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Abstract

The unprecedented infrared spectroscopic capabilities of JWST have provided high-quality interstellar medium
metallicity measurements and enabled characterization of the gas-phase mass—metallicity relation (MZR) for
galaxies at z 25 for the first time. We analyze the gas-phase MZR and its evolution in a high-redshift suite of
FIRE-2 cosmological zoom-in simulations at z=25-12 and for stellar masses M, ~ 10°~10'® M_.. These
simulations implement a multichannel stellar feedback model and produce broadly realistic galaxy properties,
including when evolved to z=0. The simulations predict very weak redshift evolution of the MZR over the
redshift range studied, with the normalization of the MZR increasing by less than 0.01 dex as redshift decreases
from z =12 to z=15. The median MZR in the simulations is well approximated as a constant power-law relation
across this redshift range given by log(Z/Z.) = 0.37 log(My/My) — 4.3. We find good agreement between our
best-fit model and recent observations made by JWST at high redshift. The weak evolution of the MZR at z > 5
contrasts with the evolution at z <3, where increasing normalization of the MZR with decreasing redshift is
observed and predicted by most models. The FIRE-2 simulations predict increasing scatter in the gas-phase MZR
with decreasing stellar mass, in qualitative agreement with some observations.

Unified Astronomy Thesaurus concepts: Galaxies (573); High-redshift galaxies (734); Metallicity (1031);
Chemical abundances (224); Galaxy chemical evolution (580); Galaxy abundances (574); Interstellar medium
(847); James Webb Space Telescope (2291); Galaxy formation (595); Astronomical simulations (1857); Early
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1. Introduction

The mass—metallicity relation (MZR) is the observed
positive correlation between a galaxy’s stellar mass and its
metallicity (Lequeux et al. 1979; Tremonti et al. 2004). There
are both stellar and gas-phase versions of the MZR, which
relate stellar mass to stellar metallicity and interstellar medium
(ISM) metallicity, respectively. Throughout this work, we
focus on the gas-phase MZR. The MZR and its evolution have
been observed extensively across wide ranges of redshift and
stellar mass (e.g., Erb et al. 2006; Lee et al. 2006; Zahid et al.
2011, 2012; Henry et al. 2013a, 2013b; Maier et al. 2014;
Steidel et al. 2014; Yabe et al. 2014; Sanders et al. 2015; Guo
et al. 2016). Zahid et al. (2013) characterized the observed
evolution of the MZR from z = 0 to 2.3, noting that, for a given
stellar mass, metallicity tends to increase as redshift decreases.
Previously, relatively small samples of galaxies have been able
to confirm the existence of the MZR up to z ~ 3 (e.g., Maiolino
et al. 2008; Mannucci et al. 2009).

Recently, new observations from the James Webb Space
Telescope (JWST) have greatly expanded the physical regimes
where the MZR has been probed, both in mass and in cosmic
time. For example, Nakajima et al. (2023) characterize the
evolution of the MZR for 4 <z< 10 using metallicity
measurements of 135 galaxies identified by JWST in this
redshift range. Curti et al. (2024) analyze the gas-phase
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metallicities of 146 high-redshift (3 <z < 10) galaxies
observed by JWST, 80 of which were also present in the
sample from Nakajima et al. (2023). Bunker et al. (2023) use
strong line ratios to constrain the metallicity of GN-z11 at
7~ 10.6. Gas-phase metallicities have been derived for a
number of other high-redshift JWST targets via direct methods
(e.g., MACS 0647-]D at z = 10.165, Hsiao et al. 2024; galaxies
in JWST Early Release Observations at z ~ 8, Curti et al. 2023;
and nine sources in the sight line of MACS J1149.5+2223 at
7=3-9, Morishita et al. 2024). It is imperative that these
unprecedented advances in observations of the MZR at high
redshift and low stellar mass be met with detailed theoretical
predictions in the newly probed regimes.

The MZR and its evolution have been studied at high
redshift in a number of different simulation codes, such as
MustrisTNG (Torrey et al. 2019), FirstLight (Langan et al.
2020), SERRA (Pallottini et al. 2022), ASTRAEUS (Ucci et al.
2023), and FLARES (Wilkins et al. 2023). FirstLight,
ASTRAEUS, and FLARES predict weak or no evolution in
the MZR for z 2 5. The Feedback in Realistic Environment
(FIRE) project” is a set of cosmological zoom-in simulations
that resolve the multiphase ISM of galaxies and implement
detailed models for star formation and stellar feedback
(Hopkins et al. 2014, 2018, 2023). Ma et al. (2016)
characterized the MZR in the first generation of FIRE
simulations from z =0 to z=6. A number of previous works
(e.g., Ma et al. 2016; Torrey et al. 2019; Langan et al. 2020)
invoke gas fractions to explain the redshift evolution or lack of

4 See FIRE project website: http://fire.northwestern.edu.
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redshift evolution in the MZR. Recently, Bassini et al. (2024)
analyzed the evolution of the MZR for z=0-3 in FIREbox
(Feldmann et al. 2023), a cosmological volume simulation that
uses FIRE-2 physics.

In this work, we present the MZR predicted from a high-
redshift suite of FIRE-2 simulations. We measure the MZR at
redshifts 5 < z < 12, and we provide fitting formulae describing
the redshift evolution of the MZR. We show that our model is
in agreement with recent high-redshift observations of the
MZR made by JWST. We compare our best-fit MZR with
previous simulation-based models across this redshift range.
This work analyzes the same suite of FIRE-2 simulations as
done in two recent papers by Sun et al. (2023a, 2023b), who
focus on bursty star formation and its implications for the high-
redshift ultraviolet luminosity function (UVLF) and survey
selection effects in the context of JWST. Yang et al. (2023)
also analyzed some galaxies from this suite of simulations and
showed that metallicities derived from mock observations of
emission lines from individual H 1I regions of FIRE-2 galaxies
are in lo agreement with JWST and Atacama Large
Millimeter/submillimeter Array observations.

This paper is organized as follows. In Section 2, we describe
the high-z suite of FIRE-2 simulations used in this paper and
the methods used to analyze the gas-phase MZR. In Section 3,
we present the resulting high-z MZR in FIRE-2 simulations.
We compare our results with new observations made by JWST
and with previous theoretical models of the MZR derived from
FIRE-1 and other simulations. Finally, in Section 4, we
summarize the key conclusions from this work and discuss
potential future work on high-z metallicity scaling relations.

Throughout this work, we adopt a standard flat ACDM
cosmology with cosmological parameters consistent with
Planck Collaboration et al. (2020). We define a galaxy’s gas-
phase metallicity to be the mass-weighted mean metallicity of
all gas particles within 0.2R,;, of the galaxy’s center. All log
functions are base 10, except when written as In (natural
logarithm).

2. Methods
2.1. Simulations

The simulations analyzed in this paper are cosmological
zoom-in simulations from a FIRE-2 high-redshift suite
originally presented by Ma et al. (2018a, 2018b, 2019). All
simulations in this suite were run using the GIZMO code
(Hopkins 2015). The hydrodynamic equations are solved using
GIZMO’s meshless finite-mass method. The 34 particular
simulations analyzed in this paper are the zSm12a—e, zSmlla—
1, zSm10a—f, zSm(09a-b, z7ml12a—c, z7mlla—c, zZ9ml2a, and
z9mlla—e runs. The names of these simulations denote the
final redshift that they were run down to (zq, =35, 7, or 9) and
the main halo masses (ranging from M, ~ 10° to 10'* M) at
these final redshifts. Baryonic (gas and star) particles have
initial masses m;, =100-7000 M. (simulations with more
massive host galaxies have more massive baryonic particles).
Dark matter particles are more massive by a factor of
Qpm/Q~ 5. Gravitational softenings are adaptive for the
gas (with minimum Plummer-equivalent force softening
lengths ¢, =0.14-0.42 physical pc) and are fixed to
€, = 0.7-2.1 physical pc and epy; = 10—42 physical pc for star
and dark matter particles, respectively.
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A full description of the baryonic physics in FIRE-2
simulations is given by Hopkins et al. (2018), while more
details on this specific suite of FIRE-2 simulations are
discussed in Ma et al. (2018a, 2018b, 2019). Here, we briefly
review the aspects of the simulations most pertinent to our
MZR analysis.

FIRE-2 simulations track the abundances of 11 different
elements (H, He, C, N, O, Ne, Mg, Si, S, Ca, and Fe). Metals
are returned via multiple stellar feedback processes, including
core-collapse and Type Ia supernovae as well as winds from
O/B and asymptotic giant branch stars. Star particles in the
simulations represent stellar populations with a Kroupa initial
mass function (Kroupa 2001) and the stellar evolution models
from STARBURST99 (Leitherer et al. 1999). These simula-
tions also include subgrid modeling for turbulent diffusion of
metals to allow for chemical exchange between neighboring
particles. The implementation and effects of the subgrid
turbulent diffusion model in FIRE simulations are described
in Colbrook et al. (2017) and Escala et al. (2018).

2.2. Analysis

We analyze galaxies in each simulation at snapshots from
z=1>5 to z= 12, with integer redshift increments. In addition to
the main, most massive galaxy, each simulation’s zoom-in
region captures numerous other, less massive galaxies. The
coordinates of galaxy centers and virial radii are taken from
Amiga Halo Finder catalogs (Gill et al. 2004; Knollmann &
Knebe 2009). Halos are defined using the redshift-dependent
overdensity parameter from Bryan & Norman (1998). The
galaxies used in our analysis are filtered based on the following
criteria. Galaxies must have a minimum stellar mass within
0.2R;; M, > 10° M, and a nonzero gas mass (M,, > 0) within
the same radius, and the halo must have a minimum virial mass
given by M,;, >10° M.. We exclude satellite galaxies and
subhalos from our analysis, as their properties can be
significantly influenced by their host galaxy. Finally, we filter
out any galaxies that are “contaminated” by low-resolution
dark matter particles residing within 1R,;, of their center. After
applying these cuts, the number of galaxies in our sample at
different redshifts ranges from Ny, = 106 to 300.

This work focuses on the MZR for gas-phase metallicity,
which reflects the current chemical composition of a galaxy’s
ISM. We leave the analysis of stellar metallicities, which
provide information on the integrated chemical enrichment
history of galaxies, as a subject for future work. We define a
galaxy’s gas-phase metallicity to be the mass-weighted mean
metallicity of all gas particles within 0.2R,;. of the galaxy’s
center. We calculate a galaxy’s stellar mass as the total mass of
all star particles within 0.2R,; of the center. We choose 0.2R;;
as the outer boundary for our galaxies rather than the
commonly used 0.1R,;. due to the tendency of high-redshift
galaxies to have more expansive stellar populations relative to
their virial radii as compared to galaxies at lower redshift. This
is consistent with the radial cut used by Sun et al
(2023a, 2023Db) in their analysis of the same simulation suite.

In Appendix C, we consider alternative definitions and gas
cuts for calculating gas-phase metallicities. This includes
weighting by gas particles’ star formation rate (SFR) property
(rather than by mass) when calculating metallicity, setting the
outer boundary of galaxies to be 0.1R,;, (rather than 0.2R.;),
and introducing a temperature cut of Ty, < 10* K on gas
particles used to calculate metallicity. The SFR-weighting
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scheme has only a minor impact on our calculated MZR and
likely introduces a bias by removing galaxies with no star-
forming gas from our sample since, according to the
fundamental metallicity relation (FMR), galaxies with lower
SFR will tend to have higher metallicities at fixed stellar mass
(Ellison et al. 2008; Mannucci et al. 2010; A. Marszewski et al.
2024, in preparation). We also show that our MZR is relatively
insensitive to the different radial and temperature cuts applied
to gas particles in our analysis.

3. Results

In this section, we present the MZR for our analyzed
galaxies. Gas-phase metallicities are given in units of
log(Z/Z), where Z is the total metal mass fraction and we
have adopted the solar metallicity, Z, = 0.02, from Anders &
Grevesse (1989). With this value of Z.,, we can convert to units
of oxygen abundance (often more relevant for comparing with
observations) using the calibration presented in Appendix B of
Ma et al. (2016),

10g(Z/Z) = 12 4 log(O/H) — 9.00. (1)

This calibration was obtained by fitting metallicity against
oxygen abundance in FIRE-1 simulated galaxies and may be
subject to systematic uncertainties originating from supernova
rates, metal yields from different enrichment processes, and the
fiducial solar metallicity used in FIRE simulations.

3.1. MZR

At each redshift analyzed, we separate the data into five
stellar mass bins of equal width. These stellar mass bins span
from the minimum stellar mass of galaxies included in our
sample (M, = 10° M) to the maximum stellar mass of
galaxies in our sample at that redshift. We then calculate linear
best-fit models between the median values of log(Z/Z.) and
log(My/M.) in different stellar mass bins. For purposes of
fitting, the median metallicity value of each stellar mass bin is
given equal weight. We provide a fitting formula across our
redshift range (z €[5, 12]) by allowing the slope and y-
intercept of the linear fit to vary with (1 4 z) using the form

log(Z/Z:) = A(2)log(My/M) + B(2), )
where
1+z)\*
A = s 3
@ a(l * 8) 3)
1+z d
=b|l——-1. 4
B(z) b(l n 8) “4)

To investigate the importance of the redshift evolution of the
slope and normalization of our fits, we also provide fitting
formulae where we fix combinations of these parameters across
our redshift range. In particular, we present one version of the
fit where we fix the slope of the MZR by setting oo =0 and
another version of the fit where we fix both the slope and
normalization by setting a = = 0. Our best-fit parameters for
all three versions of the fit are given in Table 1. The MZR for
each analyzed galaxy along with the medians of each stellar
mass bin and the three versions of the best-fit lines are plotted
for all analyzed redshifts in Figure 1.

The agreement between our redshift-evolving fits and our fit
with no evolution suggests weak redshift evolution of the MZR
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Table 1
Best-fit Parameters for Three Different Evolution Models of the MZR Using
the Form Given by Equation (2)

Model a b @ 15

Slope and normalization evolution 0.3717 —4.251 0.2065 0.1493
(A(2), B(2))

Normalization evolution (B(z)) 0.3683  —4.232 0 0.0380

No evolution 03702 —4.241 0 0

Note. For the first model, both the slope and normalization of the MZR are
allowed to vary smoothly with (1 + z). The second model fixes the slope of the
fit but allows for the normalization to vary. The third model fixes both the
normalization and slope across our entire redshift range (z = 5-12).

across our redshift range. Our slope and normalization
evolution fit is characterized by a decrease in slope and an
increase in normalization of the MZR with decreasing redshift.
The effects of these changes, however, largely offset one
another across our stellar mass range. From the normalization
evolution version of our fit we find that, when holding the slope
constant, the normalization of the MZR changes by only ~0.01
dex over our entire analyzed redshift range (z=35-12). The
evolution found in either of these models is within the level of
inherent uncertainty in our data, as evidenced by their
agreement with the no evolution model. We therefore conclude
that the MZR in our simulations is characterized by weak to no
redshift evolution for z > 5.

We also find that the scatter of our relation tends to decrease
with increasing stellar mass. For examyle, our lowest two
stellar mass bins, centered below 107 M., have scatters
between 0.6 and 1.2 dex, while stellar mass bins centered above
10%° M, typically have scatter of less than 0.5 dex. Therefore,
FIRE-2 simulations predict large scatter in the MZR at low
stellar mass. We hypothesize that this is, in part, due to galaxies
becoming less bursty relative to their stellar mass as their stellar
mass increases. This explanation would be consistent with the
FMR where the SFR (or gas fraction) acts as a secondary
predictor for metallicity (Ellison et al. 2008; Mannucci et al.
2010). According to the FMR, smaller variance in SFRs at a
given stellar mass would result in smaller scatter in the
metallicities at that stellar mass. The scatter we predict at the
low-mass end is much larger than predicted by Bassini et al.
(2024) in their analysis of FIREbox simulations at z < 3, but it
is not inconsistent with that study, as the mass range where we
predict increased scatter is below the mass limit of their
analysis (M. ~ 10® M_.). There is also likely some redshift
evolution of the scatter between z =135 and z =3. We verified
using FIRE-2 zoom-in simulations evolved to z =0 that the
scatter in the MZR at z =3 increases significantly below the
lower stellar mass limit used by Bassini et al. (2024) but is in
agreement with their results above this limit. We do not find a
clear redshift evolution trend of the scatter of the MZR at fixed
stellar mass over our redshift range in FIRE-2.

3.2. Comparison with Observations

The advent of JWST has allowed for the measurement of
significant samples of ISM metallicities at z > 5 for the first
time. JWST surveys have already made many metallicity
measurements available for galaxies at much earlier redshift
than previously feasible (e.g., Curti et al. 2024; Nakajima et al.
2023). Hsiao et al. (2024) measure the metallicity of MACS
0647-JD using the direct, T,-based method at z=10.165, and
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Figure 1. The evolution of the gas-phase MZR in FIRE-2 simulations from z =5 to 12. The solid black, solid red, and dashed blue lines show our best fits to the
medians for the slope and normalization evolution, normalization evolution, and no evolution models, respectively. Values for the slope (A) and normalization (B) are
provided for each model at the bottom right of each redshift panel in their corresponding color. Metallicities for individual galaxies are shown in orange. The median
metallicities of stellar mass bins that contain at least five galaxies are shown by filled black squares with error bars representing the 16th and 84th percentiles. Open
black squares represent the median metallicities of stellar mass bins that contain fewer than five galaxies. Both the slope and normalization of the MZR are

approximately constant over this redshift interval.

Bunker et al. (2023) present a metallicity measurement of the
galaxy GN-z11 using strong line ratios at z = 10.6, further
demonstrating the observational power of JWST. With
additional large samples of metallicity measurements from
JWST on the way, it is timely that we verify the results of our
simulations against current observations and make predictions
for future observations. Here, we compare our best-fit MZR to
observations already made available from JWST surveys.
Nakajima et al. (2023) and Curti et al. (2024) present
metallicity measurements made by JWST’s Near Infrared
Spectrograph instrument of 135 and 146 galaxies, respectively,
primarily using strong line methods. There are 80 galaxies that
are originally presented by Nakajima et al. (2023) that are also
included in the analysis by Curti et al. (2024). The sample from
Nakajima et al. (2023) includes 10 direct, T,-based measure-
ments. Curti et al. (2024) include three direct, T,-based
measurements, originally presented by Curti et al. (2023), as
well as the measurement of GN-z11 by Bunker et al. (2023), all
of which we compare to individually. Galaxies analyzed in
Curti et al. (2024) have redshifts in the range 3 <z < 10 and
stellar masses in the range 10°° <M, /M < 10", while
galaxies in Nakajima et al. (2023) have redshifts 4 <z < 10
and stellar masses 107 < M, /Mo < 10'°. Each stellar-mass-
binned mean metallicity from these two works is in reasonably
good agreement with our best-fit MZR. However, both works
report a smaller slope in the observed MZR (A =0.17 +0.03
from Curti et al. 2024 and A =0.25£0.03 from Nakajima
et al. 2023). Morishita et al. (2024) provide nine additional gas-
phase metallicity measurements of galaxies with redshifts
3 <7< 9 made via the direct method. A comparison between
the best-fit model presented in this work and recent high-z
JWST observations of the MZR is shown in Figure 2.
Additionally, Curti et al. (2024) report a significant difference

in normalization between the high-redshift MZR and the MZR
in the local Universe. The MZR is found to be offset by an
average of —0.48 dex and —0.64 dex in the z=3-6 and
z=6-10 redshift bins, respectively, as compared to the low-
mass extrapolation of the MZR in the local Universe presented
by Curti et al. (2020). These findings support the notion that the
MZR evolves significantly for z < 3 and evolves weakly or not
at all for z 2 3. Nakajima et al. (2023) do not find significant
evidence for evolution of the MZR over the redshift
range z = 4-10.

Increasing scatter of the MZR with decreasing stellar mass is
found in several observational works at lower redshift (e.g.,
Zahid et al. 2012 at z<0.1 and Guo et al. 2016 at
0.5 <z<0.7), qualitatively matching the trend we find in
FIRE-2 at higher redshift. More recently, Li et al. (2023) find
an increase in the scatter at the low-mass end of the MZR using
a sample of 51 dwarf galaxies observed by JWST at z =2-3.
They quote intrinsic scatters in their MZR of 0.16-0.18 dex and
0.23 dex for stellar mass bins at 10°-10° M., and 10’ M,
respectively.

As shown in Figure 2, there are apparent quantitative
inconsistencies between the scatter predicted by our model and
the scatter observed by Curti et al. (2024) and Nakajima et al.
(2023). At lower stellar masses (My. /My < 10%9), the scatter in
the simulations is larger than that of the observations. In part,
this may be a result of observational samples at high redshift
having a selection bias toward more luminous, actively star-
forming galaxies (e.g., Sun et al. 2023a). According to the
FMR, galaxies with low SFRs that are absent from observa-
tional samples would have systematically higher metallicities at
a given stellar mass. This explanation is consistent with our
analysis since the increased scatter in our MZR is largely due to
a small number of very metal-rich galaxies. Additionally, this
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Figure 2. Comparison between our best fit and recent high-redshift observations of the MZR made by JWST. We center our comparisons at z = 5 (left panel) and
z = 8 (right panel). As in Figure 1, filled black squares show the median metallicities of stellar mass bins with error bars representing the 16th and 84th percentiles.
Our model shows good agreement with the stellar-mass-binned mean values from both Nakajima et al. (2023; orange squares and diamonds) and Curti et al. (2024;
green squares). Measurements of individual galaxies are represented by dots, including three JWST Early Release Observations at z ~ 8 presented by Curti et al.
(2023; shown in blue), nine measurements at z = 3-9 presented by Morishita et al. (2024; shown in red), the MACS 0647-JD galaxy presented by Hsiao et al. (2024)
at z ~ 10.16 (shown in brown), and the GN-z11 galaxy presented by Bunker et al. (2023) at z ~ 10.6 (shown in magenta).

could be a result of strong line measurements of metallicity,
which constitute the majority of these observational samples,
systematically underestimating the scatter in the MZR. Strong
line measurements are susceptible to predicting systematically
low scatter since they rely on ratios between specific strong
emission lines and do not take into account potential scatter in
other parameters used to infer metallicities from these ratios.
For example, it is possible for two different galaxies to have
different metallicities yet have the same line ratio (e.g., if the
ionization state of the gas is different). A particular strong line
calibration would then imply a single metallicity. At higher
stellar masses (M, /M., > 10°7), where the predicted MZR is
very narrow, the scatter is smaller in simulations than in
observations. This could be because of the uncertainties present
in observational methods (e.g., noise in raw observational data
and various uncertainties in converting from line fluxes to
metallicities) that are not present in the analysis of simulations.
These uncertainties could result in a larger apparent scatter of
the MZR in a regime where the relation is particularly tight in
nature.

3.3. Comparison with Other Theoretical Models

Some other cosmological and seminumerical simulation
projects have analyzed the MZR at high redshift. We compare
our work on the MZR in high-redshift FIRE-2 simulations to
other theory-based work and discuss predictions for future
observations. Figure 3 shows comparisons between the best-fit
model presented in this work and other theoretical and
simulation-based models.

The weak time evolution of the MZR we find at5 <z < 121s
consistent with previous results from FIRE-1 simulations
reported by Ma et al. (2016), who predicted a flattening of
the evolution of the MZR at high redshift. However, our best-fit
model predicts metallicities approximately 0.3-0.4 dex higher
than their best fit derived from FIRE-1 simulations. Bassini
et al. (2024) find significant evolution in the MZR from z =0 to
3 in the FIREbox simulation, a full cosmological volume

simulation that uses the physics of FIRE-2. In particular, the
gas-phase metallicity at fixed stellar mass is found to increase
with decreasing redshift over the range z = 0-3. Our best-fit
MZR at z=15 is similar in normalization and slope to the
FIREbox results at z=3. We therefore conclude that the
evolution of the MZR in FIRE-2 simulations is characterized
by metallicity increasing with decreasing redshift for z < 3 and
by little to no evolution for z 2 3 at fixed stellar mass. A more
complete comparison between this work and previous work on
the MZR in FIRE simulations is provided in Appendix A.

Weak evolution of the MZR past z = 5 has been found in some
other simulation projects as well. Langan et al. (2020) report a
slight increase in mean metallicity with increasing redshift in
FirstLight simulations from z =5 to 8. They do not, however, find
this trend to be significant at a level beyond the intrinsic scatter of
their data. Similarly, Ucci et al. (2023) characterize the MZR in
ASTRAEUS, a seminumerical simulation project, as having
effectively no redshift evolution from z=35 to 10. The median
metallicity of their low-mass galaxies (M, ~ 10’ M) decreases
very slightly (~0.15 dex) from z = 10 to z =5, while metallicities
in their high-mass range (M., ~ 10° M) remain nearly constant
over the redshift range. Wilkins et al. (2023) also find no
significant evolution in the MZR for z > 10 in FLARES. Torrey
et al. (2019) report that, for IlustrisTNG simulations from z =2 to
10, the normalization of the MZR decreases with increasing
redshift, while the slope is not a strong function of redshift. The
evolution of the normalization in their simulations within their
redshift range is given by d log(Z)/dz ~ —0.064. This evolution
is stronger than the evolution found in FIRE-2 and other
simulation projects.

3.4. Interpretation Using Analytic Models

Multiple explanations for the weak evolution of the MZR
beyond z 2 5 have been put forth. Torrey et al. (2019) find that
the evolution of the MZR from z =2 to z = 10 is explained by
the evolution of the gas fraction through the gas-regulator
model. The regulator model gives an approximate equilibrium
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Figure 3. Comparison between our best-fit model and previous simulation-based work on the MZR. Results are shown for IllustrisTNG (Torrey et al. 2019), FirstLight
(Langan et al. 2020), ASTRAEUS (Ucci et al. 2023), and FLARES (Wilkins et al. 2023) for the redshift and stellar mass ranges at which they were reported.
Additionally, the MZR fit for FIRE-1 data from Ma et al. (2016), given in the range z = 0-6, has been extrapolated and plotted across our redshifts of interest. With the
exception of IllustrisTNG, all models shown here are consistent with weak evolution of the MZR over this redshift interval.

metallicity of the form (e.g., Lilly et al. 2013)

i )

Zeqg = Zyee + ,
eq acc 1+ (1 _ R)—l77 +fgas

where y=M,/M, (often assumed to be y=0.02) is the metal
yield (the mass of metals returned to the ISM per unit mass in
formed, long-lived stars); Z,.. is the metallicity of accreted gas;
n= M,ina/SFR is the mass-loading factor of galactic winds,
where SFR is a galaxy’s SFR; and fu, is the version of the
galactic gas fraction given by M,,,/M,. However, Bassini et al.
(2024) show that the evolution of the gas fraction does not drive
the evolution of the MZR in FIREbox at lower redshifts (z = [0,
3]). Rather, an evolution in both the mass-loading factor and the
metallicities of inflows and outflows at fixed stellar mass drives
the decrease of the MZR with increasing redshift up to z=3. In
Appendix B, we show that there is substantial redshift evolution in
the median gas fractions of our analyzed galaxies with redshift.
This fact, combined with the very weak evolution of the MZR
over the same redshift range, implies that the weak evolution of
the high-redshift MZR is likely not explained solely by the
evolution of the gas fraction in the gas-regulator model.

Other works have used idealized “closed box” or “leaky
box” models to explain the weak evolution of the MZR at high
redshift (e.g., Ma et al. 2016; Langan et al. 2020). In the
“closed box” model, metallicity is given by

Zgas = -y ln(f;;as)s (6)
while in the “leaky box” model,
Zgas = —Yeft ln(féas); (7)

where fgas is the version of the gas fraction given by
Moo/ (M, + My,) and yeg is the effective metal yield that is

@)}

often calibrated to make the “leaky box” model best fit the data.
In Appendix B, we present median values of fgas across our
redshift range in different stellar mass bins. The difference
between y and y.; quantifies the net impact of inflows and
outflows on a galaxy’s metallicity. From this picture, it has
been argued that the weak evolution of the high-redshift MZR
is due to values of fgas that have saturated to unity and/or that
evolve weakly at high redshift. Langan et al. (2020) find that a
“leaky box” model with y.¢ = 0.002 is able to explain the weak
evolution of the MZR predicted by FirstLight simulations.
However, with an effective yield that is an order of magnitude
lower than the intrinsic stellar yield (ya0.02), this model
concedes that the impact of inflows and outflows is crucial. Ma
et al. (2016) also found that a “closed box” model system-
atically overpredicts metallicities in FIRE-1 simulations, also
due to the large effects of inflows and outflows (i.e., yefr iS
significantly smaller than y). Thus, weakly evolving gas
fractions are at best an incomplete explanation for the weak
evolution of the MZR at high redshift. It would be interesting
to perform an analysis similar to that done by Bassini et al.
(2024) to quantify explicitly the effects of gas fractions,
inflow/outflow metallicities, and mass-loading factors on the
evolution of the MZR.

4. Discussion and Conclusions

We characterize the high-redshift gas-phase MZR in FIRE-2
simulations. We find that the MZR from z=135 to 12 in these
simulations is an approximately constant power-law relation
given by log(Z/Z.) = 0.37log(My/My) — 4.3. Weak evol-
ution of the high-redshift MZR has been found in numerous
other simulations (e.g., FirstLight, Langan et al. 2020;
ASTRAEUS, Ucci et al. 2023; FLARES, Wilkins et al. 2023),
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with stronger evolution being found in IlustrisTNG (Torrey
et al. 2019). Combining our work with the analysis of the MZR
in FIREbox (also run with the FIRE-2 code) from Bassini et al.
(2024), we find that the normalization of the MZR in FIRE-2
decreases by ~0.4 dex from z=0 to 3 and evolves weakly
for z 2 3.

Our best-fit MZR is in good agreement with early
measurements of the MZR at z2>5 made by JWST. In
particular, our results are in agreement with the mean stellar
mass and redshift binned results from high-redshift surveys
presented by Curti et al. (2024) and Nakajima et al. (2023).
These same simulations have also been tested against the JWST
UVLF by Sun et al. (2023a, 2023b). These agreements validate
FIRE-2 as a useful predictive tool for future observations as
JWST continues to expand the probed parameter region of
metallicity scaling relations.

We also predict increasing scatter in the gas-phase MZR
with decreasing stellar masses. This effect may be attributable
to galaxies becoming more bursty as their stellar mass
decreases.

Future work will explore the existence of the FMR in FIRE
simulations. In addition to stellar mass, the FMR suggests gas
mass fraction or SFR as secondary predictors for metallicity
(Ellison et al. 2008; Mannucci et al. 2010). A comprehensive
study on the effects of evolving gas fractions, mass-loading
factors, and inflow /outflow metallicities on ISM metallicities,
similar to the work done by Bassini et al. (2024) at z =0-3,
would be valuable to explain the evolution or lack of evolution
in metallicity scaling relations at high redshift. Beyond gas-
phase metallicities, which probe the current enrichment
conditions of the ISM, future work may also investigate
stellar-phase metallicity scaling relations, which provide
information on the integrated chemical enrichment histories
of galaxies. Future analysis of the scaling relations for
individual metal species tracked in FIRE simulations will
allow us to make predictions for observations of individual
chemical abundances made by JWST. Finally, another
emerging area of study that our simulations could inform is
the measurement of metallicity gradients (radial dependence of
metallicity) at high redshift. Metallicity gradients serve as a
probe for the larger processes that drive galaxy evolution in the
high-redshift regime. These processes include large galactic
inflows or merger events that drive bursts of star formation,
generating strong feedback capable of flattening metallicity
gradients, disrupting galaxy kinematics, and driving outflows.
Studying the dispersal of metals from galaxies into the
intergalactic medium (IGM) will allow us to draw connections
between IGM metallicity and galaxies during the epoch of
reionization probed by JWST (Bordoloi et al. 2023).
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Appendix A
Comparison with Previous FIRE Work

In Figure 4, we compare our MZR results with previous
results from FIRE simulations. First, we compare to the MZR
in FIRE-1 zoom-in simulations from Ma et al. (2016). As in
Figure 3, we find a significant (~0.3-0.4 dex) offset between
the MZR in this work and that from FIRE-1 presented by Ma
et al. (2016) at z=135. For the comparison shown, we repeated
our analysis of the MZR matching the temperature and radial
cuts on the gas particles included in our analysis with those
made by Ma et al. (2016) for consistency. These cuts include
all gas with temperatures below 10* K within 0.1R;, of the
galaxy’s center (in the main body of the paper, we included all
gas within 0.2R;;). The change in cuts on the gas does not
appreciably change our results, and the offset between the
FIRE-1 result and this work remains.

We additionally compare this work with a recent study of the
MZR by Bassini et al. (2024) based on the FIREbox
simulation, run with the FIRE-2 code like our zoom-in
simulations but analyzed over z = 0-3. While we apply slightly
different cuts (they consider all gas within 0.1R,;), we find
close agreement between the MZR at our lowest redshift
analyzed (z=15) and their highest redshift analyzed (z=3).
This agreement suggests the absence of significant evolution in
the MZR in FIRE-2 simulations for z 2 3. The FIREbox data
also allow us to compare FIRE-2 versus FIRE-1 runs at
different redshifts. We find that the FIRE-1 fit from Ma et al.
(2016) is significantly offset from the FIREbox result at z =3
(0.15-0.4 dex below). Howeyver, the offset between FIRE-1 and
FIRE-2 largely vanishes by z=0. This is reassuring because

0.0 A

109(Zgas/Zo)

= This Work - Modified Cuts (z=5)
Bassini+24 - FIREbox (z=3)
Bassini+24 - FIREbox (z=0)
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== Ma+16 - FIRE-1 (z=3)
=+ Ma+16 - FIRE-1 (z=0)

-2.01

6 7 8 9 10 1
log(M. /My)
Figure 4. Comparison between the MZR at z = 5 from the high-redshift suite
of FIRE-2 simulations analyzed in this paper and other FIRE work on the
MZR. Here, temperature and radial cuts are made on the high-redshift FIRE-2
galaxies to match those made by Ma et al. (2016) in analyzing FIRE-1 galaxies.
Our z =5 fit is in good agreement with the z =3 result from FIREbox (run
with the FIRE-2 code) presented by Bassini et al. (2024; shown in orange),
indicating weak evolution of the MZR in FIRE-2 galaxies for z = 3. The fit
from FIRE-1 simulations (shown in purple) remains consistently 0.3-0.4 dex
below this work at z =5 and 0.15-0.4 dex below the FIREbox result at z = 3.
The agreement between FIREbox and FIRE-1 at z = 0 demonstrates that this
offset between the FIRE-1 and FIRE-2 runs is only present at higher redshift.
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the comparison between FIRE-1 and FIRE-2 in Hopkins et al.
(2018), which found no major differences in the stellar mass—
halo mass relation between the two sets of simulations, focused
on z = 0. This suggests that some aspects of the cosmic baryon
cycle that determine the enrichment of galaxies differ
significantly between FIRE-1 and FIRE-2 at high redshift,
even though the stellar masses and galaxy metallicities
converge to broadly consistent values by z=0. It is beyond
the scope of this work to fully investigate the cause of this
offset as FIRE-2 implemented a large number of improvements
and changes that could impact the metal enrichment of the ISM
as well as the driving of inflows and outflows. Changes made
between the FIRE-1 and FIRE-2 codes include the introduction
of a more accurate hydrodynamic solver, a supernova feedback
scheme that more accurately conserves momentum, and
updated metal yields (see Hopkins et al. 2018 for an exhaustive
list and full descriptions of improvements).

Appendix B
Evolving Gas Fractions

Previous works have used galaxies’ gas fractions to explain
the evolution of the MZR using either gas-regulator models or
“closed/leaky box” models. In the gas-regulator model, we
define the gas fraction to be foas = Mgy /M., where Mg, and M,
are the total gas mass and stellar mass within 0.2R,;, of the
center of a galaxy, respectively. Previous works have used the
redshift evolution of galaxies’ gas fractions to explain the
evolution of the MZR for z < 3.5. However, Bassini et al.
(2024) show that evolving gas fractions are not responsible for
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the evolving MZR in this redshift range in the FIREbox
simulation. Rather, the redshift dependence on the metallicities
of gas inflows and outflows as well as the evolution of the
mass-loading factor drive the evolution of the MZR at lower
redshifts. Other works have cited weak evolution of gas
fractions at high redshift as being responsible for weak
evolution of the high-redshift (z2>3.5) MZR (e.g., Torrey
et al. 2019). The left panel of Figure 5 presents stellar-mass-
binned gas fractions from our simulations that vary substan-
tially with redshift and in a mass-dependent way, indicating
that gas fractions alone cannot explain the weakly evolving
high-redshift MZR.

In the “closed box” or “leaky box” models, we define a
second version of the gas fraction as f,,, = Mgas/(M + Mgyy).

The right panel of Figure 5 shows values of f, in our

simulated galaxies. The saturation of fgas to unity and/or its
weak evolution at high redshift has been used to explain the
weak evolution in the MZR for z 2 3.5 (e.g., Ma et al. 2016;
Langan et al. 2020). However, both of these works find that, in
order for their simulation data to be well fit by a “leaky box”
model, they must use an effective stellar yield (yeg) that is
much smaller than the intrinsic stellar yield (y =0.02). The
significantly smaller value of y. implies that there is a large
net impact of inflows and outflows on metallicities. Thus, the
weak evolution of the MZR at high redshift cannot be
attributed to saturated or weakly evolving values of fgas alone
and must take into account the larger effects of inflows and
outflows.
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Figure 5. The gas fractions, fyas = Mgas/M,. (left) and f;as = Mgy / (M, + My, (right), in different stellar mass bins for z =5 (blue), z = 7 (green), z = 9 (yellow),
and z = 12 (red). Individual galaxies are shown by dots. The median gas fractions for stellar mass bins containing at least five galaxies are shown by filled squares with
error bars representing the 16th and 84th percentiles. Open squares represent the median gas fractions of stellar mass bins that contain fewer than five galaxies. Solid
lines present best fits to the median gas fractions. At some stellar masses, the median gas fractions show large fluctuations between different redshifts. The systematic

redshift evolution is especially clear for the definition on the left.



THE ASTROPHYSICAL JOURNAL LETTERS, 967:L41 (10pp), 2024 June 1

Appendix C
Alternative Calculations of Metallicities

Throughout this work, we define a galaxy’s gas-phase
metallicity to be the mass-weighted mean metallicity of all gas
particles within 0.2R,;, of the galaxy’s center. Here, we
investigate the effects of using alternative cuts on the gas
particles included in our analysis. We consider a smaller radial
cut on our galaxy (rgas < 0.1Ry;). We also present a version of
our analysis with radial and temperature cuts that exactly match
those used by Ma et al. (2016) in their analysis of the MZR in
FIRE-1 (7gas < 0.1Ryir and Tg,s < 10* K). Applying either of
these cuts does not appear to have a significant effect on our
resulting MZR. We ultimately elect to use rg,s < 0.2Ry; as our
radial cut due to the tendency of high-redshift galaxies to have

Marszewski et al.

more spatially extended stellar populations relative to their
virial radii as compared to galaxies at lower redshift. We also
choose to not include a temperature cut on our gas, as this cut
would eliminate a significant number of galaxies from our
sample.

We also consider weighting gas particles by their SFR
property rather than by their mass when calculating a galaxy’s
metallicity. This SFR-weighting scheme does not have a
significant impact on our calculated MZR and likely introduces
a bias by removing galaxies with no star-forming gas from our
sample. We therefore elect to use mass-weighted metallicities.
A comparison between the MZR calculated using our fiducial
method and the MZR calculated using the alternative cuts and
the SFR-weighting method is shown in Figure 6.
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Fiducial (rgas < 0.2Ryir)
—— SFR-Weighted

— Igas < 0.1Ryr
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T T
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Figure 6. The gas-phase MZR in our simulations at z = 8 calculated using different weighting schemes and cuts on the gas included. The solid lines show our best fits
to the medians, allowing for redshift evolution of the slope and normalization. The median metallicities of the stellar mass bins are shown by squares with error bars
representing the 16th and 84th percentiles. Note that, while the medians are shown at z = 8 only, the fits are calculated across all redshifts analyzed (z = 5-12) and
thus may be offset from the medians shown. Our fiducial method, where metallicity is calculated as the mass-weighted mean metallicity of all gas particles within
0.2R;;, is shown in black. The method where metallicities are calculated as the SFR-weighted mean metallicity of all gas particles within 0.2R;, is shown in blue. The
mass-weighted method only considering gas particles within 0.1Ry;, is shown in red. The mass-weighted method including a temperature cut (Tg,s < 10* K) and only
considering gas particles within 0.1R,;, is shown in green. Different weighting schemes and cuts on the gas do not appear to significantly change our resulting MZR,
with all models differing from our fiducial model by <0.1 dex across our stellar mass range.
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