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A B S T R A C T 

Observ ations sho w a tight correlation between the stellar mass of galaxies and their gas-phase metallicity (MZR). This relation 

evolves with redshift, with higher redshift galaxies being characterized by lower metallicities. Understanding the physical origin 

of the slope and redshift evolution of the MZR may provide important insight into the physical processes underpinning it: star 

formation, feedback, and cosmological inflows. While theoretical models ascribe the shape of the MZR to the lower efficiency 

of galactic outflows in more massive galaxies, what drives its evolution remains an open question. In this letter, we analyse how 

the MZR evolv es o v er z = 0–3, combining results from the FIREbox cosmological volume simulation with analytical models. 

Contrary to a frequent assertion in the literature, we find that the evolution of the gas fraction does not contribute significantly to 

the redshift evolution of the MZR. Instead, we show that the latter is driven by the redshift dependence of the inflow metallicity, 

outflow metallicity, and mass loading factor, whose relative importance depends on stellar mass. These findings also suggest 

that the evolution of the MZR is not explained by galaxies moving along a fixed surface in the space spanned by stellar mass, 

gas-phase metallicity, and star formation rate. 
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1  I N T RO D U C T I O N  

The amount of metals within the interstellar medium (ISM) is set 

by the current and past star formation rate (SFR), the magnitude 

and chemical enrichment of galactic inflows from the circumgalactic 

medium, and the strength of galactic outflows that remo v e metals 

from the ISM (e.g. Peeples & Shankar 2011 ; Dav ́e; Finlator & Op- 

penheimer 2012 ; Lilly et al. 2013 ; De Rossi et al. 2017 ; Maiolino & 

Mannucci 2019 ; and Torrey et al. 2019 for a recent re vie w). It 

thus provides a critical benchmark for theoretical models of galaxy 

formation and evolution. 

Observationally, the gas-phase oxygen abundance (O / H) is tightly 

linked to the galaxy stellar mass ( M � ), with lower metallicities found 

in less massive galaxies (e.g. Lequeux et al. 1979 ; Tremonti et al. 

2004 ; Lee et al. 2006 ; K e wley & Ellison 2008 ; Berg et al. 2012 ; 

Andrews & Martini 2013 ; Blanc et al. 2019 ; Curti et al. 2020 ). 

Moreo v er at fix ed M � , galaxies at higher redshift are characterized 

by lower gas metallicities (e.g. Savaglio et al. 2005 ; Erb et al. 2006 ; 

Maiolino et al. 2008 ; Mannucci et al. 2009 ; Cullen et al. 2014 ; Maier 

et al. 2014 ; Steidel et al. 2014 ; Troncoso et al. 2014 ; Onodera et al. 

2016 ; Sanders et al. 2021 ). 
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From a theoretical perspective, the stellar mass dependence of the 

mass–metallicity relation (MZR), as well as its redshift evolution 

are frequently studied either via analytical models (e.g. Finlator & 

Dav ́e 2008 ; Peeples & Shankar 2011 ; Dav ́e et al. 2012 ; Dayal; 

Ferrara & Dunlop 2013 ; Lilly et al. 2013 ; Feldmann 2015 ), or 

with cosmological simulations and semi-analytical models (e.g. Dav ́e 

et al. 2011 ; Ma et al. 2016 ; De Rossi et al. 2017 ; Torrey et al. 2019 ; 

Fontanot et al. 2021 ). The analytical models are constructed around 

the conservation of baryonic mass within galaxies, and they are 

generally able to describe both the shape and the redshift evolution of 

the MZR, although they resort to different physical interpretations. 

While there is general consensus that a more efficient expulsion 

of metals from lower mass galaxies sets the slope of the MZR 

(although Baker & Maiolino 2023 argue that it is a consequence 

of the stellar mass being proportional to the o v erall metals produced 

in the galaxy), what drives the evolution of the MZR is still debated. 

Specifically, some models find that this evolution is mainly driven by 

more enriched gas inflows at lower redshift (e.g. Dav ́e et al. 2012 ), 

while others relate the evolution to different SFRs (or, equivalently, 

gas masses) at fixed M � at different redshifts (e.g. Lilly et al. 2013 ). 

The latter is consistent with the existence of a Fundamental Plane 

for metallicity (e.g. Mannucci et al. 2010 ). In this view, the MZR 

is a 2D projection of a 3D plane consisting of M � –Z–SFR (or M � –

Z– M gas ), and the redshift evolution of the MZR is a consequence 
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of the redshift evolution of the average gas masses and SFRs in 

galaxies. 

Similar results are also found with hydrodynamical simulations. 

Indeed, there is a general consensus on the role of feedback in setting 

the slope of the MZR. Specifically, De Rossi et al. ( 2017 ) used 

dif ferent v ariations of the EAGLE galaxy formation model, showing 

that at M � � 10 10 M � the slope of the MZR is mainly set by stellar 

feedback, while feedback from active galactic nuclei (AGN) plays a 

major role at larger stellar masses. Similar results were also found 

by Dav ́e et al. ( 2011 ). Ho we ver, as for analytical models, no general 

consensus on the physical properties leading to the redshift evolution 

of the MZR has been reached. While in the EAGLE and IllustrisTNG 

models this evolution is attributed to evolving gas fractions or SFR 

(De Rossi et al. 2017 ; Torrey et al. 2019 ), Dav ́e et al. ( 2011 ) argued 

that the main physical property driving the evolution is the metallicity 

of the inflowing material. 

In this paper, we combine results from a state-of-the-art cosmo- 

logical volume simulation (FIREbox, Feldmann et al. 2023 ) with 

analytical models to study the physical mechanisms driving the 

redshift evolution of the MZR. By using a large set of galaxies 

from a cosmological volume, we are able to study galactic properties 

in a statistical manner. The physics model (FIRE-2, Hopkins et al. 

2018 ) employed in FIREbox is well suited to explore the gas-phase 

metallicity since it is able to resolve the ISM and produces galactic 

outflows self-consistently (Muratov et al. 2015 ; Angl ́es-Alc ́azar et al. 

2017 ; Muratov et al. 2017 ; Pandya et al. 2021 ). Specifically, unlike 

most of other currently available full-box simulations where galactic 

winds are free parameters of the subgrid models, in FIRE galactic 

winds emerge from multichannel stellar feedback implemented on 

the scale of star-forming regions. This implies that wind mass and 

metal loading factors emerge from the local injection of energy and 

momentum and are not prescribed or tuned. In the context of galactic 

metallicities, Ma et al. 2016 , using a set of zoom-in cosmological 

simulations showed that this model produces gas-phases metallicities 

that agree reasonably well with observations in the redshift range 0 

≤ z ≤ 6. 

2  SIMULATIONS  

In this letter, we study the properties of galaxies rele v ant to the 

MZR and its evolution drawn for the FIREbox cosmological volume 

(22.1 Mpc) 3 simulation (Feldmann et al. 2023 ). The simulation is 

part of the Feedback In Realistic Environments (FIRE) project, 1 

and it was run with the cosmological code GIZMO 
2 (Hopkins 2015 ) 

using the Meshless Finite Mass hydro solver and the FIRE-2 physics 

(Hopkins et al. 2018 ).Specifically, gas cooling and heating rates 

are computed for temperatures ranging from 10–10 9 K, with the 

inclusion of heating and photoionization from a Faucher-Gigu ̀ere 

et al. ( 2009 ) UV background. Stars form from gas particles with 

a local efficiency of 100 per cent per free-fall time if gas particles 

are: self-gravitating, Jeans unstable, and abo v e a density threshold 

of 300 cm 
−3 . The simulations implement different stellar feedback 

channels. Specifically: feedback from SN of type II and Ia, stellar 

winds from massive OB and evolved AGB stars, photoionization, 

photoelectric heating, and radiation pressure. In the simulation, we 

track 15 chemical species (H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe, and 

four tracker species for r-process elements) and we include sub-grid 

1 https:// fire.northwestern.edu/ 
2 http:// www.tapir.caltech.edu/ ∼phopkins/ Site/ GIZMO.html 

Figure 1. MZR in observations and simulations at 0 ≤ z ≤ 3. In simulations, 

stellar masses are computed within 0.1 × R vir . Metallicity is computed within 

a spherical aperture of 3 kpc. Values for single galaxies are shown by lightly 

coloured circles. Solid lines show the median of the distribution, with error 

bars encompassing the 16 th –84 th percentile region. As a reference to show 

the dependence of the results on the region within which the metallicity is 

computed, we also show the results within 0.1 × R vir as coloured dashed 

lines. For observations, we show the results with coloured triangles and lines, 

as described in the legend. The data from Sanders et al. ( 2021 ) are rescaled 

to match the calibration of Tremonti et al. ( 2004 ) (see text for more details). 

We show the MZR measured by Strom et al. ( 2022 ) both with their original 

normalization (dashed green line), and by normalizing them to match the 

Sanders et al. ( 2021 ) results at M � = 10 10 M �. Simulation results agree 

reasonably well with observations at all redshifts apart from the massive end 

at z = 0 (when using the 3 kpc apertures that roughly match the aperture used 

in the sample of Tremonti et al. 2004 ), and the slope of the MZR at z = 2 

which is steeper in simulations. 

metal diffusion from unresolved turbulence (Su et al. 2017 ; Escala 

et al. 2018 ). 

FIREbox is run at a mass resolution of m b = 6.3 × 10 4 M � and 

m DM = 3.3 × 10 5 M � for gas and dark matter particles, respectively. 

Star particles form from gas particles and maintain the progenitor 

particle mass. The values of the softening lengths for star particles 

(DM particles) are ε� = 12 pc ( εDM = 80 pc). The softening length 

for gas particles is adaptive, with a fixed minimum value of 1.5 pc. 

The softening lengths are fixed in proper (comoving) units at z < 

9 ( z ≥ 9). In this letter, we make use of all central galaxies with a 

stellar mass M � > 10 8 M �, identified in the four redshift bins z = 

0, 1, 2, 3. Galaxies are identified with the AMIGA halo finder (Gill, 

Knebe & Gibson 2004 ; Knollmann & Knebe 2009 ). 

3  MASS  META LLICITY  R E L AT I O N  IN  

FIREBOX  

In Fig. 1 , we show the MZR in FIREbox in comparison with 

observational data in the redshift range 0 ≤ z ≤ 3. In the simulations, 

stellar masses are computed within 0.1 × R vir (where the virial radius 

is computed following the virial o v erdensity definition of Bryan & 

Norman 1998 ). Metallicities are computed as the average gas-phase 

oxygen to hydrogen abundance ratios within two different apertures: 
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3 kpc (solid lines; this roughly matches the aperture used in the 

sample of Tremonti et al. 2004 ) and 0.1 × R vir (dashed lines; this 

roughly matches galaxy sizes). Results from simulations are shifted 

downward by 0.12 dex in order to account for oxygen depletion 

inside H II regions (Peimbert & Peimbert 2010 ; Feldmann et al. 

2022 ). Regarding the observational samples, we take the results of 

Tremonti et al. ( 2004 ), Lee et al. ( 2006 ), and Zahid, K e wley & 

Bresolin ( 2011 ) at face value as they employ similar metallicity 

calibrations (K e wley & Ellison 2008 ). We rescale the z = 0 results 

from Sanders et al. ( 2021 ) in order to match Tremonti et al. ( 2004 ) 

MZR at M � = 10 10 M �. We then apply the same normalization factor 

to Sanders et al. ( 2021 ) data at z > 0. Finally, we plot the data of 

Strom et al. ( 2022 ) at z ∼ 2.3 both at face value (dashed green line) 

and matching the normalization of Sanders et al. ( 2021 ) at M � = 

10 10 M � (solid green line). 

Fig. 1 shows that data from FIREbox agree reasonably well with 

observations in the redshift range co v ered, giv en the substantial sys- 

tematic uncertainties in observational metallicity measurements (e.g. 

Maiolino & Mannucci 2019 ). The only exceptions are represented by 

the excess in metals in massive FIREbox galaxies ( M � > 10 10 M �) at 

z = 0, and by the slope of the relation at z ∼ 2. The former is likely 

related to the absence of an AGN feedback model in FIREbox. For 

e xample, numerical e xperiments run with the EAGLE model have 

shown that the slope of the MZR at M � � 10 10 M � is mostly set by 

AGN feedback (De Rossi et al. 2017 ). Regarding the latter, the two 

relations from Sanders et al. ( 2021 ) and Strom et al. ( 2022 ) at z ∼ 2 

represent the range of slopes reported in the literature for the MZR 

at high redshift. As discussed in Strom et al. ( 2022 ), the slope of 

the MZR is sensitive to both the choice of the calibration and the 

galaxy sample. Ho we v er, while uncertainties in the observ ed MZR 

remain large, FIREbox MZR is shallower than most observed MZR. 

Future investigations will be needed to pinpoint the reason behind 

this difference. 

4  T H E  EQUILIBRIUM  META LLICITY  IN  

A NA LY T I C A L  M O D E L S  

Having assessed that FIREbox produces gas-phase metallicities that 

are in approximate agreement with observational data, we now 

investigate whether simple analytical models accurately describe 

the properties of the simulated galaxies. These models are based 

on baryonic mass conservation within galaxies. Specifically, we will 

use the models described in Lilly et al. ( 2013 ) and Feldmann ( 2015 ), 

as they allow all parameters to vary, including inflow and outflow 

metallicities. Assuming that metals are instantaneously recycled and 

that the mass outflow rate is directly proportional to the SFR, the 

gas-phase metallicity can be expressed as (e.g. Feldmann 2015 ): 

Z = 
y(1 − R) r − Ż t dep 

1 − r in Z + ( r out 
Z − 1) rη

, (1) 

where 

r ≡
SFR 

Ṁ gas , in 
= 

1 

1 − R + η + t dep 

[ 

(1 − R)sSFR + d ln SFR 
dt + 

d ln t dep 
dt 

] , (2) 

(see also Lilly et al. 2013 ). 

In equation ( 1 ), y is the metal yield, R is the return fraction 

of gaseous material from the formed stars in the instantaneous 

recycling approximation, t dep is the gas depletion time defined 

as t dep = M gas / SFR, r in Z = Z inflow /Z ISM ( r 
out 
Z = Z outflow /Z ISM ) is the 

metallicity of the inflows (outflows) with respect to the metallicity of 

the ISM, Ṁ gas , in and Ṁ gas , out are inflow and outflow rate, respectively, 

sSFR is the specific SFR (SFR/ M � ), and η is the mass loading 

factor defined as η = Ṁ gas , out / SFR. Importantly, M gas is the total gas 

mass including molecular, atomic, and ionized components. While 

different phases are generally correlated with each other in the local 

Universe (e.g. Saintonge & Catinella 2022 ), their redshift evolution 

might be considerably dif ferent. Indeed, observ ations sho w that the 

evolution of the cosmic mass fraction of atomic hydrogen is much 

weaker than the molecular one (e.g. P ́eroux & Howk 2020 ; Walter 

et al. 2020 ). 

If Ż is much shorter than the depletion time (i.e. the time-scale o v er 

which the metallicity evolves is much longer than the depletion time), 

then the second term in the numerator of equation ( 1 ) is negligible 

and it is possible to express the equilibrium metallicity as: 

Z eq = 
y(1 − R) 

1 − r in Z + ( r out 
Z − 1) rη

r. (3) 

Moreo v er, if the time-scale o v er which galaxy-integrated proper- 

ties vary is long (i.e. galaxies are in equilibrium), the time deri v ati ves 

in equation ( 2 ) can be dropped and r can be written as: 

r = 
1 

1 − R + η + (1 − R) f gas 
, (4) 

where f gas is the gas fraction, f gas = M gas / M � , M gas being the total 

g as mass. This g as fraction is not directly comparable to the one 

reported in observations of medium-to-high redshift galaxies since 

the latter measures primarily the cold, largely molecular ISM (Tac- 

coni, Genzel & Sternberg 2020 ). We confirm that the approximation 

of equation ( 2 ) given by equation ( 4 ) is indeed valid for FIREbox 

galaxies, see Appendix A in the online supplementary material. 

Equations ( 3 ) and ( 4 ) imply that the MZR can evolve with redshift as 

a consequence of ( i ) redshift-dependent inflo w/outflo w metallicities 

(equation 3 ), ( ii ) redshift-dependent gas fractions (equation 4 ), and 

( iii ) redshift-dependent values of the mass loading factor (equations 

3 and 4 ). The main goal of this letter is to investigate which of these 

mechanisms is the main driver of the redshift evolution of the MZR 

in FIREbox. 

5  T H E  A NA LY T I C A L  M O D E L  APPLIED  TO  

FIREBOX  G A L A X I E S  

The first step is to study whether equation ( 3 ) accurately describes the 

metallicity of FIREbox galaxies. In Fig. 2 , we show the comparison 

between the gas-phase metallicity of FIREbox (black points) and the 

metallicity as predicted by equation ( 3 ) (red points). We describe 

how to compute all the terms entering equation ( 3 ) in Appendix A 

in the online supplementary material. In short, all the quantities are 

directly computed from the simulation, without the introduction of 

any ad hoc scaling factors. Furthermore, all quantities are averaged 

o v er one depletion time 3 This is crucial as the analytical models 

consider galaxies to be in equilibrium, and the metallicity approaches 

its equilibrium value on a depletion time-scale (Lilly et al. 2013 ). 

Reducing the averaging time results in an increase in the scatter of 

the predicted metallicities. 

Fig. 2 shows that the results from the analytical model match well 

the true metallicities measured from the simulations, with the median 

of the two distributions being in agreement within 0.1 dex (as shown 

in the middle panels). This implies that the metallicity of FIREbox 

galaxies is near equilibrium, and justifies the assumption made to 

3 The depletion time is computed as the average depletion time of all FIREbox 

galaxies at a given redshift to smooth out the large variability introduced by 

the SFR. 
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Figure 2. Comparison between the metallicity of FIREbox galaxies (black points) and the prediction from the analytical model (red points) given in equation 

( 3 ) at z = 0, 1, 2, 3 (top row, from left to right). All the terms entering equation ( 3 ) are directly computed from the simulations as described in Appendix A 

in the online supplementary material. The middle panels show the logarithm (in base 10) of the ratio between the median values of the metallicity from the 

analytical model and the metallicity directly measured from the simulation, as solid black line. The darker shaded region around the curve shows the 1 − σ

interval obtained from bootstrapping, while the dotted black line and the light grey shaded region around it indicate exact agreement between the model and the 

simulation and the 0.1 dex difference interval, respectively. The lower panels show the scatter around the median values, defined as half the difference between 

the 84 th and 16 th percentiles. The analytical model well describes the metallicity of FIREbox galaxies, with median values in agreement within 0.1 dex. 

Figure 3. Ratio between gas fraction, f gas , and mass loading factor, η, as 

a function of stellar mass for FIREbox (red) and IllustrisTNG (blue) for 

combined redshifts z = 0–3. The ratio is typically lower than 0.1, implying 

that the variation in the gas fraction required to explain the redshift evolution 

of the MZR is much larger than what state-of-the-art cosmological simulations 

predict (see equations 3 and 4 and the text for further details). 

derive equation ( 3 ) from equation ( 1 ) (i.e. neglecting the Ż term). 

Furthermore, the bottom panels also show that the scatter of the two 

distributions is comparable at z � 1. At z = 0, the scatter relative to 

the model at M � < 10 10 M � is a factor of 2–2.5 larger than that of 

the simulated galaxies. We speculate that this effect is driven by a 

more rapid evolution of Z at lower redshift in the simulation (see, e.g. 

the discussion of Fig. 4 ), implying a non-negligible contribution of 

Ż in equation ( 1 ). Ho we ver , further in vestigation outside the scope 

of this letter is required to fully understand the large scatter at z = 

0. Despite the differences at z = 0, the agreement shown in Fig. 2 

is remarkable, considering the necessary simplifying assumptions 

needed in the analytical model (such as the instantaneous recycling 

approximation and a direct proportionality between SFR and mass 

outflow rate). This comparison demonstrates that analytical models 

correctly describe the average metallicity of simulated galaxies o v er 

a broad range of stellar mass and redshift. 

6  W H AT  D R I V E S  T H E  E VO L U T I O N  O F  T H E  

MZR  IN  FIREBOX  

Given the success of the analytical model in reproducing the results 

of the cosmological simulation, we will now use the model to explore 

the drivers of the MZR evolution, in particular the role of the gas 

fraction. A first qualitative assessment can be made by considering 

the following simplified scenario with pristine inflowing material 

( r in Z = 0) and outflows with the same metallicity as the ISM ( r out 
Z = 

1). Under these assumptions, Z eq ∝ r according to equation ( 3 ), while 

r depends significantly on f gas only if f gas is at least of the same order 

of magnitude as η, see equation ( 4 ). 

According to Fig. 3 , based on data from FIREbox as well as 

TNG50 (Nelson et al. 2019a , b ; Pillepich et al. 2019 ), the ratio 

between f gas and η is typically 0.1 or lower. Consequently, changing 

r by a factor of 2 to match the observed evolution of the MZR between 
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Figure 4. Redshift evolution of the mass–metallicity relation as driven by different physical quantities and at different redshifts. The different colours with 

different line styles show the four terms in equation ( 5 ). Specifically: inflow metallicity, Z inflow (green, dashdot), outflow metallicity, Z outflow (blue, densely 

dashdotted), gas fraction (red, dotted), and mass loading factor, η (maroon, dashed). We show in black the sum of all the terms. In grey, we also show the 

evolution of gas-phase metallicity as driven by the increment of the stellar mass with time (second term of equation 5 , see text for more details). The four 

different panels refer to z = 0, 1, 2, 3, from left to right. Ne gativ e values imply that the specific factor induces a decrement in the normalization of the MZR 

going to higher redshifts. From the plot, we can see that the decreasing normalization of the MZR depends on different physical properties in different mass 

regimes. At M � � 10 10 M � , the main driver is the metallicity of the outflows, with a comparable contribution from the metallicity of the inflows. At larger stellar 

masses, the contribution from inflow metallicity changes signs, partially compensating for the evolution driven by the outflow metallicity. At all redshifts, the 

contribution to the evolution of galaxy metallicity from the evolving M � is comparable to the evolution driven by the z dependence of ξ i . 

z = 0 and z = 3 (Sanders et al. 2021 ), would require changing f gas 

by a factor of 10 or more o v er the same redshift range. The actual 

change in gas fraction is, ho we v er, at most ∼0.3 de x in both FIREbox 

and TNG50, see Appendix B in the online supplementary material. 

We want to highlight that in our calculation, we considered the total 

amount of gas within 0.1 × R vir . This choice is important as the total 

gas mass is the rele v ant quantity for comparison with theoretical 

gas-regulator models. This approach differs from previous studies 

done on TNG simulations, such as the work by Torrey et al. ( 2019 ), 

where different gas phases and measurement apertures were used. 

Based on the results presented in Fig. 3 and Appendix B in the online 

supplementary material, we can conclude that the gas fraction is not 

expected to significantly impact the redshift evolution of the MZR. 

To strengthen this statement we also use a more quantitative 

approach. First, we note that following equation ( 3 ) and equation ( 4 ), 

the equilibrium metallicity depends upon four independent variables: 

r in Z , r 
out 
Z , η, and f gas . We will refer to these four variables as ξ i , with 

i running from 1 to 4. We find that the redshift dependence of y and 

R does not contribute at a significant level to the evolution of the 

metallicity, allowing us to ignore it in our further analysis. 
For individual galaxies, Z eq = Z eq [ z , M � ( z )] = Z eq [ ξ i { z , M � ( z ) } ], 

where the dependencies on redshift and stellar mass arise as pos- 
sibly all four parameters depend on z and M � . We also include a 
dependence of redshift on stellar mass, since the latter is allowed to 
increase with time. Hence, the redshift evolution of the equilibrium 

metallicity can be written as: 

d Z eq 

d log (1 + z) 
= 

i≤4 
∑ 

i= 1 

( 
∂ Z eq 

∂ ξi 

∂ ξi 

∂ log (1 + z ) 

∣

∣

∣

∣

M � 

+ 
∂ Z eq 

∂ ξi 

∂ ξi 

∂ M � 

∣

∣

∣

∣

z 

d M � 

d log (1 + z) 

) 

. 

(5) 

The first term in the parenthesis describes how the MZR evolves 

with redshift as a consequence of the evolution of ξ i at fixed stellar 

mass. The second term describes how galaxies evolve on the MZR 

as a consequence of the increase of their stellar mass with decreasing 

redshift. 

The factors ∂ Z eq / ∂ ξi can be computed analytically from equations 

( 3 ) and ( 4 ). Given the analytical expression, the value of the deri v ati ve 

of ξ i at fixed redshift is then computed considering the median value 

of each independent variable ξ i in different mass bins taken directly 

from the simulation. Specifically, we compute the median values of 

ξ i in different mass bins at z = 0, 1, 2, 3. Then, for each mass bin, 

we fit the data to log ξ i = α + β × z + γ × z 2 . The results of 

the fit, which are shown in Appendix C in the online supplementary 

material, are finally used to compute the deri v ati ve of ξ i with respect 

to redshift. A similar procedure is used to derive the terms in the 

second factor of equation ( 5 ) (in this case fitting ξ i as a function of 

M � at fixed z, see Appendix C in the online supplementary material). 

The results of this analysis are presented in Fig. 4 . Specifically, we 

plot with coloured lines the four [ ∂ Z eq / ∂ ξi )( ∂ ξi / ∂ log (1 + z)] terms. 

The black line shows the sum of these four terms, while the grey 

line shows 
∑ 

i [ ∂ Z eq / ∂ ξi )( ∂ ξi / ∂ M � )(d M � / d log (1 + z)]. Firstly, the 

results show that the changes in the gas fraction of galaxies (shown 

in red), do not play a major role in driving the redshift evolution 

of the MZR in FIREbox at any stellar mass and redshift analysed 

in this letter. This is a fundamental difference with respect to other 

studies based on hydrodynamical cosmological simulations, where 

the redshift evolution is largely ascribed to f gas (e.g. De Rossi et al. 

2017 ; Torrey et al. 2019 ). 

Instead, the main driver of the evolution in FIREbox is a combina- 

tion of the metallicity of the outflows, the metallicity of the inflows, 

and the mass loading factor. Specifically, at M � � 3 × 10 9 M �, 

the main driver of the evolution is the metal content of inflows and 

outflo ws. Indeed, inflo ws (outflo ws) are more (less) metal enriched 

with respect to the average ISM metallicity at lower redshift. The 

trend with outflow being more metal enriched with respect to the 

ISM at higher redshift is in line with previous FIRE results (Muratov 
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et al. 2017 ; Pandya et al. 2021 ). Specifically, Pandya et al. ( 2021 ) 

found that neither the mass loading factor nor the metal loading 

factor are redshift dependent (see their fig. 5). This implies that the 

outflow metallicity is not strongly dependent on redshift (while the 

metallicity of the ISM is, as the MZR evolves with redshift). 

At larger stellar masses, the contribution from inflow metallicity 

changes signs, implying that for massive galaxies inflows are more 

metal enriched (compared to ISM metallicity) at high redshift. This 

difference and transition at stellar masses M � � 3 × 10 9 M �, can be 

interpreted in terms of gas recycling. Angl ́es-Alc ́azar et al. ( 2017 ), 

with a particle tracking analysis applied to zoom-in simulations run 

with the FIRE model, showed that the fraction of gas inflows coming 

from recycled gas decreases as stellar mass increases (see, e.g. their 

fig. 6). This implies that at low stellar masses, most of the gas accreted 

through inflows will be pre-enriched at a metallicity comparable to 

the metallicity of the ISM. By contrast, in more massive galaxies, 

most of the inflowing gas will be pristine, thus effectively lowering 

the metallicity of the ISM. 

Finally, the contribution from galactic outflows becomes more 

rele v ant at M � � 3 × 10 9 M �. Since in equation ( 3 ) the mass loading 

factor appears only at the denominator, the larger mass loading factor 

at higher redshifts in massive galaxies directly leads to this result. 

In Fig. 4 , we show in grey the contribution to the evolution of the 

metallicity due to the evolution of the stellar mass (the second term 

of equation 5 ). From the analysis, we see that this contribution is 

comparable to the evolution driven by the redshift evolution of ξ i . 

This implies that the metallicity evolution of galaxies is driven by 

both the evolution of its stellar mass, and the redshift dependence of 

inflow metallicities, outflow metallicities, and mass loading factors. 

7  C O N C L U S I O N S  

In this letter, we used the FIREbox cosmological simulation to study 

which physical quantities drive the redshift evolution of the MZR 

since cosmic noon within the FIRE-2 model for galaxy evolution. We 

have shown that FIREbox reproduces the mass–metallicity relation 

(MZR) reasonably well o v er the redshift range 0 ≤ z ≤ 3 (see Fig. 1 ), 

with the only tension represented by massive galaxies at z = 0 and the 

slope of the relation at z = 2. Moreo v er, we showed that the analytical 

model described in Lilly et al. ( 2013 ) and Feldmann ( 2015 ) applied 

to FIREbox galaxies at redshifts z = 0, 1, 2, 3 well reproduces the 

metallicity of simulated galaxies (see Fig. 2 ). Given the values of the 

mass loading factors and gas fractions measured in cosmological 

simulations (see Fig. 3 ), we estimate that gas fractions need to 

increase by a factor of 10 from z = 0 to z = 3 to explain the redshift 

evolution of the MZR. However, we find that gas fractions evolve at 

most by 0.3 dex. In order to accurately interpret these findings, one 

must take into account that the gas fraction examined in this study 

is derived from the total gas mass, the redshift evolution of which 

may vary from that of individual gas phases, such as molecular gas. 

Finally, we used the analytical expression of the analytical model 

to determine which physical properties among the mass loading 

factor, η, the inflow and outflow metallicities (parametrized by r in Z 

and r out 
Z , respectively) and the gas fraction f gas represent the main 

driver of the redshift evolution of the MZR. The results show that, 

unlike commonly assumed, the gas fraction plays a negligible role 

in driving the redshift evolution of the MZR. Instead, in FIREbox 

the redshift evolution is mostly driven by redshift-dependent outflow 

metallicities, inflow metallicities, and mass loading factors, whose 

relative importance depends on galactic mass. 

The results shown in this paper imply that the redshift evolution 

of the MZR is the consequence of the redshift evolution of r in Z , 

r out 
Z , and η. This is fundamentally distinct from the commonly held 

view that the redshift evolution of the MZR is a manifestation of a 

Fundamental Plane with M � –Z –SFR (or M � –Z –f gas ; e.g. Mannucci 

et al. 2010 ). We plan to investigate the link between our findings and 

the observ ational e vidence for a Fundamental Plane in FIREbox in 

future work. 
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