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ABSTRACT
The distribution of gas-phase metals within galaxies encodes the impact of stellar feedback on galactic evolution. At high-redshift,
when galaxies are rapidly assembling, feedback-driven outflows and turbulence can strongly reshape radial metallicity gradients.
In this work, we use the FIRE-2, SPICE, Thesan and Thesan Zoom cosmological simulations – spanning a range of stellar
feedback from bursty (time-variable) to smooth (steady) – to investigate how these feedback modes shape gas-phase metallicity
gradients at 3 < 𝑧 ≲ 11. Across all models, we find that galaxies with bursty feedback (FIRE-2, SPICE Bursty, and Thesan
Zoom) develop systematically flatter (factors of ∼ 2−10) metallicity gradients than those with smooth feedback (SPICE Smooth
and Thesan Box). These results demonstrate that bursty stellar feedback provides sufficient turbulence to prevent strong negative
gradients from forming, while smooth stellar feedback does not generically allow for efficient radial redistribution of metals
thereby keeping gradients steep. Finally, we compare with recent observations, finding that the majority – but, notably, not all –
of the observed gradients may favor a bursty stellar feedback scenario. In all, these results highlight the utility of high-resolution
observations of gas-phase metallicity at high-redshift as a key discriminator of these qualitatively different feedback types.

1 INTRODUCTION

Feedback is central to galaxy evolution, but capturing its impact on
galaxies remains a major challenge for simulations. Stars are among
the most important sources of feedback, driving it through multiple
channels including supernovae, photoionization and radiation pres-
sure, protostellar jets, and stellar winds (e.g., Jijina & Adams 1996;
Yorke et al. 1989; Dale et al. 2005; Quillen et al. 2005; Evans et al.
2009; Lopez et al. 2011). These processes can influence properties
on the galactic scales, yet modern galaxy evolution simulations lack
the resolution to directly model the micro-physics of stellar feed-
back and turbulence within the interstellar medium (ISM; Crain &
van de Voort 2023). Nonetheless, accurately modeling feedback on
these unresolved scales is imperative to producing realistic galaxy
populations.

At present, galaxy evolutionary simulations that model baryonic
feedback can be broadly categorized as either: (i) high-resolution
zoom-in simulations of individual galaxies and their local environ-
ment (∼a few Mpc scales) and (ii) lower-resolution large (≳ 35−300
Mpc scales) cosmological box simulations (see Vogelsberger et al.
2020, for a review).

High-resolution simulations (e.g. FIRE; Hopkins et al. 2014, or
SMUGGLE; Marinacci et al. 2019) can begin to resolve the multi-
phase ISM down to approximately giant molecular cloud (104 M⊙)
scales, allowing for explicit modeling of star formation, feedback,
and cooling. Such simulations have been successful at reproducing
a number of galactic-scale properties (El-Badry et al. 2016; Sparre
et al. 2017; Ma et al. 2017; Torrey et al. 2017, etc.). However, owing
to the high computational cost, it is difficult to produce large samples
of galaxies across a variety of cosmological environments (although,
see recent efforts by FIREbox, Feldmann et al. 2023, and COLIBRE,
Schaye et al. 2025). Lower-resolution large-box simulations, on the
other hand, provide a large population of galaxies in a wide diver-

sity of environments (Vogelsberger et al. 2014; Schaye et al. 2015;
Davé et al. 2019; Pillepich et al. 2018, etc.). The cosmological box
simulations have had their share of success reproducing population-
level scaling relationships (e.g., Agertz et al. 2011; Genel et al. 2014;
Sparre et al. 2015; Ferrero et al. 2017; Davé et al. 2019; Torrey et al.
2019), but struggle at high-redshift and small scales (Sun et al. 2023;
Shen et al. 2024; Qi et al. 2025). The fundamental limitation of these
models is that the scales of star formation and feedback are entirely
unresolved. These processes are therefore usually treated entirely as
phenomenological prescriptions. Typical treatments rely on simpli-
fying assumptions, such as describing the behavior of the dense,
star-forming ISM with an effective equation of state (e.g., Springel
& Hernquist 2003; Schaye & Dalla Vecchia 2008) or temporarily
decoupling feedback-driven winds from the hydrodynamics to help
facilitate the escape of gas (Vogelsberger et al. 2013; Davé et al.
2019).

A key consequence of different treatments of star formation and
feedback is that the star formation histories of galaxies in explicit
models are much more bursty (strongly time variable) than those of
equation of state ISM models. The bursty nature of the feedback from
explicit models comes from their self-regulation of the star-forming
ISM. While an equation of state provides additional pressure support
that prevents the collapse of all gas into stars (Springel & Hernquist
2003; Schaye & Dalla Vecchia 2008; Ploeckinger et al. 2024, 2025;
Burger et al. 2025), such pressure support is not included out-of-
the-box in explicit ISM models. Therefore, the treatment of feedback
needs to prevent all of the local gas from converting into stars. This
explicit self-regulation by feedback from stars leads to an episodic
nature of star formation followed by rapid quenching.

In Garcia et al. (2025b), we show that modern large volume cos-
mological simulations are in tension with high-redshift (𝑧 > 3) ob-
servations of metallicity gradients (Troncoso et al. 2014; Wang et al.
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2022; Arribas et al. 2024; Tripodi et al. 2024; Vallini et al. 2024;
Venturi et al. 2024). We find that EAGLE (Schaye et al. 2015), Illus-
tris (Vogelsberger et al. 2014), IllustrisTNG (Pillepich et al. 2018),
and SIMBA (Davé et al. 2019)—notably all effective equation of
state ISM models—produce systematically stronger gradients (i.e.,
more negative) than are observed at 𝑧 > 3, especially in intermediate-
to-high mass galaxies (109 M⊙ < 𝑀★ < 1010 M⊙), suggesting that
these models do not mix their gas content sufficiently. Since that work,
there have been a few more gradients measured at high-redshift with
JWST at 𝑧 ≳ 3 (Acharyya et al. 2025; Ivey et al. 2025; Li et al. 2025).
While Li et al. (2025) presents some evidence for strong negative
gradients at high-redshift, the preference for flat gradients at high-
redshift persists. If galaxies truly do have systematically flat gradients
at high-redshift, then many modern cosmological simulations do not
accurately model galaxy formation in its earliest stages.

2 METHODS

We employ data products from the FIRE, SPICE, and Thesan cos-
mological simulations. The advantage of these models for this work
is that they offer an assortment of physical implementations, both
bursty and smooth stellar feedback. Moreover, each of these models
includes simulations of massive galaxies (𝑀★ ≳ 108 M⊙) in the
early universe (𝑧 ≳ 5), allowing us to probe the earliest onset of
galactic evolution. Critically, the models of this work can be broadly
categorized as either having bursty or smooth stellar feedback. FIRE,
SPICE Bursty, and Thesan Zoom have bursty stellar feedback, while
SPICE Smooth and Thesan Box have smooth stellar feedback.

2.1 Simulations

2.1.1 FIRE

The FIRE cosmological zoom-in simulations of galaxy formation
analyzed here run using the multi-physics simulation code gizmo
(Hopkins 2015) and the meshless finite mass scheme for hydrody-
namics. The FIRE-2 physics model we employ here (Hopkins et al.
2018) builds upon the original FIRE model (Hopkins et al. 2014).

Star formation in the FIRE model occurs in dense, self-gravitating,
Jeans-unstable molecular gas with 𝑛H > 1000 cm−3. FIRE assumes
star formation occurs at an efficiency of 100% per free fall time;
however, the star formation is regulated by feedback processes. Newly
formed star particles inherit their mass and metallicity from the gas in
which they formed. The stellar evolution models in FIRE come from
starburst-99 v7.0 (Leitherer et al. 1999, 2014) assuming a Kroupa
(2002) IMF with masses in the range 0.1 − 100M⊙ . Feedback from
stars is implemented through four different channels: (i) radiation
pressure, (ii) supernovae with rates set by starburst-99 for Type
II and Mannucci et al. (2006) for Type Ia, (iii) stellar winds from
OB and AGB stars with rates set by starburst-99, and (iv) photo-
electric heating. The feedback events return mass and metals to the
ISM as well as drive galactic winds and outflows. The FIRE model
explicitly tracks the evolution of 11 chemical species (H, He, C, N,
O, Ne, Mg, Si, S, Ca, and Fe). The yields of these species from stellar
feedback events come from van den Hoek & Groenewegen (1997),
Marigo (2001), and Izzard et al. (2004) for stellar winds, Nomoto
et al. (2006) for core-collapse supernovae, and Iwamoto et al. (1999)
for Type Ia supernovae. All of the FIRE simulations analyzed in this
work implement an explicit model for unresolved turbulent metal
diffusion (Hopkins 2017; Su et al. 2017; Escala et al. 2018).

We use data products from the FIRE-2 public data release (Wetzel

et al. 2023, 2025). For the analysis of FIRE, we use both the gizmo
analysis and halo analysis tools provided by Wetzel et al. (2016).

2.1.2 SPICE

We also use data products from the SPICE cosmological simula-
tions (Bhagwat et al. 2024). SPICE is a series of cosmological box
simulations run with the ramses-rt code (Rosdahl et al. 2013; Ros-
dahl & Teyssier 2015), which is an extension of the original ramses
adaptive mesh refinement code (Teyssier 2002). The main advan-
tages of the SPICE simulations are their variations in the treatment
of stellar feedback. SPICE implements several different feedback
models, two of which we investigate here: smooth-sn and bursty-sn
(hereafter “SPICE Smooth” and “SPICE bursty”, respectively). The
SPICE Smooth model allows for stars within the particles to explode
anywhere from 3–40 Myr after birth (depending on their mass and
rates set by starburst-99), leading to smoother injection of energy
back into the ISM. The SPICE Bursty model, on the other hand, as-
sumes that all supernovae go off in a single event 10 Myr after birth.
Populations of stars exploding concurrently make stellar feedback
particularly efficient in the SPICE Bursty model. It should be noted
that the SPICE approach of modifying delay time distributions of
supernovae is different than the bursty feedback in FIRE and Thesan
Zoom. However, the key advantage of SPICE for the purposes of this
work is the same physical model with different feedback implemen-
tations. Each of the SPICE boxes we analyze here have a volume of
(10 cMpc/ℎ)3 at initial baryon mass resolution of 975 M⊙ .

2.1.3 Thesan

Finally, we use data products from the Thesan suite of simulations.
Thesan consists of a large (95.5 cMpc)3 box (Garaldi et al. 2022;
Kannan et al. 2022; Smith et al. 2022, hereafter Thesan Box), as
well as a series of high resolution zoom-in simulations (Kannan
et al. 2025, hereafter Thesan Zoom). Both the box and zooms are
run using the radiation hydrodynamics moving-mesh code arepo-rt
(Kannan et al. 2019; based on the original arepo code Springel 2010).
Both Thesan Box and Thesan Zoom add an additional model for the
creation and destruction of dust from gas according to McKinnon
et al. (2016, 2017). While the details of the dust module are beyond
the scope of this work, it is important to note that the dust forms out
of the metals in the gas phase. Therefore, a (small) component of
the metals are lost to dust formation, which we take to be negligible
here.

Thesan Box

Thesan box is run using a modified version of the IllustrisTNG
galaxy formation model (Pillepich et al. 2018), which incorporates
the physics of both stellar and AGN feedback. Stars form in the
dense (𝑛H ≳ 0.1 cm−3) ISM according to the Springel & Hernquist
(2003) equation of state and a Chabrier (2003) IMF. The Springel &
Hernquist (2003) equation of state provides pressure support for the
ISM and sets the efficiency at which stars form from the dense gas
following an empirical Kennicutt-Schmidt relation (Schmidt 1959;
Kennicutt 1998). Feedback from these stars is implemented in the
form of supernovae explosions and stellar winds in the form of kinetic
and thermal energy (see Pillepich et al. 2018). Black holes with mass
1.18× 106 M⊙ are seeded in halos exceeding 7.38× 1010 M⊙ in the
Thesan Box model (Weinberger et al. 2018). Feedback from black
holes is modeled via two channels based on the accretion rates of the
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Figure 1. Example Bursty and Smooth Feedback Gradients. The gas mass surface density (top row, first and third panels) and gas-phase metallicity maps
(top row second and fourth panels) within 6 kpc for a galaxy with stellar mass 109.64 M⊙ at 𝑧 = 5.5 in Thesan Zoom (left panels) and Thesan Box (right
panels) simulations. The radial distribution of metals is shown with a 2D histogram in the background of the bottom two panels. The solid blue line represents
the median metallicity profile in bins of 0.1 kpc. The dashed red line shows a linear regression through the median profile at radii smaller than 𝑅out (the radius
enclosing 90% of all star formation in the galaxy). The slope of the dashed line is our reported metallicity gradient. We quote the gradient for both galaxies in
the bottom panels, finding that the Thesan Zoom galaxy has a significantly flatter gradient than that of Thesan Box.

black holes: the high accretion thermal mode and low accretion ki-
netic mode (see Weinberger et al. 2018). The thermal mode continu-
ously dumps thermal energy into the ISM and dominates for low mass
systems, whereas high mass galaxies are dominated by the directed
and pulsed kinetic winds. We utilize the highest resolution Thesan-
1 volume which is a (95.5 cMpc)3 box with 2 × 21003 particles,
corresponding to an initial baryon mass resolution of 3.12×106 M⊙ .

Thesan Zoom

Thesan Zoom employs a tailored version of the SMUGGLE galaxy
formation model (Marinacci et al. 2019), which shares a number
of similarities with FIRE. Stars form in dense (𝑛H > 10 cm−3),
self-gravitating, Jeans-unstable gas with an efficiency per free-fall
time of 100%. Similar to FIRE, the global star formation is self-
regulated by feedback from the newly formed stars and maintains
a lower efficiency compared to the prescribed local value (Shen

et al. 2025a; Wang et al. 2025). Stellar feedback in Thesan Zoom is
modeled through a number of different channels: radiative feedback
(Kannan et al. 2020), stellar winds and supernovae (Marinacci et al.
2019), and “early” stellar feedback in the form of momentum driven
winds (Kannan et al. 2025). Notably, the Thesan Zoom suite includes
several variations in these feedback prescriptions; however, for this
work, we use only the fiducial model. We note that Thesan Zoom
does not include contributions from AGN. The Thesan Zoom Suite
consists of 14 halos selected from the Thesan Box run down to
𝑧 ∼ 3 at various baryon mass resolutions ranging from 142 M⊙ to
9.09 × 103 M⊙ (see Kannan et al. 2025 their Table 2). We make use
of the highest resolution versions of each halo available (see Kannan
et al. 2025 their Table 3).
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2.2 Galaxy Selection Criteria

The simulations tend to have different resolutions, even within the
same galaxy formation model (e.g., Thesan Zoom and FIRE). To
ensure that our galaxies are well-resolved, we require a threshold of
> 103 gas and star particles within the system (following from Garcia
et al. 2025b). Roughly speaking, this corresponds to minimum stellar
and gas masses of ∼ 106 M⊙ in SPICE as well as high resolution
FIRE and Thesan Zoom runs, ∼ 107 M⊙ in lower resolution FIRE
and Thesan Zoom runs, and ∼ 108 M⊙ in the Thesan Box. Moreover,
since emission line metallicity diagnostics come from star-forming
Hii regions (e.g., Kewley et al. 2019), we require that our galaxies
have instantaneous non-zero star formation rates. Finally, we note
that we restrict our analysis to the most massive subhalo within each
group (i.e., the central galaxy).

2.3 Gradient Definition

We largely follow the methodology of Garcia et al. (2025b; which
itself derives heavily from a combination of Ma et al. 2017 and
Hemler et al. 2021) to define the metallicity gradients with only a few
minor changes. We first briefly describe the methodology employed
in this work, then note any changes from the previous methodology,
and briefly discuss how they may impact our results. We demonstrate
the application of these methodologies on two galaxies in Figure 1.

We first center the galaxy on the location of the potential minimum
and rotate to a face-on orientation. To rotate the galaxy to face-on,
we define the angular momentum vector of star-forming gas within a
region 𝑅in < 𝑟 < 𝑅out (where 𝑅in and 𝑅out are the regions containing
5% and 90% of the total star formation of the galaxy within 10
kpc, respectively). We then align this angular momentum vector
along the +𝑧 axis. We note that the concept of “face-on” for galaxies
with bursty feedback is not as well posed as for the more disk-like
galaxies of smooth feedback models (see, e.g., Figure 1). To make
as fair a comparison as possible, we re-orient all galaxies in each
model according to the above prescription. Since the ISM of bursty
feedback galaxies lacks coherent structure, we do not anticipate that
the (re-)orientation plays a significant role in our results.

With our face-on galaxy, we create two-dimensional mass-
weighted metallicity maps and gas mass maps using pixel sizes of
0.1 kpc × 0.1 kpc (shown in the top row of Figure 1). We then
convert the two-dimensional maps into one-dimensional radial dis-
tributions (gray background distribution in large panels of Figure 1).
We further reduce the radial distribution of metals into a singular
median metallicity profile in bins of 0.1 kpc (solid blue lines in large
panels of Figure 1). Finally, we summarize the median metallicity
profile by fitting a linear regression (in logarithmic metallicity) in
the region 𝑟 < 𝑅out (dashed red lines in Figure 1).

3 RESULTS

3.1 Distribution of Metallicity Gradients in each simulation

We begin by characterizing the metallicity gradients in each simu-
lation. Figure 2 shows the probability density function (PDF) of all
of the measured gradients in the bursty feedback models (top left is
Thesan Zoom, top middle is SPICE Bursty, and top right is FIRE)
and the smooth feedback models (bottom left is Thesan Box and bot-
tom middle is SPICE Smooth). We note that combining the gradients
in this way is a crude comparison, since it ignores several important
factors, e.g., the redshift of the galaxy or its stellar mass. Despite
the crudeness of the comparison, we find a qualitative difference in

the gradients measured in the smooth feedback models to those of
the bursty feedback models, with the latter typically having flatter
gradients.

To quantify the discrepancy between the two different types of
simulations, the bottom right panel of Figure 2 shows the me-
dian and spread (taken to be the 16th and 84th percentiles of the
distributions) for each model analysed in this work. We find that
the median gradients are −0.0210.008

−0.072 dex/kpc in Thesan Zoom,
−0.1240.048

−0.333 dex/kpc in SPICE Bursty, −0.0160.022
−0.066 dex/kpc in

FIRE, −0.205−0.124
−0.373 dex/kpc in Thesan Box, and −0.248−0.037

−0.553
dex/kpc in SPICE Smooth. On the whole, the bursty feedback mod-
els produce significantly flatter than their smooth counterparts: for
the Thesan simulations, the gradients in the Box are approximately
an order of magnitude steeper than their Zoom counterparts, while
the SPICE Smooth gradients are steeper than the SPICE Bursty by a
factor of ∼ 2. Moreover, the width of the distribution of gradients in
the bursty models is significantly smaller than those of the smooth
models, with the exception of SPICE which have comparable scat-
ter. In each of the samples, we find that the distributions tend to be
skewed towards more negative gradients, with the 16th percentiles
being further from the median than the 84th percentiles. Clearly,
even without more careful considerations for the detailed properties
of the individual systems, there is a qualitative difference between the
metallicity gradients from bursty and smooth feedback models. The
bursts of feedback from stars seem to efficient redistributing metals
through the galaxy, whereas the smooth feedback models do not.

It is also noteworthy that the gradients are remarkably consistent
across similar models, regardless of the details of the simulation im-
plementation. This similarity echoes the low redshift, large box sim-
ulations we investigated previously (Garcia et al. 2025b). While each
simulation model—both in this work and in Garcia et al. (2025b)—is
attempting to model the same general physics (e.g., star formation,
stellar feedback, chemical enrichment), there is a wide diversity of
numerical implementations and assumptions that go into the differ-
ent models (see, e.g., Section 2.1). Yet, despite these differences, the
metallicity gradients in each of the models have highly self-similar
trends: smooth feedback models have strong negative gradients while
bursty feedback models have flatter gradients (this similarity is also
shared with the lower redshift simulation volumes, which we dis-
cuss in more detail in Section 4.1). There is, of course, variation
between the predictions when considering properties of the host
galaxies (which we discuss more in the next section); however, the
level of out-of-the-box agreement is worth appreciating. The agree-
ment is especially remarkable given that the total metal budget of
galaxies in different simulation models can vary substantially (Gar-
cia et al. 2024b, 2025a). Thus, we emphasize the utility of metallicity
gradients as a diagnostic for stellar feedback at high-redshift (𝑧 ≳ 3),
which we discuss in more detail in Section 4.1.

4 DISCUSSION

4.1 13 Billion Years of Gradient Evolution from Cosmological
Simulations

Figure 3 shows the redshift evolution of metallicity gradients in nine
modern cosmological simulation models. We categorize each sim-
ulation model as having either bursty or smooth stellar feedback.
The bursty feedback models are FIRE-2 (Hopkins et al. 2018), The-
san Zoom (Kannan et al. 2025), and SPICE Bursty (Bhagwat et al.
2024), while the smooth feedback models are EAGLE (Schaye et al.
2015), Illustris (Vogelsberger et al. 2014), IllustrisTNG (Pillepich
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Figure 2. Distribution of Gas-Phase Radial Metallicity Gradients in Bursty and Smooth Feedback Models at High-Redshift (3 < 𝑧 ≲ 11). Our sample of
metallicity gradients in Thesan Zoom (top left), SPICE Bursty (top middle), FIRE-2 (top right), Thesan Box (bottom left), and SPICE Smooth (bottom middle).
The top row represent the bursty feedback models, while the bottom row represents the smooth feedback models. We summarize the distributions in the small
figure in the bottom right with the median, 16th percentile, and 84th percentile of the distributions. We find that the gradients in the smooth feedback models are
systematically more negative than their bursty feedback counterparts.

et al. 2018), SIMBA (Davé et al. 2019), Thesan Box (Garaldi et al.
2024), and SPICE Smooth (Bhagwat et al. 2024). The data from the
EAGLE, Illustris, TNG, and SIMBA simulations come from Gar-
cia et al. (2025b; see caveat about slight change in methodology
in Section 2.3). We note that this plot also includes FIRE-2 galax-
ies from the “core suite”. We treat these systems the same as their
high-redshift counterparts and only report gradients at integer and
half-integer redshifts at 𝑧 < 5. Briefly, we find that our analysis of the
FIRE-2 core suite at 𝑧 < 5 is consistent with previous FIRE papers,
finding a diversity of metallicity gradients with a preference for flat
gradients (Ma et al. 2017; Bellardini et al. 2021; Graf et al. 2024;
Sun et al. 2024a).

Figure 3 is essentially an updated version of Gibson et al. (2013;
their Figure 1), which included the evolution of four galaxies to
𝑧 ∼ 2.5. Gibson et al. (2013) find that the systems with ‘enhanced’
feedback have flat gradients, while systems with ‘conservative’ feed-
back have strong negative gradients that get stronger further back
in time. Remarkably, we find qualitatively the same trend with the
benefit of several additional simulation models with updated physics
models and several orders of magnitude more galaxies. Galaxies with
bursty feedback tend to have weaker metallicity gradients than their
smooth feedback counterparts, especially at high-redshift (𝑧 ≳ 2) and
with large stellar masses (Garcia et al. 2025b, Figure 3). The rate at
which we find gradients to steepen with redshift in the smooth feed-
back models is approximately−0.02 dex/kpc/Δ𝑧 (in good agreement
with the values of Hemler et al. 2021; Garcia et al. 2025b), while the
bursty feedback models are roughly consistent with 0.00 dex/kpc/Δ𝑧.

We note that the strength of gradients appears to “taper” at the
highest redshifts (𝑧 ≳ 8) in the smooth feedback models, instead of
continuing the trend of stronger gradients with increasing redshift.
We argue that this is likely a selection effect of the stellar masses

within the samples at each redshift. Lower mass galaxies (𝑀★ ≲
109 M⊙) in smooth feedback models tend to have flatter gradients
than their high-mass counterparts (although it is unclear if this holds
for galaxies at all redshifts for very massive 𝑀★ > 1011 M⊙ galaxies;
see Garcia et al. 2025b). The sample of galaxies in, e.g., Thesan Box
and SPICE Smooth tends towards lower mass systems at these very
early times. It is worth noting that this same effect was noticed
previously within the TNG suite, where the composite evolution of
the gradients depended more on the mass composition of the sample
than, e.g., resolution considerations (see discussion in Appendix A
and Figure 5 of Garcia et al. 2025b). We therefore suggest that,
given a sufficiently large volume, it is likely that the gradients would
continue to steepen at redshifts 𝑧 > 8 and that the observed tapering
is just a selection effect from the cosmological volumes.

4.2 Comparison with High-Redshift (𝑧 > 3) Observations

We now make a detailed comparison to observed gas-phase metallic-
ity gradients, with an emphasis on high-redshift (𝑧 > 3). We provide
a more detailed comparison with low redshift observations in the
smooth feedback models in Section 4.3.1 of Garcia et al. (2025b).
We note that the FIRE-2 core suite also spans 𝑧 < 5, which we did
not discuss previously. Briefly, we find the lower redshift FIRE-2
sample to be broadly consistent with the wide diversity of gradients
observed at low redshift (see also Ma et al. 2017; Sun et al. 2024a,
for more detailed comparisons of metallicity gradients at 𝑧 < 5 in
FIRE-2 galaxies).

There have been several observations of metallicity gradients at
redshifts 𝑧 > 3 to date (Troncoso et al. 2014; Arribas et al. 2024;
Tripodi et al. 2024; Vallini et al. 2024; Venturi et al. 2024; Rodrı́guez
Del Pino et al. 2024; Acharyya et al. 2025; Fujimoto et al. 2025; Ivey
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companions, regardless of the detailed implementation of the models. The shaded regions in each panel qualitatively show where the majority of each feedback
type’s gradients lie, particularly at high-redshift. We also present a compilation of observed metallicity gradients from Rupke et al. (2010); Queyrel et al. (2012);
Swinbank et al. (2012); Jones et al. (2013, 2015); Troncoso et al. (2014); Leethochawalit et al. (2016); Wang et al. (2017, 2019, 2022); Carton et al. (2018);
Förster Schreiber et al. (2018); Curti et al. (2020); Grasha et al. (2022); Li et al. (2022, 2025); Arribas et al. (2024); Tripodi et al. (2024); Vallini et al. (2024);
Venturi et al. (2024); Acharyya et al. (2025); Fujimoto et al. (2025); Ivey et al. (2025); Ju et al. (2025); Valé et al. (2025). Recent high-redshift observations,
with the exception of those from Li et al. (2025), seem to favor more bursty feedback scenarios.

et al. 2025; Li et al. 2025), with the majority coming from JWST in
the last few years. We show these observational metallicity gradients
in Figure 3 (noting that Figure 3 also contains observational gradients
from 𝑧 < 3; which are discussed in detail in Garcia et al. 2025b).
We suspect, however, that the minor overlap in stellar mass does not
significantly influence our comparison. On the whole, the current
consensus at high-redshift shows a preference for flatter metallicity
gradients (which can be generally seen in Figure 2); however, stacked
observations from Li et al. (2025) find very strong negative gradients
(which we discuss in more detail in Section 4.2.1). This picture seems
to qualitatively align with the bursty feedback models presented in
this work (although it does not necessarily suggest that feedback in
the observed Universe is necessarily as bursty as these simulations;
see discussion in Section 4.2.2).

Furthermore, it is worth acknowledging that a recent high redshift
observations suggest that a significant fraction of systems (perhaps
as high as 45%) show evidence of being disks (e.g., Ferreira et al.
2022; Sun et al. 2024b). The bursty feedback models tend to have
a more chaotic, clumpy ISM due to the episodic blowouts of gas,
whereas the smooth feedback models tend to form disk-like structures
earlier (Shen et al. 2024, 2025b). Despite the qualitative disagreement

between the (lack of) structure in the bursty models, the current
observations seem to favor flatter gradients. While more careful,
detailed comparisons are needed to measure the extent to which the
structure in the different feedback models matches the observations,
it is an intriguing tension that current models cannot, en masse,
reproduce both structure at early times and flattened (or inverted)
metallicity gradients.

4.2.1 On Observational Systematics

It should be noted that there are a number of observational systematics
that may influence the measure of metallicity gradients of galaxies.
Here, we briefly discuss some of the limiting factors and how they
may systematically impact observed samples.

The choice of metallicity calibration, for one, can have a significant
impact on the measured gradient of observed galaxies. As a concrete
example, Ivey et al. (2025) find that the measured gradient of their
galaxy ID6355 goes from −0.01 ± 0.01 dex/kpc to −0.11 ± 0.03
dex/kpc with changes from strong line to direct electron temperature
diagnostics, respectively.

Another important consideration – given the compact size of the
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high-redshift systems we analyze here (Shen et al. 2024; McClymont
et al. 2025a) – is the impact of spatial resolution. Yuan et al. (2013)
show that flatter gradients can be obtained just by downgrading the
angular resolution of the observations. Worse angular resolution can
create a smearing effect wherein the emission lines are weighted
towards regions of stronger emission, potentially causing an overes-
timate of the metallicity in the outskirts of the galaxy and flattening
a derived gradient. Moreover, Poetrodjojo et al. (2019) show that
the contribution of diffusion ionized gas (DIG) can also significantly
flatten gradients low resolution observations. Metallicity diagnostics
are generally developed for resolutions on the order of single Hii
regions (Kewley et al. 2019), yet current high-redshift observations
are likely not resolving these small scales within the ISM. The ad-
dition of DIG, which contributes more significantly further from the
center of galaxies (Kewley et al. 2019), can cause commonly used
metallicity diagnostics to be overestimated at large radii, flattening
gradients. Careful considerations for spatial resolution are thus re-
quired to robustly measure metallicity gradients at high-redshift. To
date, several works have leveraged the power of JWST to measure
metallicity gradients (e.g., Arribas et al. 2024; Venturi et al. 2024;
Acharyya et al. 2025; Fujimoto et al. 2025; Li et al. 2025), mostly
finding flat gradients (with the exception of stacked gradients from
Li et al. 2025). It is interesting to note that the stacked observations
are the only measurements that give strong negative gradients at
𝑧 > 3; however, it is presently unclear if stacking gradients in this
way systematically biases the result towards more negative gradients
(see Li et al. 2025, for a more complete discussion of their stack-
ing procedure). Regardless, future high-resolution efforts that make
considerations for the spatial resolution and contributions from DIG
to obtain metallicity gradients at high-redshift could potentially help
discriminate between the different feedback models.

Another consideration is that, in the smooth feedback models, the
star-forming regions of galaxies at high-redshift are highly compact
with strong negative gradients that flatten significantly outside this
region (see Figure 1 for an example in Thesan Box; see also Garcia
et al. 2023, Tapia-Contreras et al. 2025). This gradient flattening
in the smooth feedback models is set by the competition between
gas mixing and enrichment at large radii (Garcia et al. 2023). Ob-
servations of massive galaxies with poor spatial resolution could
potentially wash out the small, high metallicity interiors of these
galaxies and find a flatter gradient than we report here.

4.2.2 On Simulation Modeling Limitations

If the observations of flattened gradients are robust to the above sys-
tematics, there is evidence that the smooth feedback models may
not sufficiently mix the metal content within their ISM. While rapid
expulsions of gas driven by bursty stellar feedback is one method by
which this mixing can be driven, it is not necessarily the only method.
For example, diffusion of metals from unresolved turbulence within
the ISM could play a significant role in redistributing metals and
flattening gradients. Using the FIRE-2 model for this unresolved tur-
bulence (described in Su et al. 2017; Escala et al. 2018; Hopkins
et al. 2018), Bellardini et al. (2021) show that changes to the dif-
fusion coefficients can systematically impact the radial distribution
of metals. Specifically, those authors find that increased metal dif-
fusion flattens metallicity gradients. It is therefore possible that the
smooth feedback models require increased metal mixing from these
unresolved eddies.

Increased turbulent diffusion mixes metals, but likely would not
significantly change the overall total metal content. The existence—or
lack thereof—of a correlation between the scatter about the mass-

metallicity relation (MZR) and star formation rates (often referred
to as the Fundamental Metallicity Relation; FMR) would therefore
likely also be unimpeded in smooth feedback models with increased
subgrid metal diffusion. While there is evidence that the FMR evolves
in the smooth feedback models (i.e., the FMRs are weak and/or
dynamic; Garcia et al. 2024b, 2025a), there still exists an anti-
correlation between metallicity and SFR up to at least 𝑧 = 8. Bursty
feedback, on the other hand, should disrupt the interplay of gas accre-
tion and metal return that gives rise to this anti-correlation (Garcia
et al. 2024a,b, 2025a; Bassini et al. 2024; McClymont et al. 2025b).
The existence of FMR-like anti-correlations between metallicity
and SFR in the high-redshift Universe—regardless of strong/weak
or static/dynamic designation—could provide further constraining
power as to whether flattened gradients are suggestive of bursty feed-
back or increased small-scale turbulent eddies within the ISM.

5 CONCLUSIONS

Our key conclusions are as follows:

• We find that metallicity gradients are systematically flatter (factors
of ∼ 2 − 10) in bursty (FIRE-2, SPICE Bursty, and Thesan Zoom)
than in smooth (SPICE Smooth and Thesan Box) feedback models
(Figure 2). We note that this result is—remarkably—mostly inde-
pendent of the detailed implementations of either bursty or smooth
feedback.
• We contextualize our results with the first paper in this series (Garcia
et al. 2025b), which shows smooth feedback models at 0 ≤ 𝑧 ≤ 8, and
recent JWST/ALMA observations (Figure 3). We find good agree-
ment between the metallicity gradients in smooth feedback models
of this work (Thesan Box and SPICE Smooth) and EAGLE, Illustris,
TNG, and SIMBA, suggesting that the strong negative gradients are
a highly generic feature of smooth feedback models. Moreover, the
agreement between FIRE, SPICE Bursty, and Thesan Zoom suggests
that the flat gradients may be a generic feature of bursty feedback
models.
• Finally, we find that the recent high-redshift gradient observations
(Arribas et al. 2024; Vallini et al. 2024; Venturi et al. 2024; Li et al.
2025) tend to align more closely with the gradients from bursty feed-
back models. This is suggestive that smooth feedback models may
under-mix their metal content, either through increased feedback or
a lack of a metal diffusion in the models (see discussion in Sec-
tion 4.2.2); however, given current observational limitations, it is
unclear how robust this finding is (see discussion in Section 4.2.1).
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