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Abstract

The mass-metallicity relation (MZR) is a fundamental scale law of galaxies. It is observed to evolve with redshift in unresolved galaxies up to z > 6. However, observational constraints limits our view at such early epochs to galaxies with M⋆ ≳ 107 M⊙. On the other hand, in the local Universe the MZR can be traced down to the faintest end of the galaxy luminosity function (M⋆ ≃ 102 M⊙) but we have access only to its present-day realization. We propose to use RR Lyrae stars to get the mean metallicity of local dwarf galaxies at the early epoch in which these variable stars were formed (z ≳ 3), opening a new window on the evolution of the MZR across cosmic times down to the lowest mass. We used available data for a sample of Milky Way satellites to show that the evolution of the MZR from the epoch of the formation of RR Lyrae to the present day can indeed be traced with this approach. Notably, the results are broadly compatible with those inferred from high-z galaxies from nebular emission lines. The limitations of the approach as well as possible ways to refine the analysis are also briefly discussed.
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1. Introduction
The mass-metallicity relation (MZR), the correlation between the stellar mass of a galaxy (M⋆) and its mean abundance of chemical elements heavier than helium, is a fundamental scale law of galaxies. The relation holds either when nebular metallicity, measuring the current level of chemical enrichment of the inter stellar medium (ISM), or the stellar metallicity, – somehow integrating over the galaxy star formation history (SFH) – are considered (see Maiolino & Mannucci 2019, MM19 hereafter, and references therein). The MZR is believed to originate from the complex interplay between star formation, pollution of the ISM by metals from dying stars, and retention of enriched gas by the galaxy potential well, outflow and inflow of gas due to supernovae and active galactic nuclei (AGN) feedback and accretion of gas from the environment, respectively (MM19; Baker & Maiolino 2023; Looser et al. 2024).
The MZR has been observed to evolve with cosmic time. On one side the zero-point metallicity (normalisation) increases from early epochs to the present-day, due to the cumulative effect of subsequent generations of stars on the overall chemical enrichment of the galaxy (Maiolino et al. 2008; Curti et al. 2023, MM19;). On the other side, the slope of the log M⋆ – log Z1 seems to flatten towards early epochs (high redshift z), likely reflecting significant differences in the effect of feedback in different mass ranges (Curti et al. 2024; Sarkar et al. 2025; Fujimoto et al. 2025, but see Rowland et al. 2025, for different results). While the advent of the James Webb Space Telescope (JWST) has significantly moved the lower mass limit to a point at which the relation can be traced in the z > 3 regime down to M ≳ 107 M⊙ (Nakajima et al. 2023; Curti et al. 2023, 2024; Chemerynska et al. 2024; Chakraborty et al. 2025; Sarkar et al. 2025; Rowland et al. 2025), it is still orders of magnitude above the range reached in the local Universe, where the stellar MZR is traced, in the ultra-faint dwarf galaxy regime, down to ≳102 M⊙ (McConnachie 2012; Pace 2024, P24, hereafter).
Looking at the integrated light of distant galaxies in different ranges of redshift provides access to the MZR at different epochs, including back to the dawn of the Universe (> 11.5 Gyr ago for z > 3.0 and > 13.0 Gyr ago for z > 7.0, when the age of the Universe was less than 2 Gyr and 1 Gyr, respectively; Planck Collaboration VI 2020). However, the faintest end of the galaxy luminosity function cannot be reached. On the other hand, with the sample of local galaxies that can be resolved into individual stars, the present-day MZR (pd-MZR )down to M⋆ ≃ 102 M⊙, can be sampled, but there is still no access to earlier epochs.
Here, we propose a way to circumvent the latter limitation, at least partially. RR Lyrae variables are generally recognised as very old stars (age ≳10.0 Gyr, see Catelan 2004; Savino et al. 2020; Clementini et al. 2023, and references therein). They are typical of globular clusters, where they are usually older than 12.5 Gyr (Dotter et al. 2010; VandenBerg et al. 2016) and they are found in most local dwarf galaxies. Assuming that the chemical evolution of dwarf galaxies follows a monotonic, approximately single-valued age-metallicity relation (see, e.g., Pagel & Tautvaisiene 1998; Montegriffo et al. 1998; Alfaro-Cuello et al. 2019), it can be considered that RR Lyrae sample a narrow age window of the age-metallicity relation at an early epoch and that their metallicity distribution function (MDF) records a snapshot of the chemical enrichment of the galaxy at that time. Hence, the mean of the RR Lyrae MDF, when available, can be used to obtain a glance at the MZR at early epochs (ee), that is for z ≳ 2 if the age is ≳10.0 Gyr or z ≳ 5 if the age of RR Lyrae in dwarf galaxies is similar to that of RR Lyrae in globular clusters. Here, we took z ≳ 3 as a reference value. Then we compared the ee-MZR to the pd-MZR to see if we can trace the evolution of the MZR through cosmic epochs by also using information in the local Universe and down to very low masses. Potentially, we can also explore if the view of the MZR we get from old stars in local galaxies is compatible with what we get from high-z galaxies. Below, we show and briefly discuss these comparisons.
2. The local stellar MZR at early epochs
To produce the stellar pd-MZR we took stellar masses and spectroscopic mean metallicities (in terms of iron abundance [Fe/H]) for local dwarf galaxies from P24. In a large majority of the cases, the mean metallicities by P24 are obtained from MDFs of red giant branch stars, thus sampling the epochs from ∼13 Gyr to ≃2 Gyr ago. They should be considered as the result of the integration of the chemical evolution up to its current status. The present-day stellar masses, on the other hand, are obtained by P242 from the integrated absolute magnitude of the galaxies in the V band (MV) by adopting M/LV = 2, a simple and widely used approach (see, e.g., McConnachie 2012).
For the RR Lyrae MDF we proceeded as follows. We adopted the homogeneous set of photometric metallicities derived by Muraveva et al. (2025) from the pulsation period and Fourier decomposition parameters of the light curves of RR Lyrae stars provided in Gaia Data Release 3 (DR3, Clementini et al. 2023). Then, we matched this catalogue with lists of RR Lyrae belonging to nearby dwarf galaxies from the literature. In this way, we assembled samples of RR Lyrae with metallicity for fourteen dwarf galaxies, all of which are satellites of the Milky Way (MW), while keeping all dwarfs for which at least two RR Lyrae members with metallicity estimates from Muraveva et al. (2025) were found in the Gaia DR3 catalogue and not including candidate extra-tidal members (Vivas et al. 2020). The resulting MDF are shown in Appendix A, Fig. A.1. The sample sizes and the literature references adopted for each galaxy are listed in Table A.1, in the same Appendix. It is important to note that, the very small samples for the ultra-faint dwarfs (UFD; Belokurov 2013; Simon 2019) Coma Berenices, Bootes I, Bootes III, Hydrus I, Ursa Major I and Ursa Major II, in spite of their scantiness, can be considered as representative of the metallicity at the epoch of RR Lyrae formation for these galaxies since they virtually include their entire population of such variables, or a significant fraction of it (Vivas et al. 2020). The faintest dwarfs in our sample with RR Lyrae MDF have M⋆ ≃ 104 M⊙. For lower stellar masses the total number of evolved stars is so low that it is unlikely to include one RR Lyrae star, let alone two. From each sample we derived the weighted mean [Fe/H], and we adopted it as the galaxy metallicity at the epoch of RR Lyrae formation (see Table A.1).
While the mean of the RR Lyrae MDF gives a window on the chemical enrichment of the galaxies at early epochs (z ≳ 3), there is no simple way to recover the second key ingredient to build the ee-MZR, that is the stellar mass at the same epoch. However, for the purpose of detecting the effect of galaxy chemical evolution on the MZR, the present-day mass is probably an acceptable proxy. Indeed, the SFH of nearby dwarfs suggests that most of them built up more than 50% of their stellar mass more than 10 Gyr ago (Weisz et al. 2014). Hence the present-day stellar mass should be just within a factor of two to three from the mass at that epoch. On the other hand, some of the nearby dwarfs may have lost a significant fraction of their total mass by tidal interaction with the MW. However, this process may be much more impactful for the dark matter halo of these galaxies than for their stellar component. For example, in the models of the disruption of the Sgr dSph galaxy by Vasiliev & Belokurov (2020), which successfully reproduce the observed properties of the system, during the process of tidal disruption up to the present day, the dark mass of Sgr is reduced by a factor of ≃8, while the stellar mass is reduced by a factor of ≲2. Finally, for the purpose of ascertaining that the MZR was already in place for local galaxies at an early epoch and that it has evolved since then to its present-day form, the ranking in stellar mass may be more important than the actual value, and the ranking should have been broadly preserved through evolution (e.g., the Small Magellanic Cloud has always been significantly more massive than Draco).
A comparison between the pd-MZR and the ee-MZR for local dwarfs is displayed in Fig. 1. The evolution that occurred between the epoch of RR Lyrae formation and the present day is evident for the most massive dwarfs (M⋆ ≳ 106 M⊙), which were able to form stars for longer periods of time (up to the present epoch for the Large Magellanic Cloud and Small Magellanic Cloud) and/or were likely more efficient at producing metals and retaining chemical-enriched gas ejected by supernovae. In these galaxies the mean metallicity at z ≳ 3 was significantly lower than today. At lower masses the mean metallicity of the galaxies at the two epochs becomes indistinguishable, within the uncertainties, as we reach the mass regime where feedback from the first generation of stars suddenly quenched the star formation. Re-ionisation may have even played a role in the pristine interruption of the chemical evolution (Weisz et al. 2014; Aparicio et al. 2016; Curti et al. 2024). In practice Fig. 1 can be considered as a first glance to the mass regime where the cosmic evolution of the MZR begins to become perceivable. The MZR seems to already be in place at the epoch of RR Lyrae formation, the correlation coefficient is ρ = 0.837, and the rms = 0.11 dex, which should be compared to ρ = 0.870 and rms = 0.28 dex for the pd-MZR. The evolution is traced by the steepening of the slope of the relation from [image: equation] for the ee-MZR to [image: equation] for the pd-MZR.
	[image: thumbnail]	Fig. 1. MZR for local dwarf galaxies with metallicity from the present-day MDF and from the RR Lyrae MDF, probing the z ≳ 3 epoch. The straight lines are linear fits to each MZR.



For a quantitative assessment of the reliability of a correlation based only on 14 points, several of which are clustered around M⋆ ≃ 104 M⊙ and M⋆ ≃ 106 M⊙, we computed the Spearman’s rank correlation coefficient for the ee-MZR, obtaining ρS = 0.767. The probability to get a ρS value equal or larger than this by mere chance is PS = 0.0014. Hence, the statistical significance of the ee-MZR shown in Fig. 1 is high but not ironclad (see below).
In Fig. 2 we show that the MW also appears to follow to the same ee-MZR defined by local dwarfs. Here, the stellar mass of the MW has been taken from Bland-Hawthorn & Gerhard (2016) and the metallicity is the mean metallicity of the RR Lyrae in the Muraveva et al. (2025) sample after excluding all the stars attributed to the satellites3. The MW is likely the galaxy whose M⋆ had the most significant change since z ≳ 3 (Marinacci et al. 2014), among those included in Fig. 2, and hence its location in this plot must be considered with particular caution. Moreover, since we are considering only one additional point, the match may be fortuitous. On the other hand, it may suggest that the ee-MZR can be traced with the RR Lyrae MDF also beyond the stellar mass range of dwarfs, and independently of the galaxy type. It may be interesting to note that when adding the MW to the dwarfs the Spearman’s coefficient of the ee-MZR reaches ρS = 0.811, with PS = 0.00025.
	[image: thumbnail]	Fig. 2. Mass-metallicity relation for local dwarf galaxies with metallicity from the RR Lyrae MDF (same symbols as in Fig. 1; a factor of two uncertainty in mass is assumed, for reference) compared to the linear fit to the MZR of z = 6 − 10 galaxies by Curti et al. (2024) (grey solid lines), assuming two different values of [O/Fe] enhancement. The dark green pentagon filled in pale green shows the location of the MW galaxy.



In the same plot we compare the local ee-MZR inferred here with the MZR inferred by Curti et al. (2024) from a sample of galaxies at high redshift (6 ≤ z ≤ 10), observed with JWST. The metallicity of the Curti et al. (2024) MZR has been converted from 12 + log(O/H) into [Fe/H] with the solar oxygen abundance by Delahaye & Pinsonneault (2006) and corrected for the α enhancement with respect to the solar abundance pattern that is typically observed in dwarf galaxies in this low metallicity regime (see, e.g., Kirby et al. 2011). In particular we adopted [O/Fe] = + 0.35, according to the O abundances by Hasselquist et al. (2021), and [O/Fe] = + 0.50, which is more similar to the average α enhancement observed by Kirby et al. (2011).
It seems remarkable that the local ee-MZR and the high-z MZR have very similar slopes; both are significantly different from their present-day or low-z counterparts. Additionally, the relatively small difference in normalisation (0.25 dex and 0.1 dex for the two [O/Fe] cases considered) can be, at least partly, attributed to the inhomogeneity of the two metallicity scales. For instance, the measures by Curti et al. (2024) are based on the analysis of nebular spectra, while the metallicity by Muraveva et al. (2025) is calibrated on stellar spectroscopy. Moreover, it is important to note that the lower values of the stellar mass of dwarfs expected at early epochs would also help improve the match between the two MZRs, by reducing the difference in the normalisation. The key point of Fig. 2 is that the local ee-MZR and the high-z MZR appear strikingly similar, considering the large galaxy-to-galaxy scatter observed in the high-z MZR (Curti et al. 2024).
3. Conclusions
The simple experiment presented here is intended to demonstrate that the MDF of RR Lyrae may be used to investigate the MZR at early epochs in the local Universe down to the faintest end of the galaxy luminosity function. The analysis can be refined by using available cumulative SFH and dynamical modelling of the past interaction of each dwarf with the MW to more precisely infer the stellar mass at the epoch of RR Lyrae formation; by taking into account the role of SFH in the build-up of the MZR, which is in fact a projection of a more general mass-SF-metallicity relation (MM19); by including more galaxies and increasing the size of the RR Lyrae samples; by fixing, within the uncertainties, the [O/Fe] ratio for each galaxy from direct spectroscopic measures in RR Lyrae or in RGB stars at the same metallicity within the same galaxy; by enhancing the homogeneity between the metallicity scales used in the pd-MZR and ee-MZR (and with the high-z MZR); and by deriving MDFs of RR Lyrae from spectroscopic measures on significant samples of individual stars. All of these possible refinements of the analysis are clearly beyond the range and scope of this Letter. In general, the precision of the quantitative conclusions that would be possible to draw with the proposed technique will depend on the reliability of models and the independent measures that will be used to make the input data for local galaxies as homogeneous as possible with those available for their high-z counterparts by, for example, following the paths listed above. Moreover, at present, it does not seem possible to overcome the limitations inherent to the uncertainty in the actual age of the RR Lyrae and to the fact that an uncertainty of 1 Gyr in the hypothesised age, at such old ages, implies a large uncertainty in the corresponding z (e.g. going from z ≃ 3 to z ≃ 5 for an age changing from 11.6 Gyr to 12.6 Gyr). In any case, the adopted approach may provide a new tool to investigate the early days of the galaxies in the galactic neighbourhood. In particular, if the match between the local ee-MZR and the high-z MZR suggested in Fig. 2 is confirmed with better data and more detailed analysis, it would provide a major consistency test for two complementary views of the evolution of baryonic matter in galaxies, as the same fundamental scaling law would be found by two completely independent ‘time-machines’, that is techniques of peering into the distant past of the Universe by looking at high redshift galaxies or by looking at very old stellar populations in nearby systems.


1 Here Z is the ratio of the mass in elements heavier than He and the total mass of baryons. See MM19 for the definition of the various parameters used to express the metallicity of stars and galaxies.


2 See https://local-volume-database.readthedocs.io


3 To account for the discovery of a significant population of metal-rich ([Fe/H] >  − 1.0) RR Lyrae stars in the bulge and in the thin disc of the MW, the hypothesis that such a population is largely composed of stars younger than 10 Gyr living in binary systems has been proposed (see Bobrick et al. 2024, and references therein). This population should not have any significant impact on the present analysis since RR Lyrae with [Fe/H] >  − 1.0 are extremely rare or absent in the dwarf galaxies and constitute only ≃13% of the RR Lyrae attributed to the MW in our sample. Hence, the RR Lyrae MDFs considered here should be dominated by genuinely old stars.
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Appendix A:  RR Lyrae MDFs
In Fig. A.1 we show the RR Lyrae MDFs for all the dwarf galaxies considered in this work and for the MW. The weighted mean metallicity and standard deviation, the sample size and the references for the membership of the RR Lyrae for each galaxy are listed in Table A.1.
	[image: thumbnail]	Fig. A.1. RR Lyrae MDF for the dwarfs in our sample and for the MW (see Tab. A.1). The red dashed lines mark the location of the weighted mean of the MDFs.
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	[image: thumbnail]	Fig. 2. Mass-metallicity relation for local dwarf galaxies with metallicity from the RR Lyrae MDF (same symbols as in Fig. 1; a factor of two uncertainty in mass is assumed, for reference) compared to the linear fit to the MZR of z = 6 − 10 galaxies by Curti et al. (2024) (grey solid lines), assuming two different values of [O/Fe] enhancement. The dark green pentagon filled in pale green shows the location of the MW galaxy.
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      Table A.1. 

      Mean metallicity from the RR Lyrae MDF

      
        


	Gal name
	⟨[Fe/H]⟩
	σ[Fe/H]
	N⋆
	references



	
	[dex]
	[dex]
	
	





	MW
	−1.45
	0.40
	115828
	this work



	LMC
	−1.63
	0.34
	12239
	Cusano et al. (2021)



	SMC
	−1.86
	0.33
	2203
	Muraveva et al. 2018



	Sgr dSph
	−1.62
	0.31
	3950
	Ramos et al. (2022)



	Sculptor
	−1.83
	0.24
	297
	Martínez-Vázquez et al. (2015)



	Draco
	−2.05
	0.34
	112
	Muraveva et al. (2020)



	Ursa Minor
	−2.00
	0.25
	64
	Garofalo et al. (2025)



	Sextans
	−2.03
	0.36
	13
	Vivas et al. (2019)



	Carina
	−2.19
	0.40
	6
	Dall’Ora et al. (2003)



	Bootes I
	−2.13
	0.16
	5
	Dall’Ora et al. (2006), Siegel (2006), Vivas et al. (2020)



	Ursa Major I
	−2.17
	0.27
	5
	Garofalo et al. (2013)



	Ursa Major II
	−2.08
	0.26
	3
	Dall’Ora et al. (2012), Vivas et al. (2016, Vivas et al. (2020)



	Bootes III
	−2.02
	0.01
	3
	Sesar et al. (2014), Vivas et al. (2020)



	Hydrus I
	−2.35
	0.07
	2
	Vivas et al. (2020)



	Coma Berenices
	−2.28
	0.02
	2
	Musella et al. (2009), Vivas et al. (2020)





      

      
Notes. Weighted means. The typical uncertainties on individual metallicity in the Muraveva et al. (2025) is ≳0.4 dex. The Sgr dSph sample includes both stars in the main body and in the tidal tails of the galaxy.
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