
an additional cyan line has been plotted through only the main galaxy body (R>5 kpc and t< .83 Gyr). Upper-left: Galaxy m11d; majorly disrupted due to
starbursts with a negative metallicity gradient. Center-top: Galaxy m11e; apparent steep metallicity gradient due to the merging companion. See cyan line for
fit of main galaxy body. Both fits appear identical due to the ionized gas regions extending much farther and therefore mixing much earlier than their cold and
dense counterparts. Upper-right: Galaxy m11h; appears to be an LMC-mass spiral with inside-out growth; slight metallicity gradient most consistent with such
growth models. Lower-left: Galaxy m11i; slight gradient owing to very well-mixed nature. Center-bottom: Galaxy m11q; very steep gradient possible due to
metal-poor inflows that significantly affect the galaxy due to its small size and mass.
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Figure A2. Ionized gas (with recent star formation) metallicity gradients as
a function of stellar mass for all FIRE-2 dwarfs, with m11e being split into
pre-merger (circle) and post-merger (star). Points denote the position of the
galaxy’s average stellar mass and average slope of metallicity gradient in dex
per kpc (displayed in Figure 5). Thick vertical bars denote 25%−75% of data
within that interval and thin vertical bars represent 5% − 95% of data. Thick
horizontal bars represent the change in stellar mass, with the leftmost point
being the first snapshot and the rightmost point depicting the last snapshot.
Colors are as Figure 1. Grey points and burgundy points and errorbars are
observational data in the MaNGA survey from Belfiore et al. (2017, ; their
Figure B1), where grey points are individual galaxies and red points are the
median values of 0.25 dex stellar mass bins. Galaxies primarily have a weak
to negative gradient; they may exhibit a positive slope shortly after starbursts,
as in the case of m11d.M11e clearly has a gradient similar to that of m11h and
m11i before its merger.. Simulations are in good agreement with observations.
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Figure B1. Comparing the distribution of cold and dense gas surface density to the relative Differential Enrichment Distance (DED) for all five FIRE-2 dwarf
galaxies. Filled contours denote 50%, 75%, and 95% of data inclusion in nebular regions with no diffuse gas; unfilled contours represent the with the addition
of the diffuse component. Dashed black line represents equal enrichment in both the HII gas and the cold dense gas. Colors are as Figure 1. The filled contours
(observable) appear to be roughly equally enriched, except for m11d and m11i, the two galaxies with the most starburst activity. The biggest scatters exist at low
surface density and are not evident in the nebular regions. No general dependence on the differential enrichment as a function of cold and dense gas surface
density is seen in any of the simulations.
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Figure B2. Comparing the distribution of star formation rate surface density averaged over the last 40 Myrs to the DED for all five galaxies, in the style of
Figure B1. Filled contours denote 50%, 75%, and 95% of data inclusion, including diffuse components. Colors as Figure 1. All distributions appear to be
unbiased, with the exception of m11d. No general dependence on the differential enrichment as a function of SFR is seen in any of the simulations.
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Figure C1.Distribution of the log star formation rate averaged over the last 40 Myrs as surface density (per square parsec) compared to the total solar metallicity
in the cold and dense gas for all five galaxies, from all snapshots. The color of pixels is determined by the radius in kpc. All distributions appear to have
little-to-no correlation between the quantities.
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