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Abstract

Context. Galaxy evolution emerges from the balance between cosmic gas accretion, fueling star formation, and supernova feedback, regulating metal enrichment of the interstellar medium. Hence, the relation between stellar mass (M⋆) and gas metallicity (Zg) is fundamental to understanding the physics of galaxies. High-quality spectroscopic JWST data enable accurate measurements of both M⋆ and Zg up to redshift z ≃ 10.

Aims. Our aims are to understand (i) the nature of the observed mass-metallicity relation (MZR), (ii) its connection with the star formation rate (SFR), (iii) the role played by SFR stochasticity (flickering), and (iv) how it is regulated by stellar feedback.

Methods. We compared the MZR obtained by the JADES, CEERS, and UNCOVER surveys, which comprise about 180 galaxies at z ≃ 3 − 10 with 106 M⊙ ≲ M⋆ ≲ 1010 M⊙, with ≃200 simulated galaxies in the same mass range from the SERRA high-resolution (≃20 pc) suite of cosmological radiation-hydrodynamic simulations. To interpret the MZR, we developed a minimal, physically motivated model of galaxy evolution that includes: cosmic accretion, possibly modulated with an amplitude A100 on 100 Myr timescales; a time delay, td, between SFR and supernova feedback; and SN-driven outflows with a varying mass loading factor, ϵSN, which is normalized to the FIRE simulations predictions for ϵSN = 1.

Results. Using our minimal model, we find the observed “mean” MZR is reproduced for relatively inefficient outflows (ϵSN = 1/4), in line with findings from JADES. Matching the observed MZR “dispersion” across the full stellar mass range requires a delay time, td = 20 Myr, in addition to a significant modulation (A100 = 1/3) of the accretion rate. Successful models are characterized by relatively low flickering (σSFR ≃ 0.2), corresponding to a metallicity dispersion of σZ ≃ 0.2. Such values are close but slightly lower than predicted from SERRA (σSFR ≃ 0.24, σZ ≃ 0.3), clarifying why SERRA shows a flatter trend with respect to the observations and some tension, especially at M⋆ ≃ 1010 M⊙.

Conclusions. The MZR appears to be very sensitive to SFR stochasticity. The minimal model predicts that high root mean square values (σSFR ≃ 0.5) result in a “chemical chaos” (i.e. σZ ≃ 1.4), virtually destroying the observed MZR. As a consequence, invoking a highly stochastic SFR (σSFR ≃ 0.8) to explain the overabundance of bright, super-early galaxies would lead to inconsistencies with the observed MZR.
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1. Introduction
The baryon cycle plays a pivotal role in regulating the galaxy formation and evolution process through cosmic time. As cosmic gas accretes in the dark matter halo potential well, it can cool and eventually form stars; massive stars explode as supernovae, enriching the surrounding interstellar medium with metals, which can potentially be ejected from the galaxy. Therefore, key information regarding the star formation and enrichment history is encoded in the relation between stellar mass (M⋆) and gas metallicity (Zg), the so-called mass-metallicity relation (MZR), making it effectively a standard ruler for galaxy evolution (see Maiolino & Mannucci 2019, for a review). Over the past 20 years, it has become possible to measure the MZR from z ≃ 0 (Tremonti et al. 2004; Kirby et al. 2013; Andrews & Martini 2013) up to the beginning of cosmic noon (z ≃ 3, Erb et al. 2006; Maiolino et al. 2008; Zahid et al. 2011; Sanders et al. 2018; Curti et al. 2020), mostly by using the oxygen-to-hydrogen abundance ratio, [O/H], as a proxy for Zg. Locally, these observations have shown that Zg increases with stellar mass up to M⋆≃ 1010 M⊙, and that beyond that point it flattens. This can be understood as being due to the fact that low-mass galaxies are prone to metal ejection due to their shallower potential well, while massive galaxies can retain most of the metals they have produced (Ferrara 2008). In this view, galaxy evolution is guided by a “bathtub” equilibrium (Bouché et al. 2010; Dekel & Mandelker 2014), which determines the metallicity by balancing infall and outflows (Lilly et al. 2013). Further, observations have highlighted that Zg and M⋆ are tightly connected with the star formation rate (SFR) in the so-called fundamental mass-metallicity relation (FMR, Mannucci et al. 2010), which seems to be redshift-independent up to z ≃ 3 (Curti et al. 2020). Other factors such as galaxy size (Ellison et al. 2008) and molecular gas content (Bothwell et al. 2013) might also play some secondary role in connecting Zg to M⋆. The MZR evolution at z ≳ 4 has been predicted via semi-analytical models (Dayal et al. 2013; Zahid et al. 2014; Ucci et al. 2023) or cosmological simulations (Torrey et al. 2019; Liu & Bromm 2020; Langan et al. 2020; Wilkins et al. 2023; Casavecchia et al. 2024). Most models predict almost no evolution or a very weak redshift dependence for z > 3 (Ma et al. 2016; Kannan et al. 2022; Marszewski et al. 2024); some others suggest a breakdown of the relation at z ≳ 9 − 12 (Pallottini et al. 2014; Sarmento et al. 2018). Thanks to the exquisite spectroscopic capabilities of JWST, we can accurately infer Zg for galaxies well within the Epoch of Reionization (EoR, z > 6). At present, surveys like JADES (Bunker et al. 2024) and CEERS (Finkelstein et al. 2023) have provided metallicity measurements at z ≃ 3 − 10 (Curti et al. 2024) and z ≃ 4 − 10 (Nakajima et al. 2023), for a combined sample of about 170 galaxies in the 5 × 106 M⊙≲ M⋆ ≲ 1010 M⊙ stellar mass range. These JWST observations suggest that the MZR is already in place in the EoR, albeit downshifted by 0.5 dex with respect to the local one. The evolution in the z ≃ 3 − 10 range is very mild, as relatively low-mass (M⋆≃ 109−10 M⊙) galaxies can be chemically mature (Zg ≃ 0.3 Z⊙) already at z ≃ 6. The MZR shows a root mean square (rms) dispersion σZ = 0.3 dex, and possibly a hint of flattening at z ≳ 6 (Curti et al. 2024). Furthermore, multiple line detections in the same target can be used to constrain abundance patterns of individual elements (Kobayashi & Ferrara 2024; Curti et al. 2025). Resolved observations are beginning to probe the presence of metallicity gradients up to z ≃ 8 (Venturi et al. 2024), which should provide deeper insights into the formation process of the galaxy and the history of the stellar mass buildup (see Vallini et al. 2024, for an ALMA perspective). Observations targeting lensed fields (Bezanson et al. 2024; Chemerynska et al. 2024a) are uncovering the metallicities of even the fainter galaxies (Chemerynska et al. 2024b), which is key in order to explore the infall and outflow interplay due to stellar feedback in the less massive objects. Importantly, using observations of lensed targets at z ≃ 3 − 9, Morishita et al. (2024) suggest that the 0.5 dex shift of normalization and the higher scattering1 (0.3 dex, see also Heintz et al. 2023) with regard to the local MZR can be caused by the high level of burstiness of the SFR expected in high-z galaxies (Pallottini & Ferrara 2023; Sun et al. 2023a). Indeed, as we move from the local Universe to high z (see Madau & Dickinson 2014; Dayal & Ferrara 2018; Förster Schreiber & Wuyts 2020, for reviews), galaxies are expected to become more bursty, as a consequence of the increase in the specific SFR (sSFR, González et al. 2010; Stark et al. 2013; Smit et al. 2014) combined with a decrease in size (Shibuya et al. 2015), which can make the stellar feedback more effective (Krumholz & Burkhart 2016) in maintaining a higher level of turbulence (Simons et al. 2017; Genzel et al. 2017). With the recent availability of JWST observations (Roberts-Borsani et al. 2022; Castellano et al. 2022; Finkelstein & Bagley 2022; Naidu et al. 2022; Treu et al. 2022; Adams et al. 2023; Atek et al. 2023; Donnan et al. 2023; Harikane et al. 2023; Santini et al. 2023), the time-varying stochastic SFR behavior (in short, flickering or burstiness), has been invoked as a possible mechanism (Mason et al. 2023; Mirocha & Furlanetto 2023; Shen et al. 2023; Sun et al. 2023a; Kravtsov & Belokurov 2024) to explain the overabundance of bright galaxies at z ≳ 10 (see Dekel et al. 2023; Ferrara et al. 2023, for alternatives). However, some works predict that the rms amplitude of the SFR variability falls short of explaining the said overabundance (Pallottini & Ferrara 2023). Thus, it is unclear if flickering alone can explain the phenomenon, particularly since the required high level of variability (Muñoz et al. 2023) is apparently not seen in the data (Ciesla et al. 2024). Studies of the SFR flickering have experienced a recent surge, as stochastic SFR variations can have an impact on our ability to observe distant galaxies (Sun et al. 2023b) and affect the possibility of detecting Population III stars (Vikaeus et al. 2022; Katz et al. 2023). In addition, the flickering can modify the UV spectral slopes of high-z galaxies and the escape fraction of ionizing photons (Gelli et al. 2024a), ultimately controlling the cosmic reionization history (Davies & Furlanetto 2016; Nikolić et al. 2024). Analyzing the amplitude and temporal variation in SFR flickering provides unique insights into the various feedback processes that regulate the formation and evolution of early galaxies (Pallottini & Ferrara 2023). On the one hand, high-amplitude and high-frequency flickering, on timescales shorter than the delay between SFR and SN explosions (≃20 − 40 Myr), are invoked (Gelli et al. 2023, 2024b, 2025) to explain the observed abrupt quenching of the SFR in M⋆ ≃ 109 M⊙ galaxies already at z ≃ 7 (Dome et al. 2024; Looser et al. 2024; Endsley et al. 2024). On the other hand, the presence of disks observed in M⋆≃ 109−10 M⊙ galaxies up to z ≃ 7 (Rowland et al. 2024; Fujimoto et al. 2024) implies a limited level of stochasticity, as otherwise the disk would be disrupted (Kohandel et al. 2024). In the present work, we aim to clarify the effects of SFR flickering and feedback regulation of high-z galaxies by using the MZR as a standard ruler. The paper is structured as follows. In Sect. 2 we present the SERRA cosmological radiation-hydrodynamic simulation suite and compare it with MZR observations from JADES, CEERS, and UNCOVER. To obtain a broad-brush interpretation of the complex, nonlinear effects shaping the MZR, in Sect. 3 we develop a minimal, single-zone model to give a physical interpretation to the observed MZR. In Sect. 4 we discuss the interpretation of different simulations suites by analyzing them in the light of the simplified view enabled by the minimal model (Sect. 4.1), also discussing its shortcomings (Sect. 4.2); conclusions are given in Sect. 5.
2. The mass-metallicity relation at high redshift
To study the MZR at high-z, firstly we adopted the data from SERRA, a suite of cosmological zoom-in simulations that follows the evolution of z ≳ 6 galaxies (Pallottini et al. 2022). In SERRA we used the code RAMSES (Teyssier 2002) to evolve dark matter (DM), gas, and stars. We enabled the module RAMSES-RT (Rosdahl et al. 2013) to track radiation on the fly by coupling it (Pallottini et al. 2019; Decataldo et al. 2019) with KROME (Grassi et al. 2014), in order to account for nonequilibrium chemistry up to H2 formation (Pallottini et al. 2017a). Stars are formed using a Schmidt (1959)–Kennicutt (1998) – like relation based on H2. Once formed, stars produce UV radiation that ionizes the gas, photo-dissociates H2, and builds a radiation pressure in the gas. Massive stars generate stellar winds and explode as SNe. Depending on the kind of feedback, energy injection in the gas can be of thermal (subject to radiative losses) and/or turbulent (later dissipated) nature (Pallottini et al. 2017b). In SERRA, metallicity is tracked as the sum of heavy elements. Adopting a ≃ 1.2 × 104 M⊙ (≃ 20 pc) gas mass (spatial) resolution, with MUSIC (Hahn & Abel 2011) we initialized cosmological initial conditions2 generated at z = 100, and followed the evolution of galaxies down to z = 6 (and z = 4 for a subsample, see Kohandel et al. 2024). For this work, we selected ≃200 central SERRA galaxies at z = 7.7 with a stellar mass of 106 M⊙≲ M⋆ ≲ 1010 M⊙; we computed the gas metallicity as [image: equation] by considering the total gas (Mg) and metal (MZ) mass contained within 3 stellar effective radii from the galaxy center, which is close to the gas half-mass radius3. Note that, for a more direct comparison with the observations, we should compute line and continuum emission from SERRA galaxies; then, we could infer M⋆ from synthetic SED fitting and combine the line emission to prepare metallicity calibrators. Such an approach would reduce potential mismatches due to uncertainties in using different calibrators (Curti et al. 2017; Chemerynska et al. 2024b), for example to relax the single zone model assumption (Marconi et al. 2024) and correct for biases in the comparison (Cameron et al. 2023), also avoiding potential issues in the M⋆ determinations (Narayanan et al. 2024), which can hinder a robust determination of the MZR and its intrinsic scatter (Strom et al. 2022). Without FIR data, metallicity can typically be inferred for galaxies showing emission lines either constraining the electron temperature (Vallini et al. 2021; Markov et al. 2022; Morishita et al. 2024) or that can be combined to derive classical metallicity calibrators (e.g. Curti et al. 2020). By definition, this is only a subset of star-forming galaxies. It has to be noted that for some mini-quenched or post-starburst galaxies (Endsley et al. 2024) metallicity estimates are also possible (Carniani et al. 2025). While the fidelity of the comparison with observations might be improved by selecting from our model only star-forming galaxies (and imposing a SFR lower limit to mimic a UV survey limit), the presence of lines for metallicity determination depends on assumptions such as the IMF type, the fraction of binaries (e.g. Veraldi et al. 2025), and dust attenuation (Gelli et al. 2023). These choices add extra uncertainty to the models; future dedicated work is needed to explore this issue. Also, while this kind of forward modeling approach is very powerful, and also allows for the preparation of novel observational strategies (Zanella et al. 2021; Rizzo et al. 2022), here it hinders the possibility of making a comparison with most of the other models, as the MZR is usually computed integrating metal, gas, and stellar masses; thus, we avoid it in the present work. The predictions for SERRA are plotted in Fig. 1, along with JWST data from Curti et al. (2024, JADES sample, Bunker et al. 2024), Nakajima et al. (2023, CEERS sample, Finkelstein et al. 2023), and Chemerynska et al. (2024b, UNCOVER sample, Bezanson et al. 2024), for a total of about 180 galaxies at z ≃ 3 − 10 with 106 M⊙≲ M⋆ ≲ 1010 M⊙. The bulk of SERRA galaxies are between 107 M⊙ ≲ M⋆ ≲ 109 M⊙; these galaxies have 10−1.5 Z⊙ ≲ Zg ≲ 10−0.5 Z⊙, which is broadly consistent with the observed JWST galaxies. However, at 107 M⊙ ≲ M⋆ ≲ 108 M⊙ some SERRA galaxies show Zg ≃ 0.25 dex higher than the observed values; moreover, for M⋆ ≃ 1010 M⊙, Zg is on average lower than observed, up to extreme cases of 0.5 dex. In general, SERRA galaxies show no clear MZR trend and their dispersion appears to be somewhat larger than the observed one. Interestingly, with respect to Nakajima et al. (2023) and Curti et al. (2024), the lensed galaxies from Chemerynska et al. (2024b) seem to indicate lower values of Zg at M⋆ ≲ 107 M⊙; the lensed data seems consistent with SERRA, but only a select number of simulated galaxies and observations are in that mass range. As is noted by Curti et al. (2024), the lack of a clear trend and the large scatter in the SERRA relation resembles the behavior of their 6 < z < 10 sample. However clear differences are present, such as the relatively metal-rich galaxies at M⋆≃ 108 M⊙ and low-metallicity galaxies at M⋆≃ 1010 M⊙. Further, the lack of a clear trend might be partially due to galaxy sample selection, as most of the SERRA data has 108 M⊙ ≲ M⋆ ≲ 109 M⊙ and only a small fraction of galaxies has M⋆ ≃ 107 M⊙. Thus, the observed galaxy mass range is not uniformly covered by SERRA galaxies, whose sample is drawn from a collection of zoom-in simulations focusing on M⋆ ≃ 1010 M⊙ galaxies and their close environment. Indeed, some of the M⋆≲ 109 M⊙ mass galaxies form in a highly pre-enriched environment, which explains their relatively high metallicities (Zg ≃ 10−0.5, see Gelli et al. 2020). Note that considering different redshift intervals4 yields qualitatively similar results. Thus, in summary, the normalization of the MZR of SERRA is roughly similar to the observed galaxies, but no trend (flat MZR) is clearly visible (Rowland et al. 2025) and some discrepancies are present, especially in the M⋆ ≃ 1010 M⊙ range. Similar (or larger) tensions are present also when a comparison with other models is performed. These can be noted; for example, from the fit obtained by the FIRE-2 simulations (Marszewski et al. 2024). FIRE-2 data are close to the observed Zg at M⋆≃ 109.5 M⊙, but the predicted slope of the MZR is different, and thus the tension with Nakajima et al. (2023), Curti et al. (2024) increases with decreasing M⋆. Finally, FIRE-2 galaxies present a much higher scatter5, which increases with decreasing stellar mass up to ≃1 dex at M⋆≃ 5 × 107 M⊙ (for a clearer comparison, see later Fig. 5). An in-depth comparison between observations and simulations is presented in Curti et al. (2024), which, in addition to SERRA, considers the zoom-in simulations from FIRSTLIGHT (Langan et al. 2020, see Ceverino et al. 2017 for the main paper) and FIRE (Ma et al. 2016, see Hopkins et al. 2014), the IllustrisTNG cosmological simulations Torrey et al. (2019, see Pillepich et al. 2018), and the ASTRAEUS semi-analytical models (Ucci et al. 2023, see Hutter et al. 2021); as detailed in Curti et al. (2024), most simulations seem to reasonably match the Zg data at ≃109 M⊙ but have steeper slopes and underpredict the metallicities at lower M⋆. Interestingly, some of the models (e.g. Marszewski et al. 2024; Cueto et al. 2024) seem to be consistent with what was observed by Chemerynska et al. (2024b), which however have only eight targets, thus it is unclear if there is a change of slope of the MZR for M⋆≲ 107 M⊙. Indeed, the observational determination of the slope of the MZR seems still uncertain, e.g. it seems to change with redshift, as indicated by the different slopes resulting from the separate analysis of Curti et al. (2024) for the 3 < z < 6 and 6 < z < 10 samples.
	[image: thumbnail]	Fig. 1. Mass-metallicity relation (MZR) at high redshift (z). We plot the gas metallicity (Zg) as a function of stellar mass (M⋆) for the SERRA simulated galaxies (Pallottini et al. 2022, z ≃ 7) and the JWST observations from CEERS Nakajima et al. (2023, z ≃ 4 − 10), JADES (Curti et al. 2024, z ≃ 3 − 6 and 6–10), and UNCOVER (Chemerynska et al. 2024b, z ≃ 6 − 8). To guide the eye, the observational fits from Nakajima et al. (2023) and Curti et al. (2024) are also reported as lines with the same colors of corresponding data. As a reference, the log(Zg/Z⊙) = 0.37 log(M⋆/M⊙)−4.3 fit from FIRE-2 simulations (Marszewski et al. 2024, z = 5 − 12) is shown, along with their binned data and scatter at z = 8. The right axis reports the logarithmic oxygen abundance [O/H], assuming a solar composition (Asplund et al. 2009), i.e., 12 + [O/H]⊙ = 8.69.



	[image: thumbnail]	Fig. 5. SFR (σSFR, upper panel) and gas metallicity (σZ, lower panel) rms variations as a function of stellar mass for the sets of models presented in Fig. 4 (see Eqs. (3) for the definitions). As a reference, we report the SERRA average σSFR (Pallottini & Ferrara 2023) and σZ (this work), the σSFR from Ciesla et al. (2024), Mason et al. (2023), Muñoz et al. (2023), Shen et al. (2023), and the σZ for FIRE-2 at z = 8.0 (Marszewski et al. 2024) and JWST data. Note that ⟨JWST⟩ is the rms of the observations after subtraction of the fit to the MZR in the different datasets in Nakajima et al. (2023) and Curti et al. (2024); the thickness of the shaded area encloses the minimum and maximum of the rms of the different datasets.



3. A minimal physical model to explain the MZR
Given the very contrived match between simulations and observations, it seems worthwhile to step back and try to understand the trend and dispersion of the MZR using basic physical models. The advantage of the approach consists of simplifying the complexity of numerical simulation while retaining the most important physical processes shaping the MZR. To this aim, we devise a minimal, physical model describing the evolution of DM (Mdm), gas (Mg), star (M⋆), and gas-phase metal (MgZ) mass of a galaxy, following Dayal et al. (2013). As in Furlanetto & Mirocha (2022), we introduce an explicit feedback delay resulting in a modulation of the star formation history (SFH).
3.1. Model setup
We assume that the DM halo increases as a result of cosmological accretion, which on average can be written as in Correa et al. (2015, see Eq. (23) therein)
[image: thumbnail](1a)
where [image: equation]. We allow stars to form (Eq. (2b)) and include stellar feedback via SNe, exploding after a delay time td. SNe cause mass outflows with a rate Ṁout (Eq. (2a)), enrich the gas of metals with a yield y, and have a return fraction R. Thus, the stellar mass increases because of SFR and decreases after td because of SN explosions:
[image: thumbnail](1b)
which for td = 0 (no-SN-delay) would give an instantaneous recycling approximation as in Dayal et al. (2013). The gas mass increases because of cosmic accretion and return from stars, and it decreases because of the SFR process and SN-driven outflows:
[image: thumbnail](1c)
where fb = Ωb/Ωm is the cosmological baryion fraction. Finally, the gas metal content increases because of the SN yields while it decreases because of astration and outflows:
[image: thumbnail](1d)
where Zg = MgZ/Mg is the gas metallicity, and we include the possibility for the cosmic gas to be already enriched at Zin, which we set to Zin = 10−7 Z⊙, i.e. virtually metal free. Note that in principle the enrichment (ySFR(t − td) in Eq. (1d)) and outflow (Ṁout(t−td) in Eq. (1c)) time delays might be different, as the former is linked to stellar evolution, while the latter describes mechanical feedback that is powering galaxy outflows. Similarly, the outflow gas metallicity might be different from the ISM one, while this possibility cannot be included in a single-zone model. Such effects are sometimes considered in more complex semi-analytic models accounting for a two-phase medium (cf. Somerville et al. 2015; Mutch et al. 2016). For the sake of simplicity, here we do not allow for this additional (and uncertain) factor. To solve the system in Eqs. (1), we need to specify a functional form for Ṁout and SFR. We take the outflow rate as in Muratov et al. (2015):
[image: thumbnail](2a)
with ϵSN an efficiency parameter that we use to calibrate the mass loading factor; ϵSN = 1 corresponds to the results from Muratov et al. (2015, FIRE simulations, Hopkins et al. 2014). Note that ϵSN = 1 yields a loading factor consistent with what Herrera-Camus et al. (2021) observes for HZ4 (but see Parlanti et al. 2025). Further, using ϵSN = 1 in Eq. (2) would match the results from Pizzati et al. (2023) for z ≃ 5 − 6 ALPINE galaxies (Le Fèvre et al. 2020) that feature a spatially extended gas component (Fujimoto et al. 2020). However, ϵSN ≃ 1/3 is needed to match the loading factor inferred from z ≃ 3 − 9 JADES galaxies (Carniani et al. 2024). We note that simulated outflow loading factors (Muratov et al. 2015) are typically computed in a different way than is inferred from observations (e.g. Pizzati et al. 2020; Carniani et al. 2024). Thus, some care should be taken in the comparison, and our conclusions should be taken with caution as they are based on simplified assumptions. We assumed that the SFR is proportional to the gas mass:
[image: thumbnail](2b)
and we selected a constant t⋆ = 1 Gyr as our fiducial star formation timescale6. The choice of t⋆ is roughly consistent with the upper limits of the depletion times reported by Dessauges-Zavadsky et al. (2020) for ALPINE galaxies, and is discussed in more detail in Sect. 4.2 (see also Appendix A). To complete the model, we assumed that halos can form stars after they reach a virial temperature for atomic cooling to be effective (104 K); similarly to SERRA, we assumed return fraction and yields appropriate for a Kroupa (2001) IMF and adopting Bertelli et al. (1994) tracks with a Z⋆ = Z⊙ stellar population7, which gives y ≃ 0.0228 and R ≃ 0.3242. The system (Eqs. (1) and (2)) was solved along with z = z(t) using an embedded Runge-Kutta method (Fehlberg 1968) of order fifth(sixth) with an adaptive timestep, which was selected in order to have a fractional (absolute) precision of at least ≤10−5 (≤ 102 M⊙) for Mdm, M⋆, Mg, and [image: equation]. The delayed SFR and stellar mass used to evaluate the stellar feedback were computed using a seven-point time stencil.
3.2. Overview of the minimal physical model
The delay between the SFR and feedback td and the amplitude of the outflow (ϵSN) regulate the burstiness of the galaxy in our single zone model (cf. Furlanetto & Mirocha 2022). To understand the impact of burstiness on galaxy evolution, it is instructive to consider a halo with mass Mdm = 3 × 1010 M⊙ at z = 6 and set the outflow efficiency to the standard value of ϵSN = 1. In Fig. 2 we compare the evolution of the stellar (green), gas (brown), and metal (pink) mass content for td = 0 (no-SN-delay, dashed lines) and td = 10 Myr (solid lines). By construction, the halo mass growth (Eq. (1a)) is unaffected by td, and thus the two models follow the same DM evolution (black line), which smoothly grows from Mdm ≃ 107 M⊙ at z ≃ 18, when the Universe was t ≃ 200 Myr old. At that time, for td = 0 the gas and stars has ≃105 M⊙ and ≃102 M⊙, respectively, and both grow, reaching approximately ≃5 × 107 M⊙ at t ≃ 800 Myr, with M⋆/Mdm ≃ 5 × 10−3 broadly consistent with what is expected from abundance matching models (e.g. Behroozi et al. 2013). In the case with td = 10 Myr, the secular trends are qualitatively similar, but the system experiences a series of bursts on timescales of ≃20 Myr = 2 td. Let us focus on a single burst cycle around z ≃ 10, when the halo has Mdm≃ 109 M⊙ and M⋆ ≃ 106 M⊙. In the first half period of the cycle (0 − td), cosmic accretion quickly replenishes the gas (the gas infall rate is ≃ 0.5 M⊙ yr−1 from Eq. (1a)), reaching Mg ≃ 107 M⊙ in a few million years. Stars form at a modest rate, SFR ≃ 10−2 M⊙ yr−1 (Eq. (2b)), under feedback-free conditions (cf. Dekel et al. 2023). After td, the feedback kicks in, first enriching the galaxy and eventually (≃2 td) becoming powerful enough to expel both gas (gas outflow is ≃ 1 M⊙ yr−1 using Eq. (2a)) and metals (cf. Ferrara et al. 2023). Note that the delay effectively produces a sequence of mini-quenching periods (cf. Looser et al. 2024), which are commonly inferred in faint galaxies (Endsley et al. 2024) and which can be explained as a consequence of internal feedback (Gelli et al. 2025). However, in our minimal model, outflows are the only mechanism regulating the star formation, and quenching due to gas complete depletion, which might be too extreme a description of the actual physical evolution (but see Gelli et al. 2024b). Further, in the example, the impact of SFR flickering is limited already after z ≃ 15, when the galaxy has M⋆ ≃ 105 M⊙ or 10× lower if no delay is considered. At z ≃ 6, the final stellar mass is M⋆ ≃ 107 M⊙ within a factor of 2 for the two models. For the gas and metals, the model with SN-delay starts to converge to the no-SN-delay case at z ≃ 8, when M⋆ ≃ 107 M⊙; oscillations for the gas and metals are still present up to z ≃ 7, but they are milder. As in Pallottini & Ferrara (2023), it is convenient to quantify the burstiness of the SFR by defining the variable, δ, expressing the log of the stochastic SFR variation with respect to its mean (in short: flickering),
	[image: thumbnail]	Fig. 2. Example of the impact of SFR burstiness on the evolution of a galaxy hosted in a Mdm = 3 × 1010 M⊙ DM halo at z = 6 using the minimal physical model described in Sect. 3.1 (see in particular Eqs. (1)). The time evolution of the DM (black), star (green), gas (brown), and metal (pink) mass (M) content is shown with solid (dashed) lines for a SN-delay time of td = 10 Myr (td = 0, i.e. no delay). The upper axis shows the redshift, z, corresponding to cosmic time, t.
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where [image: equation] is a second-order polynomial fit in the time variable, t. The low-order fit is needed to factor out the smooth behavior of the functions without removing time modulations (see Leja et al. 2019; Chaves-Montero & Hearin 2021, for alternative methods). As in Pallottini & Ferrara (2023), we used a 2 Myr timescale binning when evaluating SFR in Eq. (3), while no explicit time averaging was needed for ⟨SFR⟩, since it was implicitly done via the polynomial fit (cf. Sun et al. 2023a). Similarly to the flickering, we defined the analog variable for the gas metallicity,
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where log⟨Zg/Z⊙⟩ is a second-order polynomial fit in the variable log M⋆/M⊙. For both δ and δZ, we can define the typical variation as the rms deviation, i.e., σSFR and σZ, respectively. Adopting Eqs. (3), we find that the td = 10 Myr case has a flickering of σSFR ≃ 0.3 before the two models start to converge, which is slightly higher than the σSFR ≃ 0.24 obtained for SERRA galaxies (Pallottini & Ferrara 2023). For different td the qualitative behavior is very similar, as the model is off-balance and oscillates around the no-SN-delay case, which is similar to a bathtub solution (Bouché et al. 2010; Dekel & Mandelker 2014). For shorter (longer) td, σSFR can be smaller (higher), as a galaxy with a smaller (higher) M⋆ can be off-balanced. The balance between infall and outflow rates is critical, since the dynamical system (Eqs. (1)) modeling the galaxy evolution gives rise to exponentially increasing or decreasing trends; introducing a td ≠ 0 can efficiently break the balance, causing cycles of complete gas and metal depletion. To explore the MZR variations induced by the flickering, in Fig. 3 we plot the tracks of the selected Mdm = 3 × 1010 M⊙ at z = 6 with td from 5 to 25 Myr. Because of the longer td, the SFR becomes increasingly bursty. Specifically, for the selected model the flickering ranges from σSFR ≃ 0.1 to σSFR ≃ 0.6 for td = 5 Myr to td = 25 Myr, respectively. The MZR modulations induced by the flickering are highly nonlinear. With td = 5 − 10 Myr, the MZR dispersion is small (σZ ≃ 0.05 − 0.2), as the flickering can affect galaxies only up to M⋆≃ 105−7 M⊙. For td = 15 Myr, the full M⋆ range experiences flickering with a σSFR ≃ 0.5, yielding a high σZ ≃ 0.8. Cases with td > 15 Myr do not show a higher stochasticity, as an increasing delay only regulates which M⋆ can be affected by the feedback unbalance8. Qualitatively, the behavior is similar to higher Mdm, but the convergence to the bathtub solution is faster. For the effect of a coarse time sampling, see Appendix B (in particular Fig. B.1). In summary, a feedback delay induces a stochastic, bursty star formation behavior that becomes progressively more enhanced as td is increased. Such SFR flickering corresponds to analog Zg fluctuations, which act to decrease the mean metallicity as gas and metals are effectively ejected from the galaxy by outflows.
	[image: thumbnail]	Fig. 3. Example of the impact of SFR burstiness on the MZR for a system with Mdm = 3 × 1010 M⊙ at z = 6 evolved with our minimal physical model. Different lines indicate different delay times for the SN feedback, as is indicated in the legend. Note that the model results have been resampled in 0.2 Myr steps and we do not consider the evolutionary phases when the galaxies have a negligible amount of gas (Mg ≤ 10−3 Mdm), which allows us to have a well-defined Zg even in periods when no gas and metals are present in the galaxy (see Fig. 2). For the effect of a coarser time sampling, see Appendix B, in particular Fig. B.1.



3.3. The impact of a stochastic SFR on the MZR
We ran sets of models that at z = 6 have a Mdm from 109 M⊙ to 1013 M⊙ with a logarithmic binning of 0.1 dex, in order to cover the mass range 105 M⊙≲ M⋆ ≲ 5 × 1010 M⊙. We analyzed different variations of the minimal models, reporting the results in different panels of Fig. 4, where they were compared with data from JWST observations (Nakajima et al. 2023; Curti et al. 2024; Chemerynska et al. 2024b).
	[image: thumbnail]	Fig. 4. Predicted MZR relation for different sets of minimal models with 109 M⊙ ≤ Mdm ≤ 1013 M⊙ halos at z = 6. In the upper left panel, we report the “base models” with ϵSN and td = 20 Myr (see Sect. 3.2). In the upper right panel, we modify the base model by reducing the efficiency of the feedback (ϵSN = 1/4 in Eq. (2a)). In the lower left panel, we consider both weak feedback and a cosmic accretion that is modulated on a timescale of 100 Myr (A100 = 1/3 in Eq. (4)). In the lower left panel, we show the effect of turning off the SN-delay for the weak feedback models with modulated cosmic accretion. In each panel, pastel lines are the individual tracks sampled every 2 Myr; their median and 16 − 84% dispersion are plotted with dashed and solid violet lines, respectively; the dashed black line is the control case with no-SN-delay (td = 0) and no modulated accretion (A100 = 0). For each model, we report the value values of the SFR flickering (σSFR) and the MZR dispersion (σZ, see Fig. 5). As in Fig. 1, we show JWST data and fits (Nakajima et al. 2023; Curti et al. 2024; Chemerynska et al. 2024b).



3.3.1. Base models
Let us start by discussing the “base models‘’ analyzed in Sect. 3, i.e., with ϵSN = 1, consistent with FIRE simulations (Muratov et al. 2015), and selecting td = 20 Myr, so that most of the explored stellar mass range is expected to have a stochastic SFR. In the upper left panel of Fig. 4 we report both the individual tracks of the base models and their M⋆ average trends. For the base models, the median case falls significantly below the observed average MZR. Also, the dispersion is much larger than what is seen in JWST data, which can be barely matched by the upper envelope of the predicted curves. The base models have a σSFR ≃ 0.5 flickering, which induces a σZ ≳ 1 almost in the entire stellar mass range (M⋆ ≲ 109 M⊙, Fig. 5). The flickering is due to cycles of infall and outflow that determine an oscillatory behavior of the evolution around the td = 0 control case, which is largely independent of the hosting Mdm. The Zg–M⋆ normalization is determined by the strength of the outflows, which makes the galaxy completely devoid of gas and metals, preventing the metallicity from rising to the observed level. Even for td = 0 the outflow seems too extreme, as only part of the lensed galaxy data can be matched (Chemerynska et al. 2024b). In summary, the efficient feedback (ϵSN = 1) combined with a td = 20 Myr generates a SFR flickering of σSFR ≃ 0.5, inducing MZR variations of σZ ≃ 1.4 resulting in a “chemical chaos” that is not observed. Barring the option that observations are tracing only the tip of the Zg–M⋆ relation, in order to explain the observed MZR we modified the base models as follows.
3.3.2. Weak feedback
First, we reduced the impact of stellar feedback by decreasing the outflow rate from Muratov et al. (2015) (Eq. (2a)), i.e., setting ϵSN = 1/4; such a loading factor is closer to what Carniani et al. (2024) infer for 107.5 ≲ M⋆ ≲ 109 M⊙ JADES galaxies. As is shown in the upper right panel of Fig. 4, this modification increases the average metallicity of the modeled galaxies, matching the observed mean trends in the whole 106 M⊙≲ M⋆ ≲ 1010 M⊙ mass range. Compared to the td = 0 control case, it is evident that the outflow efficiency is the main driver of the mean Zg–M⋆ trend. Note that reducing the outflow efficiency while maintaining a fixed td = 20 Myr results in σZ ≃ 0.1 modulation of the MZR, i.e., too low with respect to the observed (σZ ≃ 0.25, see Fig. 5). This effect is induced by the suppression of the amplitude of the SFR flickering, especially at the high-mass end. Indeed the models show a small flickering, with σSFR ≃ 0.15 for M⋆ ≲ 108 M⊙, and even slightly lower values for higher stellar masses (Fig. 5). As is discussed in Pallottini & Ferrara (2023), M⋆ ≲ 109 M⊙ galaxies show SFR fluctuations with characteristic periods of ≃20 − 40 Myr, which correspond to the typical evolutionary times of SNe. Such a flickering timescale increases to ≃80 − 150 Myr in more massive galaxies, which are more sensitive to mergers and accretion rate modulation. The latter effects are not accounted for in our minimal model (Eq. (1a)). The next step was then to heuristically incorporate them into our treatment.
3.3.3. Weak feedback, modulated accretion
To incorporate the extra stochastic behavior expected from variation in the cosmic accretion and merger in a simple manner, we imposed a sinusoidal modulation on a 100 Myr timescale,
[image: thumbnail](4)
with Ṁdm being the average cosmic accretion from Eq. (1a) and with A100 scaling the amplitude of the modulation9. For different galaxies, a phase shift is implicitly included because star formation starts when the hosting halo mass is larger than the atomic cooling halo threshold. While our inclusion of the accretion modulation is effective, it is very crude (for a more refined treatment, see Sun et al. 2025, which adopts a modulation based on random extractions of variation in the accretion histories by using a predefined power spectral density). As feedback determines the mean trend of the MZR, we kept the reduced outflow efficiency (ϵSN = 1/4 in Eq. (2a)) and computed the evolution of a minimal model by setting the amplitude of the oscillation to A100 = 1/3, which should yield a scatter below the 0.3 dex dispersion expected for the distribution of growth rates of DM halos (Rodríguez-Puebla et al. 2016; Ren et al. 2019; Mirocha et al. 2021). The results from these modified models are shown in the lower left panel of Fig. 4: both the mean trend and scatter of the observed MZR are recovered (Fig. 5). Such a matching set of modified models yields a roughly constant σSFR ≃ 0.2 and σZ ≃ 0.3, satisfactorily matching the JWST data.
3.3.4. Weak feedback, modulated accretion, no-SN-delay
As a final check, in the lower right panel of Fig. 4 we show the effect of removing the SN-delay from the best-matching model just discussed. While the mean MZR trend is recovered, the metallicity dispersion (σZ ≃ 0.05) is much smaller than observed (σZ ≃ 0.25). Also, the median of the models fails to reproduce the relation for most of the low-mass lensed galaxies (Chemerynska et al. 2024b). In the no-SN-delay case, the SFR flickering is induced only by modulation of the cosmic accretion, which fails to unbalance the system through the ejection of a substantial fraction of the contained gas. With the selected A100 = 1/3 and td = 0, the model reaches σSFR ≃ 0.1 for M⋆ ≲ 108 M⊙, while the flickering gets to σSFR ≃ 0.2 only for M⋆≃ 5 × 108 M⊙ galaxies. Compared to the control case (A100 = 0), the average Zg is slightly higher; practically, SFR flickering induced by the accretion modulation can increase Zg since a higher gas mass can be converted into stars without efficiently ejecting the gas via outflows, i.e., the opposite outcome with respect to SFR flickering induced via SN-delay. Interestingly, despite the relatively high SFR flickering (average of σSFR ≃ 0.2), the metallicity variation is the lowest of all the considered cases (σZ ≃ 0.05): only a delayed SN feedback can efficiently off-balance the system and induce modulations on both SFR and Zg. We note that the SERRA cosmological simulations show a relatively modest SFR flickering (σSFR ≃ 0.24, Pallottini & Ferrara 2023), and are close to the expectations for z ≃ 6 galaxies (Muñoz et al. 2023; Ciesla et al. 2024). Yet, given the sharp sensitivity of σZ to SFR variations, such time variability results in a σZ larger than what is observed. To summarize, our analysis shows that: (i) weak feedback, and (ii) relatively mild stochasticity given by (iii) SN-delay combined with a long-term accretion rate modulation are critical to simultaneously match both the mean and dispersion of the observed MZR relation in the entire stellar mass range of galaxies sampled by JWST at z = 3 − 10. Interestingly, we note that invoking stochasticity to explain the overabundance of bright JWST galaxies requires σSFR > 0.5 (more specifically, σSFR ≃ 0.8, σSFR ≃ 0.7, and σSFR ≃ 0.6 according to Muñoz et al. 2023; Shen et al. 2023, and Mason et al. 2023, respectively; see Fig. 5). However, such extreme flickering amplitudes are (i) higher than that recovered from SED fitting allowing for SFH variability (σSFR ≲ 0.5, Ciesla et al. 2024), and (ii) would induce a chemical chaos (σZ ≳ 1.4) that is not present in the observed MZR at z = 3 − 10 (σZ ≃ 0.25 from Nakajima et al. 2023; Curti et al. 2024; Chemerynska et al. 2024b data, σZ ∼ 0.3 reported by Heintz et al. 2023; Morishita et al. 2024). Indeed, adopting the FIRE-2 model, Sun et al. (2023a) report that the overabundance of bright super-early galaxies can be matched; Marszewski et al. (2024) find a MZR dispersion at M⋆≲ 108.5 M⊙ that is roughly twice the average σZ observed by JWST. The drop in σZ from FIRE-2 at M⋆ ≳ 108.5 M⊙ might be caused by the low number of galaxies in that mass bin (see Fig. 1 from Marszewski et al. 2024) or a reduction in the flickering at higher stellar masses (compare with Fig. 13 from Kravtsov & Belokurov 2024). Finally, note that Katz et al. (2024) reports that galaxies dominated by a strong nebular continuum (Balmer jump galaxies) can have UV flux increases that might help to reconcile the surprising abundance of bright high-z galaxies; however, the incidence of Balmer jump galaxies is unconstrained at z ≳ 10 and the magnitude of the effect is relatively small (≃0.28 dex in terms of σSFR). Even if all the systems were Balmer jump galaxies, high flickering (or a different mechanism) would still need to be invoked to explain the overabundance of bright super-early galaxies.
4. Discussion
The minimal models presented here can also be useful as a tool to guide the development and compare complex cosmological simulations, particularly when focusing on relations that – like the MZR – are very sensitive to small variations in the underlying physics, which is included via sub-grid models in galaxy simulations (Agertz et al. 2020).
4.1. Comparing numerical simulations
In galaxy simulations, ejective feedback, such as outflows caused by mechanical or kinetic prescriptions, can effectively suppress the SFR activity as much as preventative feedback, such as turbulence or delayed cooling prescriptions (Rosdahl et al. 2017), leading to similar SFR histories when the same initial conditions are considered (Lupi et al. 2020). Despite similar SFR histories, other properties can differ significantly (Rosdahl et al. 2017), such as the dynamical state of a galaxy. In the minimal model, ϵSN regulates the level of SFR suppression and determines the MZR normalization. In simulations, the level of SFR suppression can be quantified by the M⋆ − Mh relation. FIRE-2 predicts a M⋆ − Mh similar to Behroozi et al. (2013); SERRA is also consistent with Behroozi et al. (2013) for M_h ≳ 1011 M⊙ (M⋆ ≳ 109 M⊙), but on average10 tends to be above such a relation for M_h≲ 109 M⊙. Indeed, SERRA and FIRE-2 give the same normalization for the MZR (see Fig. 1) in the stellar mass range where the M⋆ − Mh is similar, while for 107 ≲ M⋆/M⊙ ≲ 109 SERRA predicts a higher MZR normalization. In the minimal model, the SFR flickering is regulated by td, which determines the MZR scattering. In simulations, the SFR flickering is regulated by the adopted feedback type (ejective vs. preventative). The MZR scatter is similar in SERRA and FIRE-2 (Marszewski et al. 2024) only for M⋆ ≳ 109 M⊙ (see Fig. 5). This is not surprising, as a higher SFR flickering is reported in FIRE-2 (Sun et al. 2023b) with respect to SERRA (Pallottini & Ferrara 2023), which can have further consequences on top of UV variations. Higher SFR flickering in FIRE-2 is due to violent outflows (Hopkins et al. 2018), while the suppression of SFR due to the photo-dissociation of molecular hydrogen in SERRA (Pallottini et al. 2019) can more gently modulate the SFR activity without drastically modifying the galaxy dynamics. Indeed, Fujimoto et al. (2024) show that FIRE-2 galaxies (Wetzel et al. 2023) have a much lower incidence of disks compared to SERRA galaxies (Kohandel et al. 2024) at M⋆ ≳ 5 × 108 M⊙, i.e., although the SFR regulation in the two simulations is similar. Despite the simplicity of the minimal model presented, hints of such differences in the simulations can be highlighted and explained. However, it is difficult to directly quantify the differences in the simulations with the presented models. For instance, the loading factor in our simplified models (but also in more complex ones such as those of Thompson et al. 2016 and Pizzati et al. 2020) is a scalar quantity used as an input value for each galaxy, while in simulations it is usually defined as an output that has a spatial dependence (Gallerani et al. 2018). Additionally, a precise quantification can be difficult. For instance, the MZR from FIRE-2 (Marszewski et al. 2024) is about 0.3 dex higher than the MZR from FIRE (Ma et al. 2016); in both cases, the slope is steeper (normalization is lower) than what is observed by Nakajima et al. (2023), Curti et al. (2024) and is instead more consistent with Chemerynska et al. (2024b). However, the two simulations have the same loading factor (Pandya et al. 2021), and thus it is difficult to explain the difference only in terms of our minimal models. Moreover, when dealing with simulation snapshots, quantifying both the SFR event and the consequent outflows is tricky because of the time delay between SFR and feedback (Pandya et al. 2021), particularly for galaxies far from a quasi-equilibrium situation. Furthermore, the simplifications done in our minimal model impose that we can only capture part of the complexity present in simulations. For instance, while the SN feedback delay is uniquely defined, simulations find a distribution of td that depends on the underlying physical models included (Pallottini & Ferrara 2023); thus, trying to find the set of parameters of a minimal model that gives the best match to a simulation will only give “effective” parameters, a sort of summary statistic that can be used to compare different simulations. Apart from these difficulties, a systematic parameter fitting procedure should give a better quantification of the comparison between different simulations, and can also be used to enable an even better match between the data and the minimal models. However, such models lack a few ingredients that prevent them from reproducing the full connection between metal buildup and the SFH of galaxies.
4.2. Caveats of the minimal model
The limitations of the presented minimal models can be appreciated by considering the FMR, i.e., the link between Zg, M⋆, and SFR that is observed to be redshift-independent up to z ∼ 3 (Mannucci et al. 2010; Curti et al. 2020) and seems to break down at z ≳ 5 (Nakajima et al. 2023; Curti et al. 2024). We adopted the parameterization from Curti et al. (2020),
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which was obtained by minimizing the Zg dispersion for the high sSFR subsample from the Sloan Digital Sky Survey (SDSS, York et al. 2000, z ≲ 2). In Fig. 6 we show the FMR for the minimal models matching the mean MZR and its dispersion, i.e., the weak feedback (ϵSN = 1/4) set with modulated accretion (A100 = 1/3). These models are below the SDSS relation by about 0.5 dex at μ ≲ 7, with the separation that decreases with increasing μ, down to 0.1 dex at μ ≳ 9, almost connecting with the FMR trend observed at low z. As was expected (Nakajima et al. 2023; Curti et al. 2024), JWST galaxies are offset below the SDSS relation. The best matching models for the MZR only partially match the JWST data in the FMR plane; the minimal models are closer to the JWST data when considering the lensed galaxies from Chemerynska et al. (2024b). Further, the minimal models only produce downward deviation with respect to the FMR from the SDSS. Instead, SERRA galaxies manage to better recover the trend for JWST galaxies around μ ≃ 8, reproducing both downward and upward deviations with respect to the FMR from the SDSS; however, SERRA galaxies show an overabundance of low Zg galaxies at μ ≃ 8.5 − 9.0, which is not seen in the JWST data. In an equilibrium model (Lilly et al. 2013), the shape of the MZR is independent of the SFR, which uniquely determines the speed at which a galaxy can climb up the Zg–M⋆ curve. Note that the simplified model seems to deviate more from the data at low μ, i.e., a combination of relatively high SFR and low M⋆; the adopted feedback increases in efficiency for lower M⋆ (Eq. (2a)). Thus, the observed FMR deviation might be recovered by the minimal model if we consider not only ejecting but also preventing feedback, such as photo-dissociation of molecular hydrogen, which can suppress the star formation without affecting the gas mass (e.g., see Alyssum, a SERRA galaxy described in Pallottini et al. 2022) and can play a role in explaining some of the bright blue monsters seen by JWST (Ferrara 2024). As an alternative to keep matching the MZR and recovering the offset from the FMR, we could try to change the simplified SFR prescription (Eq. (2b)); this can be done, for instance, by adopting as the timescale for star formation a redshift-dependent depletion time (Tacconi et al. 2010, 2020; Sommovigo et al. 2022), which is typically shorter than the selected t⋆ = 1 Gyr by about a factor ≃10, similar to what Vallini et al. (2024) report for z ≃ 7 galaxies by using GLAM (Vallini et al. 2020, 2021) determinations, and thus promoting a faster galaxy evolution at high-z. Indeed, by adopting the depletion time from Sommovigo et al. (2022) as the timescale for SFR (see Appendix A, in particular, Fig. A.1), the stellar mass buildup is faster at M⋆ ≲ 106 M⊙, while it later saturates to values similar to those resulting from the t⋆ = 1 Gyr case as both SFHs become feedback-regulated, approaching a bathtub equilibrium. On the one hand, the modifications affect the predictions of the minimal model mostly in the M⋆ ≲ 106 M⊙ range; on the other hand, a z average depletion time is sensitive to the population of the sample – for example, for the main sequence it is ≃ × 5 lower than for starbursts (Tacconi et al. 2020) – and the results from Sommovigo et al. (2022) rely mostly on the data of M⋆ ≳ 108−10 M⊙ galaxies from the ALPINE (Le Fèvre et al. 2020) and REBELS (Bouwens et al. 2022) surveys. To summarize, while trying to reconcile the FMR behavior is an interesting perspective and there are a few options, some care should be taken in extending and/or modifying the prescriptions for the minimal models; we leave such a possibility for future work.
	[image: thumbnail]	Fig. 6. Deviation from the FMR for high-z galaxies. We adopt the [image: equation] FMR obtained by Curti et al. (2020) for the high-sSFR galaxy subsample from the SDSS (z ≲ 2, York et al. 2000). We report the results of the weak feedback (ϵSN = 1/4), modulated accretion (A100 = 1/3) models along with the data from JWST observations (Nakajima et al. 2023; Curti et al. 2024; Chemerynska et al. 2024b) and SERRA simulations (Pallottini et al. 2022).



5. Conclusions
The exquisite spectroscopic data collected by JWST allow us for the first time to derive the MZR in galaxies up to redshift z ≃ 10. In this work, we have considered the MZR data for a combined sample of about 180 galaxies with a stellar mass of 106 M⊙≲ M⋆ ≲ 1010 M⊙ at z = 3 − 10 given by Nakajima et al. (2023), Curti et al. (2024), and Chemerynska et al. (2024b), and obtained from the CEERS (Finkelstein et al. 2023), JADES (Bunker et al. 2024), and UNCOVER (Bezanson et al. 2024) surveys, respectively. We compared the observations with the predictions from the SERRA simulations (Pallottini et al. 2022), finding a broad agreement with the observed Zg − M⋆ data. However, the simulations show a lack of a clear metallicity trend (flat MZR), and some tension, particularly at M⋆≃ 1010 M⊙. To better understand the observed high-z MZR and to clarify the behavior of the simulations, we have devised a minimal physical model for galaxy evolution in which star formation is fueled by cosmic gas accretion (Correa et al. 2015) and regulated by SN-driven outflows (Eq. (2a)), with a loading factor from Muratov et al. (2015) that is controlled by an efficiency, ϵSN. Additionally, we incorporated an explicit delay (td) between star formation and supernova feedback, inducing a stochastic SFR behavior. Some models also explore the possible modulation of cosmic accretion (Eq. (4)). The main results are:

	
To recover the average trend of the MZR observed at high-z, outflows must be less efficient (ϵSN = 1/4) than what was predicted in Muratov et al. (2015). However, this evidence is consistent with the mass loading factors inferred for JADES galaxies (Carniani et al. 2024).



	
To match the MZR dispersion in the full stellar mass range, both delayed (td = 20 Myr) SN feedback and modulation of the cosmic accretion (A100 = 1/3) are required.



	
The rms variation of the MZR (σZ) is very sensitive to the SFR flickering (σSFR). The weak feedback necessary to reproduce the average MZR trend (ϵSN = 1/4) also results in low-amplitude SFR flickering (σSFR ≃ 0.2). This prescription correctly reproduces the moderate MZR scatter (σZ ≃ 0.25) observed by JWST.



	
SERRA galaxies have slightly higher σSFR ≃ 0.24 (Pallottini & Ferrara 2023), resulting in a metallicity scatter of σZ ≃ 0.3, higher than what is observed. Unlike the analytical model, SERRA galaxies also overpredict the number of low-metallicity (Zg ≃ 0.2 Z⊙) galaxies at M⋆≃ 1010 M⊙.



	
In general, any model predicting σSFR ≳ 0.5 is likely to overshoot the observed metallicity rms scatter, possibly leading to a “chemical chaos” (σZ ≳ 1.4) that is not present in JWST data, for which σZ ≃ 0.25.




The last point also entails that simultaneously explaining the observed MZR (Nakajima et al. 2023; Curti et al. 2024) and the overabundance of bright galaxies observed by JWST (Finkelstein et al. 2022; Naidu et al. 2022) through high SFR flickering (Mason et al. 2023; Mirocha & Furlanetto 2023; Shen et al. 2023; Sun et al. 2023a; Kravtsov & Belokurov 2024) is very challenging, considering that a σSFR ≃ 0.8 is required to explain z > 10 observations (Muñoz et al. 2023). We note that while both the SN-feedback delay and cosmic accretion modulation induce SFR flickering, the latter tends to give a gentler modulation of Zg, since high feedback efficiency and a delay are needed in order to off-balance the MZR generated from a bathtub-like equilibrium (Lilly et al. 2013). However, variation in cosmic accretion can only go up to 0.3 dex (Rodríguez-Puebla et al. 2016; Ren et al. 2019; Mirocha et al. 2021). Thus, alternative explanations (Dekel et al. 2023; Ferrara et al. 2023) seem more likely to solve the overabundance problem. As was noted in the introduction1, we caution that we are taking the observed MZR scattering at face value, while this quantity might be affected in a nontrivial way by uncertainties in the Zg determinations. However, observationally the MZR has been explored by different groups, samples, and methods, i.e., metallicity determinations are available with both auroral lines that can be used to directly compute the electron temperature (Morishita et al. 2024) and indirect methods based on combinations of various calibrators (Heintz et al. 2023; Nakajima et al. 2023; Curti et al. 2024). It is reassuring to see that these works and datasets independently report a similar scattering of ≃0.3 − 0.5 dex. For this reason, we consider the current measurements of the MZR dispersion to be relatively robust. In the future, it is likely that the dispersion might decrease, given that the current sample size is relatively small (∼200 galaxies) and covers a relatively large redshift range (z ≃ 3 − 10). While we showed that the presented minimal model can also be used to guide our intuition in comparing complex cosmological simulations, we recall that such a simplified model does not fully capture the physical complexity of the connection between galaxy formation and metal enrichment, as is highlighted by the poor match with the JWST data when analyzing the offset from the FMR. Combining insights from such models with further analysis of ongoing observations, and more complex numerical simulations, is crucial for understanding the galaxy formation and evolution process at high-z.


1 As far as we are aware, specific studies of the intrinsic scatter of the MZR relation are not present for JWST targets (cf. with Strom et al. 2022, for z = 2 − 3 scattering determinations), thus we take the observed scattering at face value.


2 We adopt a ΛCDM model with vacuum, matter, and baryon densities in units of the critical density ΩΛ = 0.692, Ωm = 0.308, Ωb = 0.0481, normalized Hubble constant h = H0/(100 km s−1 Mpc−1) = 0.678, spectral index n = 0.967, and σ8 = 0.826 (Planck Collaboration XVI 2014).


3 Different assumptions on the integration radius produce only small changes in the inferred metallicity.


4 We have checked the SERRA data at z = 7, 8,  and 9.


5 While FIRE-2 adopts Z⊙ = 0.02 as SERRA, the former simulation also track O abundance; Marszewski et al. (2024) finds [O/H]⊙ + 12 = 9.0 for FIRE-2 instead of the [O/H]⊙ + 12 = 8.69 (Asplund et al. 2009) adopted here for the conversion of the observations. Adopting the [O/H]⊙ + 12 = 9.0 conversion for FIRE-2 would make the agreement with observations better in the low-mass regime, leaving unaltered the slope, scatter, and relative considerations.


6 In the model, galaxy evolution is self-regulated by feedback, thus the sensitivity of the results from t⋆ is limited in our case, and null in the td = 0 case with constant loading factors for infall and outflow (Lilly et al. 2013). A posteriori, we note that the fiducial t⋆ = 1 Gyr gives specific star formation rates, sSFR = SFR/M⋆, which are consistent with SERRA galaxies, i.e. ≃sSFR ≃ 100 − 1 Gyr−1 for galaxies with masses M⋆ = 106−1010 M⊙.


7 Changing the metallicity of the stellar population does modifies the yield and return fraction, but gives only minor modifications to the upcoming results.


8 Note that a higher/lower level of flickering can be induced by changing the infall/outflow rates, as shown later in Sect. 3.3.


9 Note that small halos should be less affected by modulation on long timescales (≃100 Myr), since the hosted galaxies have shorter SFHs. However, cosmological accretion variations can be coherently combined with the SN-delay to also give a higher σSFR in the low-mass range.


10 When M⋆ ≲ 106 M⊙, SERRA galaxies can be temporarily below the M⋆ − Mh relation from Behroozi et al. (2013) because of high radiation field and low dust content, which cause an efficient H2 photo-dissociation, see the Alyssum effect in Pallottini et al. (2022).
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Appendix A:  Modifications to the SFR timescales
In bathtub models (Lilly et al. 2013), the shape of the MZR is mostly independent from the functional form of the SFR, as the equilibrium solution is determined by the balance between infall and outflow, while the SFR uniquely determines the speed a model climbs the MZR from low to high M⋆. Instead, the SFR prescription can be important if a stochastic behavior is present in the system and when analyzing the FMR. In the fiducial model presented in the paper we assumed that the SFR is proportional to the gas mass and is regulated by a fixed timescale for star formation, i.e. t⋆ = 1 Gyr. As a natural alternative for a fixed t⋆, a model can consider adopting t⋆ via empirical determinations (Tacconi et al. 2010) or model-based predictions (Sommovigo et al. 2022) of the depletion time, which is expected to decrease with redshift, thus giving a faster SFR at higher z. As a test, we modify our models by changing t⋆ in our SFR prescription (eq. 2b) by adopting the scaling suggested by Sommovigo et al. (2022, see eq. 16 therein)
[image: thumbnail](A.1)
and setting the proportionality constant in order to match Tacconi et al. (2010) determinations at z = 0. As a reference, t⋆ ≃ 20 t⋆mod at z ≃ 10, thus a faster stellar mass build is expected for the modified model. As a benchmark, we select the halo with Mdm = 3 × 1010 M⊙ at z = 6 analyzed in Sec. 3.2 (see Fig. 2), evolve it with t⋆ = 1 Gyr and t⋆mod from (eq. A.1), and plot the results in Fig. A.1 for both td = 10 Myr and a reference no-SN-delay case. The largest differences between the t⋆ = 1 Gyr and t⋆mod models are present for the stellar mass build up at z ≳ 10, when the galaxy has M⋆ ≲ 107M⊙, The t⋆mod model promotes a faster buildup, particularly when a SN-delay is present, as the lack of feedback combined with the short SFR timescales makes the galaxy reach M⋆ ≲ 106M⊙ during the first burst. As time progresses, differences between the models tend to wash out, as the galaxy approaches M⋆ ≃ 108M⊙, the SFH starts to become feedback-regulated, and at z ≃ 6, stellar, gas, and metal masses are roughly similar in all cases. Interestingly, while the amplitude of the flickering is similar (σSFR ≃ 0.5), the modulation acts on slightly shorter timescales for the t⋆mod model, as a consequence of the faster SFR rise and the heavier off-balance caused by the stellar feedback. This implies that the t⋆mod model at z ≲ 7.5 gives an even enhanced dispersion for the MZR (from σZ ≃ 0.7 to σZ ≃ 1.7). Note that when no-SN-delay is present, the SFH evolution is feedback regulated from the start, and the main difference is an increased gas fraction for the t⋆ = 1 Gyr model. Note that adopting Sommovigo et al. (2022) implies a depletion time with a ∝z−2.5 redshift dependence, i.e. steeper with respect to the ∝z−1.5 dependence from Tacconi et al. (2010). Thus, by assuming Tacconi et al. (2010) instead of Sommovigo et al. (2022) to modify the SFR timescale, we expect smaller variation with respect to the fiducial t⋆ = 1 Gyr model.
	[image: thumbnail]	Fig. A.1. Difference in the evolution of a Mdm = 3 × 1010 M⊙ computed by prescribing the fiducial ([image: equation], left panel) and faster (t⋆mod, eq. A.1, right panel) star formation timescale (eq. 2b). For both panels, Dark matter, stellar, gas, and metal mass evolution is reported for both the no-SN-delay and td = 10 Myr model with the same notation of as in Fig. 2. Note that the left panel is exactly Fig. 2, it is reported here to have a clearer visual comparison.




Appendix B:  MZR: effect of time sampling
While dedicated work is needed to properly forward model an observational-like metallicity and the associated scattering, here we touch upon the effect of time sampling. The scatter that is actually measurable depends on the timescale that a galaxy is both observable and persists in a particular state. To have an idea of such an effect, in Fig. B.1 we report the evolution of the MZR from our target Mdm = 3 × 1010 M⊙ system at z = 6 for different td (see full discussion in Sec. 3.2, particularly referring to Fig. 3) by comparing the idealized 0.2 Myr time sampling with a more realistic 2 Myr time sampling. Considering a single MZR loop induced by a star formation burst, the 2 Myr time sampling better catches the decrease of Zg rather than the increase of Zg. The coarse times sampling more closely recovers the ideal trend at higher stellar masses. The derived scattering is mostly unaffected.
	[image: thumbnail]	Fig. B.1. Impact of a coarse time sampling in determining the burstiness on the MZR for a system with Mdm = 3 × 1010 M⊙ at z = 6 evolved with our minimal physical model (cfr with Fig. 3). Different lines indicate different delay times for the SN feedback, as indicated in the legend. Squares (continuous lines) indicate a 2 Myr (0.2 Myr) time sampling. For visualization sake, the number of models is less than that present in Fig. 3.
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	[image: thumbnail]	Fig. 1. Mass-metallicity relation (MZR) at high redshift (z). We plot the gas metallicity (Zg) as a function of stellar mass (M⋆) for the SERRA simulated galaxies (Pallottini et al. 2022, z ≃ 7) and the JWST observations from CEERS Nakajima et al. (2023, z ≃ 4 − 10), JADES (Curti et al. 2024, z ≃ 3 − 6 and 6–10), and UNCOVER (Chemerynska et al. 2024b, z ≃ 6 − 8). To guide the eye, the observational fits from Nakajima et al. (2023) and Curti et al. (2024) are also reported as lines with the same colors of corresponding data. As a reference, the log(Zg/Z⊙) = 0.37 log(M⋆/M⊙)−4.3 fit from FIRE-2 simulations (Marszewski et al. 2024, z = 5 − 12) is shown, along with their binned data and scatter at z = 8. The right axis reports the logarithmic oxygen abundance [O/H], assuming a solar composition (Asplund et al. 2009), i.e., 12 + [O/H]⊙ = 8.69.
In the text



	[image: thumbnail]	Fig. 5. SFR (σSFR, upper panel) and gas metallicity (σZ, lower panel) rms variations as a function of stellar mass for the sets of models presented in Fig. 4 (see Eqs. (3) for the definitions). As a reference, we report the SERRA average σSFR (Pallottini & Ferrara 2023) and σZ (this work), the σSFR from Ciesla et al. (2024), Mason et al. (2023), Muñoz et al. (2023), Shen et al. (2023), and the σZ for FIRE-2 at z = 8.0 (Marszewski et al. 2024) and JWST data. Note that ⟨JWST⟩ is the rms of the observations after subtraction of the fit to the MZR in the different datasets in Nakajima et al. (2023) and Curti et al. (2024); the thickness of the shaded area encloses the minimum and maximum of the rms of the different datasets.
In the text



	[image: thumbnail]	Fig. 2. Example of the impact of SFR burstiness on the evolution of a galaxy hosted in a Mdm = 3 × 1010 M⊙ DM halo at z = 6 using the minimal physical model described in Sect. 3.1 (see in particular Eqs. (1)). The time evolution of the DM (black), star (green), gas (brown), and metal (pink) mass (M) content is shown with solid (dashed) lines for a SN-delay time of td = 10 Myr (td = 0, i.e. no delay). The upper axis shows the redshift, z, corresponding to cosmic time, t.
In the text



	[image: thumbnail]	Fig. 3. Example of the impact of SFR burstiness on the MZR for a system with Mdm = 3 × 1010 M⊙ at z = 6 evolved with our minimal physical model. Different lines indicate different delay times for the SN feedback, as is indicated in the legend. Note that the model results have been resampled in 0.2 Myr steps and we do not consider the evolutionary phases when the galaxies have a negligible amount of gas (Mg ≤ 10−3 Mdm), which allows us to have a well-defined Zg even in periods when no gas and metals are present in the galaxy (see Fig. 2). For the effect of a coarser time sampling, see Appendix B, in particular Fig. B.1.
In the text



	[image: thumbnail]	Fig. 4. Predicted MZR relation for different sets of minimal models with 109 M⊙ ≤ Mdm ≤ 1013 M⊙ halos at z = 6. In the upper left panel, we report the “base models” with ϵSN and td = 20 Myr (see Sect. 3.2). In the upper right panel, we modify the base model by reducing the efficiency of the feedback (ϵSN = 1/4 in Eq. (2a)). In the lower left panel, we consider both weak feedback and a cosmic accretion that is modulated on a timescale of 100 Myr (A100 = 1/3 in Eq. (4)). In the lower left panel, we show the effect of turning off the SN-delay for the weak feedback models with modulated cosmic accretion. In each panel, pastel lines are the individual tracks sampled every 2 Myr; their median and 16 − 84% dispersion are plotted with dashed and solid violet lines, respectively; the dashed black line is the control case with no-SN-delay (td = 0) and no modulated accretion (A100 = 0). For each model, we report the value values of the SFR flickering (σSFR) and the MZR dispersion (σZ, see Fig. 5). As in Fig. 1, we show JWST data and fits (Nakajima et al. 2023; Curti et al. 2024; Chemerynska et al. 2024b).
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	[image: thumbnail]	Fig. 6. Deviation from the FMR for high-z galaxies. We adopt the [image: equation] FMR obtained by Curti et al. (2020) for the high-sSFR galaxy subsample from the SDSS (z ≲ 2, York et al. 2000). We report the results of the weak feedback (ϵSN = 1/4), modulated accretion (A100 = 1/3) models along with the data from JWST observations (Nakajima et al. 2023; Curti et al. 2024; Chemerynska et al. 2024b) and SERRA simulations (Pallottini et al. 2022).
In the text



	[image: thumbnail]	Fig. A.1. Difference in the evolution of a Mdm = 3 × 1010 M⊙ computed by prescribing the fiducial ([image: equation], left panel) and faster (t⋆mod, eq. A.1, right panel) star formation timescale (eq. 2b). For both panels, Dark matter, stellar, gas, and metal mass evolution is reported for both the no-SN-delay and td = 10 Myr model with the same notation of as in Fig. 2. Note that the left panel is exactly Fig. 2, it is reported here to have a clearer visual comparison.
In the text



	[image: thumbnail]	Fig. B.1. Impact of a coarse time sampling in determining the burstiness on the MZR for a system with Mdm = 3 × 1010 M⊙ at z = 6 evolved with our minimal physical model (cfr with Fig. 3). Different lines indicate different delay times for the SN feedback, as indicated in the legend. Squares (continuous lines) indicate a 2 Myr (0.2 Myr) time sampling. For visualization sake, the number of models is less than that present in Fig. 3.
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        Mass-metallicity relation (MZR) at high redshift (z). We plot the gas metallicity (Zg) as a function of stellar mass (M⋆) for the SERRA simulated galaxies (Pallottini et al. 2022, z ≃ 7) and the JWST observations from CEERS Nakajima et al. (2023, z ≃ 4 − 10), JADES (Curti et al. 2024, z ≃ 3 − 6 and 6–10), and UNCOVER (Chemerynska et al. 2024b, z ≃ 6 − 8). To guide the eye, the observational fits from Nakajima et al. (2023) and Curti et al. (2024) are also reported as lines with the same colors of corresponding data. As a reference, the log(Zg/Z⊙) = 0.37 log(M⋆/M⊙)−4.3 fit from FIRE-2 simulations (Marszewski et al. 2024, z = 5 − 12) is shown, along with their binned data and scatter at z = 8. The right axis reports the logarithmic oxygen abundance [O/H], assuming a solar composition (Asplund et al. 2009), i.e., 12 + [O/H]⊙ = 8.69.
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        SFR (σSFR, upper panel) and gas metallicity (σZ, lower panel) rms variations as a function of stellar mass for the sets of models presented in Fig. 4 (see Eqs. (3) for the definitions). As a reference, we report the SERRA average σSFR (Pallottini & Ferrara 2023) and σZ (this work), the σSFR from Ciesla et al. (2024), Mason et al. (2023), Muñoz et al. (2023), Shen et al. (2023), and the σZ for FIRE-2 at z = 8.0 (Marszewski et al. 2024) and JWST data. Note that ⟨JWST⟩ is the rms of the observations after subtraction of the fit to the MZR in the different datasets in Nakajima et al. (2023) and Curti et al. (2024); the thickness of the shaded area encloses the minimum and maximum of the rms of the different datasets.
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        Example of the impact of SFR burstiness on the evolution of a galaxy hosted in a Mdm = 3 × 1010 M⊙ DM halo at z = 6 using the minimal physical model described in Sect. 3.1 (see in particular Eqs. (1)). The time evolution of the DM (black), star (green), gas (brown), and metal (pink) mass (M) content is shown with solid (dashed) lines for a SN-delay time of td = 10 Myr (td = 0, i.e. no delay). The upper axis shows the redshift, z, corresponding to cosmic time, t.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Example of the impact of SFR burstiness on the MZR for a system with Mdm = 3 × 1010 M⊙ at z = 6 evolved with our minimal physical model. Different lines indicate different delay times for the SN feedback, as is indicated in the legend. Note that the model results have been resampled in 0.2 Myr steps and we do not consider the evolutionary phases when the galaxies have a negligible amount of gas (Mg ≤ 10−3 Mdm), which allows us to have a well-defined Zg even in periods when no gas and metals are present in the galaxy (see Fig. 2). For the effect of a coarser time sampling, see Appendix B, in particular Fig. B.1.
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        Predicted MZR relation for different sets of minimal models with 109 M⊙ ≤ Mdm ≤ 1013 M⊙ halos at z = 6. In the upper left panel, we report the “base models” with ϵSN and td = 20 Myr (see Sect. 3.2). In the upper right panel, we modify the base model by reducing the efficiency of the feedback (ϵSN = 1/4 in Eq. (2a)). In the lower left panel, we consider both weak feedback and a cosmic accretion that is modulated on a timescale of 100 Myr (A100 = 1/3 in Eq. (4)). In the lower left panel, we show the effect of turning off the SN-delay for the weak feedback models with modulated cosmic accretion. In each panel, pastel lines are the individual tracks sampled every 2 Myr; their median and 16 − 84% dispersion are plotted with dashed and solid violet lines, respectively; the dashed black line is the control case with no-SN-delay (td = 0) and no modulated accretion (A100 = 0). For each model, we report the value values of the SFR flickering (σSFR) and the MZR dispersion (σZ, see Fig. 5). As in Fig. 1, we show JWST data and fits (Nakajima et al. 2023; Curti et al. 2024; Chemerynska et al. 2024b).
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        Deviation from the FMR for high-z galaxies. We adopt the [image: equation] FMR obtained by Curti et al. (2020) for the high-sSFR galaxy subsample from the SDSS (z ≲ 2, York et al. 2000). We report the results of the weak feedback (ϵSN = 1/4), modulated accretion (A100 = 1/3) models along with the data from JWST observations (Nakajima et al. 2023; Curti et al. 2024; Chemerynska et al. 2024b) and SERRA simulations (Pallottini et al. 2022).
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        Difference in the evolution of a Mdm = 3 × 1010 M⊙ computed by prescribing the fiducial ([image: equation], left panel) and faster (t⋆mod, eq. A.1, right panel) star formation timescale (eq. 2b). For both panels, Dark matter, stellar, gas, and metal mass evolution is reported for both the no-SN-delay and td = 10 Myr model with the same notation of as in Fig. 2. Note that the left panel is exactly Fig. 2, it is reported here to have a clearer visual comparison.
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        Impact of a coarse time sampling in determining the burstiness on the MZR for a system with Mdm = 3 × 1010 M⊙ at z = 6 evolved with our minimal physical model (cfr with Fig. 3). Different lines indicate different delay times for the SN feedback, as indicated in the legend. Squares (continuous lines) indicate a 2 Myr (0.2 Myr) time sampling. For visualization sake, the number of models is less than that present in Fig. 3.
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