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Abstract

The mass–metallicity relation (MZR) represents one of the most important scaling relations in the context of galaxy evolution, comprising a positive correlation between stellar mass and metallicity (Z). The fundamental metallicity relation (FMR) introduces a new parameter into the dependence, namely, the star formation rate (SFR). While several studies have found that Z is anti-correlated with the SFR at a fixed mass, the validity of this statement has been questioned extensively and no widely accepted consensus has been reached thus far. With this work, we investigate the FMR in nine nearby, spatially resolved, dwarf galaxies, using gas diagnostics on integral-field spectroscopic data of the Multi Unit Spectroscopic Explorer (MUSE), pushing such investigations to lower galaxy masses and higher resolutions. We find that both the MZR and FMR exhibit different behaviours within different star-forming regions of the galaxies. We find that the SFR surface-density-and-metallicity anti-correlation is tighter in the low-mass galaxies of our sample. For all the galaxies considered, we find a SFR surface-density-and-stellar-mass surface-density correlation. We propose that the main reason behind these findings is connected to the accretion mechanisms of the gas fuelling star formation, namely: low-mass, metal-poor galaxies accrete pristine gas from the intergalactic medium, while in more massive and metal-enriched systems, the gas responsible for star formation is recycled from previous star-forming episodes.
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⋆ Based on observation collected at the ESO Paranal La Silla Observatory, Chile, Prog. ID 0108.B-0904, 0104.D-0503, 0100.B-0116, and 095.B-0.532.



1. Introduction
Metallicity is a key factor used to describe galaxy properties, as it contains important information about the physical processes involved in their formation and evolution. Metallicity is influenced by infall of metal-poor gas, star formation, and the outflow of enriched material processed in stars. These cyclic processes are all crucial drivers of the overall galactic evolution. Consequently, a great amount of effort has been put into the analysis of scaling relations connecting the metal-content of galaxies to their global properties, such as the mass-metallicity relation (MZR, see Maiolino & Mannucci 2019 for a detailed review). The pioneering papers in this area, such as McClure & van den Bergh (1968), Sandage (1972), Mould et al. (1983) and Buonanno et al. (1985), investigated the stellar metallicity and mass correlation by color magnitude diagrams and stellar spectroscopy. Similarly, Lequeux et al. (1979) and Skillman (1992) studied the connection between stellar mass and gas-phase metallicity. These works clearly showed a correlation between stellar mass and metallicity (both stellar and gas-phase) that implies that more massive galaxies are more metal-enriched. This has been confirmed observationally in local quiescent and star-forming galaxies, with the aid of the extensive Sloan Digital Sky Surveys (SDSS) spectroscopic database and other large spectroscopic galaxy samples (e.g. Trager et al. 2000; Kuntschner et al. 2001; Gallazzi et al. 2005, 2008; Thomas et al. 2005, 2010; Panter et al. 2008; Graves et al. 2009; Harrison et al. 2011; Petropoulou et al. 2011; Kirby et al. 2013; Conroy et al. 2014; González Delgado et al. 2014; Fitzpatrick & Graves 2015; Sybilska et al. 2017; Zahid et al. 2017; Lian et al. 2018a; Zhang et al. 2018), as well as in semi-analytical models and hydrodynamical simulations (e.g. De Lucia et al. 2004; Croton et al. 2006; Finlator & Davé 2008; Oppenheimer & Davé 2008; Dutton et al. 2011; Davé et al. 2011, 2019; Somerville et al. 2012; Pipino et al. 2014; Torrey et al. 2014, 2018; Zahid et al. 2014; Feldmann 2015; Lu et al. 2015; Kacprzak et al. 2016; Christensen et al. 2016; Hirschmann et al. 2016; Rodríguez-Puebla et al. 2016).
Nowadays, the general trend of the MZR has been reported for a broad range of galaxy masses. However, significantly more focus has been placed on massive galaxies (≳109 M⊙), because these galaxies are brighter and, hence, more accessible observationally. Despite the extensive research in this area, there are ongoing investigations of the physical processes behind the MZR and its shape. The following five hypotheses have been proposed to explain the MZR: (i) the loss of enriched gas by galactic outflows from stellar feedback, which is expected to remove a considerable fraction of metal-enriched gas, especially from low-mass systems, towards the circumgalactic medium (CGM) and intergalactic medium (IGM; Tremonti et al. 2004; Kirby et al. 2011; Tumlinson et al. 2011); (ii) the accretion of less-enriched gas by inflows (Finlator & Davé 2008; Rodrigues et al. 2012; Lagos et al. 2016); (iii) variations of the initial mass function (IMF) with galaxy mass, affecting therefore the average rate of metal enrichment (Trager et al. 2000; Köppen et al. 2007; Mollá et al. 2015; Vincenzo et al. 2016; Lian et al. 2018b); (iv) selective star-formation efficiency or downsizing, suggesting that high-mass galaxies are favoured to form (over low-mass ones) at higher redshift, thus enabling higher-mass galaxies to have formed more metal-enriched gas (Brooks et al. 2007; Ellison et al. 2008; Maiolino et al. 2008; Calura & Menci 2009; Zahid et al. 2011); and (v) higher metallicity of the accreted gas for higher mass galaxies, as a result of recycling from previous episodes of star formation (Brook et al. 2014; Ma et al. 2016).
In order to explore the underlying phenomena that has resulted in the observed MZR, additional factors have been investigated once the instrumentation became precise enough. For example, Tremonti et al. (2004) reported that the MZR presents secondary correlations with galaxy colour, ellipticity, and central mass density. Then, Hoopes et al. (2007) stated that the galaxy size influences the shape of the MZR and Ellison et al. (2008) proposed the idea that the star formation rate (SFR) is connected with the metallicity at a given mass. Mannucci et al. (2010) introduced the concept of the fundamental metallicity relation (FMR) that describes the relation between mass, metallicity, and SFR, with two notable effects: (i) at a fixed mass, galaxies with higher SFRs have lower metallicities and (ii) for low-mass galaxies, the metallicity dependence on the SFR is stronger.
The FMR had appeared to be in contradiction with the star formation main sequence (SFMS; e.g. Noeske et al. 2007; Daddi et al. 2007; Davé 2008; Johnston et al. 2015), which finds that the SFR is proportional to the stellar mass of the galaxy that, in turn, is proportional to the metallicity. Within the possible explanations for the metallicity–SFR anti-correlation, Mannucci et al. (2010) proposed that the infall of metal-poor gas fuels star formation. In this scenario, at a given mass, a high SFR would imply a high accretion rate of metal-poor gas that lowers the overall metallicity. The exact mechanisms behind this anti-correlation are still not universally accepted. However, great efforts have been undertaken in testing this relation both observationally (e.g. Cresci et al. 2010; Hwang et al. 2019) and in numerical simulations (e.g. Sánchez Almeida 2017), with contradictory results. For example, within the large integral field spectroscopy (IFS) surveys (CALIFA – Sánchez et al. 2012, SAMI – Croom et al. 2012, MaNGA – Bundy et al. 2015), Barrera-Ballesteros et al. (2017) and Sánchez et al. (2017) report no MZR–SFR dependence, while Rosales-Ortega et al. (2012) found a SFR dependence in their analysis.
Furthermore, IFS surveys enabled spatially resolved studies of star formation and metal-enrichment processes (e.g. Zhuang et al. 2019; Kumari et al. 2019a; Birkin et al. 2023). They allow us to understand whether the observed relations emerge from averaging the local contributions to the total mass, metallicity, and SFR (see also Baker et al. 2023). For example, González Delgado et al. (2014) and Barrera-Ballesteros et al. (2017) found a clear correlation between the metallicity and the stellar-mass surface density (Σ*), investigating galaxies at the high-mass end (M ≳ 109 M⊙) from the CALIFA and MaNGA surveys, respectively. However, the contribution of the star formation (often measured as the star-formation-rate density, ΣSFR) is still a matter of debate.
The next generation of IFS instruments, such as the Multi Unit Spectroscopic Explorer (MUSE), has allowed us to take the next step, thanks to the superior sensitivity, wide field of view, and high spatial resolution. Thus, MUSE enables the study of these scaling relations in unprecedented detail in nearby galaxies (e.g. Erroz-Ferrer et al. 2019; Buzzo et al. 2021; Lara-López et al. 2022; Yao et al. 2022) and is capable of providing a broader perspective in the context of the galaxies at the low-mass end, which have not been explored extensively.
There are still open questions regarding the contribution of the SFR to metallicity scaling relations, but also the universality and origins of the MZR and the FMR. With this work, we make use of MUSE’s excellent sensitivity to investigate the existence of a spatially resolved FMR in low-mass galaxies, analysing various different behaviours within the individual galaxies in our sample of nine local dwarf galaxies. The paper is structured as follows. Section 2 presents the galaxy sample and an overview of the general properties of the galaxies selected for this study. Section 3 describes the process of rebinning our data to a suitable resolution to enable (i) the use of the methods described in Sect. 4 and (ii) relevant comparisons with previous literature results. Section 4 introduces the methods we used to derive the quantities of interest (metallicity, surface star-formation-rate density, and stellar-mass density). Section 5 describes how the spectral fitting yielded to the results needed for the FMR analysis, while Sect. 6 discusses our findings in comparison with previous literature studies. Section 7 presents our conclusions.
2. Galaxy sample
In this study, we used the same nine galaxies as in Fahrion et al. (2022), which offers a detailed analysis of the nuclear star clusters properties and host galaxy star formation histories. In the present work, we provide a complementary analysis of the gaseous components, with a specific focus on the FMR. All of the galaxies selected for this paper are nearby (distances ≤21 Mpc) late-type dwarf galaxies, observed with MUSE. For reference, we show the RGB images with Hα contours, in Fig. 1.
	[image: thumbnail]	Fig. 1. RGB images of the nine galaxies in our sample obtained from the MUSE cubes. The purple lines mark extinction-corrected Hα flux contours as obtained from running DAP on the original data. The contours mark fluxes from 10−18 to 10−15 erg s−1 in 0.5 dex intervals.



The MUSE integral field spectrograph (Bacon et al. 2010) is mounted on the Very Large Telescope of the European Southern Observatory (ESO). The MUSE data cover the optical wavelength range between 4700 and 9300 Å at a field of view (FoV) of 1 arcmin2 and contain a total of 90 000 spaxels, each with about 3800 spectral pixels sampled at 1.25 Å per pixel with a mean instrumental resolution of ∼2.5 Å. Our sample contains a total of nine galaxies: ESO 59−01, IC 1959, NGC 1487, NGC 1796, NGC 853, UGC 3755, UGC 5889, NGC 4592, and UGC 8041. The first seven were observed in 2020 and 2021 as part of the MUSE programme 0108.B-0904 (PI: Fahrion), making use of adaptive optics-supported wide-field mode. The last two were retrieved from the ESO Science Archive. NGC 4592 was originally observed as part of programme 095.B-0532 (PI: Carollo) in 2015 for the MUSE Atlas of Disks (MAD) survey (Erroz-Ferrer et al. 2019), while UGC 8041 was observed under programme 0104.D-0503 (PI: Anderson) in 2020. The nine galaxies display different morphologies and NGC 1487 deserves a special note given that it is an ongoing merger (see e.g. Buzzo et al. 2021 for a more detailed description of this galaxy). The galaxies span a mass range between ∼107 − 109 M⊙. The general properties of the nine galaxies are presented in Table 1.
Table 1. 
Galaxy properties.

For the seven galaxies segment of the 0108.B-0904 programme (more details can be found in Fahrion et al. 2022), the data were reduced via the MUSE data reduction pipeline version 2.8.5 (Weilbacher et al. 2020), within the esorex framework version 3.13.5. Except for NGC 1487 and IC 1959, all the galaxies were covered with one pointing with exposure times ranging between one and four hours. To cover the disk of IC 1959, two pointings were used and by combining the 2021 MUSE data with archival data from 2018 (programme 0100.B-0116, PI: Carollo), we obtained a three-pointing mosaic for NGC 1487.
3. Rebinning the data to 100 pc
Due to the small distances to our sample galaxies ranging between 4 and 20 Mpc, individual MUSE spaxels of 0.2″ × 0.2″ per pixel correspond to spatial scales between 4 and 20 pc. These scales are smaller than the typical HII regions for which the methods to obtain gas phase metallicities and star formation rates have been established (e.g. Sánchez 2020; Sánchez et al. 2021a). We note that some previous literature results have argued that the resolved SFMS and Schmidt–Kennicutt (SK) law emerge from the self-regulation of the star formation process, finding that these relations break at scales lower than the typical size of the largest molecular clouds (∼500 pc, e.g. Kruijssen et al. 2019; Sánchez et al. 2021b).
On the other hand, Pessa et al. (2021) showed that the resolved SFMS, SK and the resolved molecular gas main sequence are recovered at scales as low as 100 pc, using galaxies from the Physics at High Angular Resolution in Nearby GalaxieS (PHANGS) survey. While the scatter increases at smaller scales, the proximity of our galaxy sample does not allow us to rebin to scales of 500 pc or larger without removing all spatial resolution provided by MUSE. As such, given our goal to study the resolved FMR in these dwarf galaxies, pushing earlier studies to lower masses and higher resolutions, we rebinned our MUSE data to a common size of 100 pc per bin using MPDAF (Bacon et al. 2016). Figure 2 shows this rebinning on the example of NGC 1796 which is at an intermediate distance of 10 Mpc. This figure shows the [OIII] flux map obtained as described above using different bin sizes. For the subsequent analysis we only use the rebinned data to a bin size of 100 pc. We note that rebinning only the derived maps of line fluxes leads to the same results.
	[image: thumbnail]	Fig. 2. [OIII] flux maps for NGC 1796, using rebinned (degraded) data. The first three panels from the left show: bin size = 120 pc, 100 pc, 60 pc. The last panel shows the same [OIII] flux using the unbinned data. Each panel shows the 1′ × 1′ field of view of MUSE.



4. Spectral fitting
Here, we describe our methods to extract the relevant quantities such as gas-phase metallicity, star formation rate, and stellar-mass surface density. We applied these methods to the rebinned data as described in Sect. 3.
4.1. Emission line analysis with DAP
We performed the emission lines analysis with the Data Analysis Pipeline (DAP)1, developed for the MUSE’s Physics at High Angular Resolution in Nearby Galaxies Survey (PHANGS, for a detailed description of DAP see Emsellem et al. 2022). DAP is a publicly available code for production of high-level data products from IFS observations of stellar absorption and ionized gas emission lines in galaxies. Its modular framework adapts different steps for the data analysis, including VORBIN (Cappellari & Copin 2003), for binning the data with the established Voronoi binning scheme, and PPXF (Cappellari & Emsellem 2004; Cappellari 2017), a full spectrum fitting method to fit the stellar absorption and gas emission lines.
In the first step, DAP corrects the full datacube for foreground extinction along the line of sight using the Cardelli et al. (1989) extinction law. We used the E(B − V) values listed in Table 1. Then the data are binned to a target signal-to-noise ratio (S/N) of 90 to ensure a continuous S/N distribution across the FoV that is sufficient for an accurate measurement of the stellar population properties. The binned spectra are then fitted with PPXF to obtain the line-of-sight velocity distribution parameters (velocity and velocity dispersion) of the stellar component by cross-correlating with user-supplied stellar population models. In this step, also binned values for the emission line kinematics and fluxes can be obtained. However, to acquire a more detailed view, we ran the emission line analysis on a spaxel-by-spaxel basis. Here, DAP fits the spectra and in particular their emission lines of the individual spaxels while keeping the stellar velocity fixed to the value of each respective Voronoi bin. As its output, DAP provides maps of binned stellar kinematics as well as fluxes and velocities of a range of different emission lines.
4.2. Stellar-mass surface density
We used DAP’s capabilities to perform stellar population analysis to further obtain maps of the stellar-mass surface density. To do so, we can use PPXF within DAP to fit E-MILES simple stellar population models (Vazdekis et al. 2016) to the stellar spectra. We used the models provided within DAP assuming a Chabrier (2003) IMF, BaSTI isochrones (Pietrinferni et al. 2004), with 13 ages (0.03−13.5 Gyr) and six stellar metallicities ([M/H] = [−1.49, −0.96, −0.35, 0.06, 0.26, 0.40]). As the E-MILES models are normalised to 1 M⊙, the best-fitting combination of models not only gives the mean age and stellar metallicity of each bin, but can also be used to infer the mass surface density. In the stellar population fits, extinction in the stellar absorption spectrum is taken into account by using a two step approach: in the first iteration, the spectrum is only fitted for the extinction. This extinction is then kept fixed and the spectrum is fitted again for the stellar population parameters.
For the purpose of this study, we computed the stellar-mass surface density, using Voronoi-bins with a S/N threshold of 90 in order to get reliable stellar population properties. With this threshold, we found that the uncertainties associated with the stellar mass surface densities are < 10%. These uncertainties refer to random uncertainties that are obtained by fitting the spectrum in each bin in a Monte Carlo fashion 10 times (see Emsellem et al. 2022 for details). We also explored lower thresholds and obtained mean uncertainties around 35% when implementing a S/N threshold of 10, for example. A higher threshold, even though it would lower the uncertainties even further, would considerably restrict the number of data points. A more detailed stellar population analysis will be done in future work. Here, we only make use of the stellar-surface mass density.
4.3. Extinction correction
To derive star formation rates and gas-phase metallicities, we also corrected for intrinsic extinction (on top of the foreground extinction correction performed initially). We used the Balmer decrement given by the flux ratio Hα/Hβ. This value has an intrinsic value of 2.86 (case B of Osterbrock & Ferland 2006, assuming a temperature of T = 104 K and electron density ne = 102 cm−3). The colour-excess is computed via:
[image: thumbnail](1)
which further allows us to calculate the wavelength dependent extinction via:
[image: thumbnail](2)
where k(λ) is the value of the extinction curve at the given wavelength. As all galaxies in our sample host active star formation (see more in Appendix A), we adopted the extinction curve calibration for starburst galaxies from Calzetti et al. (2000). Using the extinction formula, each line was corrected via:
[image: thumbnail](3)
In the unbinned data at native MUSE resolution, we noticed that there are regions, predominantly within the outskirts of all the galaxies, that show a large scatter in the extinction from spaxel to spaxel. As this is caused by overall low signal in the Balmer emission lines, we set AV = 0 for all bins with E(B − V) > 0.8 or negative, similarly to Curti et al. (2020). The rebinning of the data (discussed in Sect. 3) reduces the scatter. Additionally, we performed cuts on the spaxels where the Hα S/N was lower than a threshold determined for each galaxy. The lowest threshold Hα S/N adopted was ≈7.5.
4.4. Gas-phase metallicity
To determine whether established metallicity calibrations can be safely used for our galaxies, we checked whether the galaxies fall into the star-forming regions in the Baldwin, Phillips & Terlevich (BPT; Baldwin et al. 1981) diagnostic diagram. Figure A.1 shows that the galaxies are star forming. Consequently, we assume that all galaxies in our sample are star forming galaxies and this assumption will be used throughout the paper for all the subsequent analysis.
In order to compute the gas-phase metallicity, we used the O3N2 parameter, given by Eq. (4), which involves the line-fluxes of Hβ(λ = 4861 Å), OIII(λ = 5007 Å), Hα(λ = 6562 Å), and NII(λ = 6583 Å):
[image: thumbnail](4)
There has been extensive research on different calibration methods for O3N2 (e.g. Pettini & Pagel 2004; Maiolino et al. 2008; Marino et al. 2013; Brown et al. 2016). For the purposes of this paper however, we used the recent calibration proposed by Curti et al. (2017) and Kumari et al. (2019b), given by Eq. (5)
[image: thumbnail](5)
where Zg = 12 + log(O/H) represents the gas-phase metallicity, sometimes reported in the literature as the oxygen abundance. For the rest of the paper, this is referred to as the metallicity (or simply Zg).
We noticed that different calibration methods for O3N2, as the ones specified before, give rise to the same overall metallicity trends, but with some offsets. As explained in Curti et al. (2017), the O3N2 calibration method is well defined for 12 + log(O/H) values between 7.6 and 8.85, which is the case for the nine galaxies considered in this study. We also explored the S2, N2, and O32 calibrations, finding similar results and establishing that the O3N2 calibration is an appropriate option for our galaxy sample (see also Fig. 3, Sect. 5.1).
	[image: thumbnail]	Fig. 3. Fundamental metallicity relation for our galaxy sample in comparison with the MaNGA-Pipe3D galaxy catalogues for the SDSS seventeenth data-release (Sánchez et al. 2022), assuming four different metallicity calibrations: O3N2 and N2 from Curti et al. (2020), O3N2 and N2 from Marino et al. (2013). The uncertainties in metallicity of our sample are smaller than the symbol sizes due to the high S/N of our integrated spectra.



4.5. Star formation rate
The SFR in each spaxel was estimated in the same way as in Fahrion et al. (2022), using the relation from Hao et al. (2011), relating the SFR to the intrinsic luminosity of the Hα line:
[image: thumbnail](6)
with Lint(Hα) in erg s−1. This relation assumes a Kroupa (2001) IMF. The luminosity was inferred from the extinction-corrected flux, as described in Sect. 4.3. By accounting for the pixel size of MUSE at the respective distance, we obtained the star formation rate densities in M⊙ yr−1 kpc−2. As our galaxy sample contains several irregular galaxies, we did not apply any inclination corrections as the inclination is difficult to measure in such galaxies. As such, there will be an intrinsic offset in the SFR results. Nonetheless, our sample was selected by having well visible nuclear star clusters in them and that points to the fact that these are not seen edge-on. Hence, the corrections due to unknown inclination are not likely to affect our main analysis significantly in the SFR results between different galaxies. Nonetheless, comparisons of regions within the same galaxy are not affected by this.
5. Fundamental metallicity relation
In this section, we investigate how our results compare with the FMR predictions, analysing what properties might result in deviations from the FMR.
5.1. Overview of the galaxy sample
We show our galaxies on the global FMR in Fig. 3, in comparison with the SDSS 17 data-release results, as presented in the MaNGA-Pipe3D catalogues (Sánchez et al. 2022). To obtain the global gas-phase metallicities, we collapsed the MUSE cubes into a single spectrum for each galaxy, thereby simulating an unresolved measurement. This single spectrum was fitted with DAP and we used four different metallicity calibrations, namely, O3N2 and N2 from Curti et al. (2020) and Marino et al. (2013), to set our galaxies in context. Whilst the overall characteristics are independent on the metallicity calibration used, we note that there is an offset in the metallicity values obtained from different relations. As explained in Sect. 4.4, for all the subsequent analysis of this study, we rely on the Curti et al. (2020) O3N2 prescription, as it is among the most up-to-date and revised relations. Lastly, it can be seen that despite the small size of our galaxy sample, they make a significant contribution in the area of the less explored low mass and low SFR regime, extending the results from larger galaxies samples. We recall, however, that the SFR results are not corrected for inclination; thus, they present an offset from the true values. We also note that despite the low-mass regime explored in this study, the range of ΣSFR and Σ* covered by our galaxies are comparable to surveys of disk galaxies (e.g. Sánchez et al. 2013). We note, however, that because the surface mass density is projected, comparing the results with thinner structures such as disk galaxies is difficult.
Furthermore, we show a qualitative representation of the resolved fundamental metallicity relation (rFMR) in our galaxy sample in Fig. 4. This figure presents the maps of the gas-phase metallicity, star-formation surface density, and stellar-mass surface density for five out of nine galaxies in our sample. The five galaxies were chosen because they present enough bins for a qualitative rFMR analysis. The stellar-mass surface density maps are shown without any flux cuts, while the other two incorporate the cuts described in Sect. 4.3. Despite the fact that we binned our data to a spatial resolution of 100 pc, Fig. 4 shows a variety of diverse features both within individual galaxies as well as when we are comparing among galaxies. A general, qualitative Zg − Σ* correlation is present in the maps on a global scale. This correlation is not as obvious on small scales and the maps illustrate the complex structures within galaxies. For example, in the case of NGC 1487, there are regions in the central and northern parts where the two quantities are anti-correlated. We propose that the reasons behind this lies in the fact that NGC 1487 is a merger and, as a result, describing the overall behaviour of this galaxy is challenging.
	[image: thumbnail]	Fig. 4. Gas-metallicity, star-formation-rate surface density, and stellar-mass surface density maps for five of the galaxies in our sample (from left to right). The flux cuts derived on the binned Hα data were enforced only on the metallicity and SFR maps.



It can also be seen that regions with low metallicity correspond to high star-formation-rate densities and vice versa, in agreement with the FMR. However, this is not the case for NGC 1796, where, in particular, the central bar presents both a high metallicity and star-formation-rate density. NGC 4592 shows regions in the centre where Zg and ΣSFR appear to be correlated, but a clear anti-correlation is found in the off-plane star-forming regions of this galaxy.
While the maps already provide insights into the complexity and diversity of the FMR on local scales, in the following subsections, we aim to explore: (i) how the ΣSFR − Σ* correlation behaves for the different galaxies in our sample and what contribution (if any) it has to the FMR; then (ii) the Zg − Σ* and Zg − ΣSFR dependencies in our galaxy sample and how they are affected by the galaxies’ properties; and (iii) if there is a spatial dependence of the galaxies’ properties in the cases where enough points are available and, hence, whether it is rigorous to consider a merger galaxy such as NGC 1487 in such a study.
5.2. Star-formation-rate surface density and stellar-mass surface density dependence
In this section, we focus on the ΣSFR − Σ* dependence for each galaxy, shown in Fig. 5. As explained in Sect. 3, for this analysis, both ΣSFR and Σ* are computed for binned data, with a bin size of 100 pc. The Spearman’s correlation coefficients (rs) are shown in all the plots.
	[image: thumbnail]	Fig. 5. Star-formation-rate surface density dependence on the stellar-mass surface density for the galaxy sample, binned according to the stellar-mass density bins. Spearman’s correlation coefficient, rs, is included in all the plots. The points are colour-coded by the gas-phase metallicity. Errorbars show the uncertainty of the surface mass density from the DAP fits in each bin as well as the standard deviation of star-formation-rate density values in each bin.



Figure 5 shows an overall correlation between ΣSFR − Σ*. Observational limitations do not allow for decisive conclusions in the cases of ESO 59−01, UGC 5889, and UGC 8041. Moreover, the different behaviours within NGC 4592, observed qualitatively in Fig. 4, lead to significant scatter and no statistical evidence for an overall correlation in this galaxy. To relate the ΣSFR − Σ* dependence with the FMR, all the points are colour-coded by Zg (also resulting from the binned data, with a bin size of 100 pc). It can be seen that overall the high Σ* points correspond to high metallicities, but there is significant scatter (e.g. IC 1959). The SFR–Zg trend is present only in some of the galaxies, as discussed in more detail in the next sections.
We also note that the small range of the parameters, in particular, Σ*, represents a caveat of this study, as it does not allow us to make fair comparisons with the global FMR where these ranges are considerably larger. This can cause galaxies with low number of points and small Σ* range (e.g. UGC 5889) to fail to show a clear correlation.
5.3. Metallicity and stellar-mass surface density dependence
In this section, we focus on the Zg − Σ* dependence for each of the galaxies in our sample, shown in Fig. 6. Both the metallicity and Σ* were binned, with a bin size of 100 pc. All the points are colour-coded by ΣSFR in order to provide a better visual perspective on the comparison with the FMR.
	[image: thumbnail]	Fig. 6. Gas-phase metallicity dependence on the stellar-mass surface density for the galaxy sample, binned according to the stellar-mass surface density bins. Spearman’s correlation coefficient, rs, is included in all the plots. The points are colour-coded by the star-formation-rate surface density. Errorbars show the uncertainty of the surface mass density from the DAP fits in each bin as well as the standard deviation of metallicity in each bin.



Similar to before, ESO 59−01, UGC 5889, and UGC 8041 present a lower number of points due to data limitations. It can be seen that the trends are not the same for all galaxies. NGC 1796, NGC 4592, and UGC 8041 appear to have the tightest correlations in the sample. For the lowest mass galaxies (NGC 853 and UGC 3755), the points present significant scatter, but also a different trend with regions that show a Zg − Σ* anti-correlation, which leads to overall negative correlation coefficients. As explained in Sect. 5.2, the lack of correlation can also be caused by the small range of Σ* covered in these two galaxies. NGC 1487 introduces the largest scatter of all the galaxies in the sample. Given that this galaxy is undergoing a merger, we propose that the characteristics of this galaxy might complicate the analysis in this case.
5.4. Metallicity and star-formation-rate surface density dependence
In this section, we focus on the Zg − ΣSFR dependence. We show the binned data, with a bin size of 100 pc (Fig. 7). All of the points in the figure are colour-coded by the distance from the centres of the galaxies. This enabled us to investigate closer how different regions within the same galaxies behave. The coordinates of the centres of the galaxies are the nuclear star clusters and were obtained from Fahrion et al. (2022).
	[image: thumbnail]	Fig. 7. Gas-phase metallicity dependence on the star-formation-rate surface density for the galaxy sample. The plots include the binned data (bin size = 100 pc) obtained after the corrections, colour-coded by the distance from the galaxy centre rc. The Spearman’s correlation coefficients, rs, are shown in all of the plots.



Figure 7 shows that the galaxies in our sample present an overall anti-correlation between metallicity and SFR. The most massive galaxy in our sample (NGC 1796) shows a (small) positive correlation coefficient, which can be caused by the high mass of this galaxy. Additionally, UGC 5889 does not show clear signs of an anti-correlation, most likely due to the low number of points and observational limitations involved in this galaxy’s properties. Nonetheless, in all cases, the colour-coding of the points suggests that individual regions adopt behaviours that are dependent upon the spatial location within the galaxies (most visible for the merger of NGC 1487, but also for NGC 853). Due to the low spatial resolution of the data, after rebinning, these individual behaviours cannot be studied in great detail, but this shows the significant influence individual regions have on the averaged relations.
6. Discussion and comparison with the literature
In all the dependencies analysed in Sect. 5, we found significant scatter and in the cases of ESO 59−01, UGC 5889, and UGC 8041, we found a low number of points, due to the low emission line fluxes. For NGC 1487, the scatter is also significant, due to its distorted morphology, stemming from its ongoing merger. However, we note that this scatter likely holds physical meaning as different regions within individual galaxies show different behaviours that lead to this scatter when considering the full galaxy.
The more debated quantity, namely, the SFR, has proven to play a non-negligible role in our analysis, however, this feature varied significantly from galaxy to galaxy (e.g. Fig. 7). Overall, we found that the SFR is anti-correlated with the metallicity and this anti-correlation is generally shown to be stronger for the lower-mass galaxies in our sample, in agreement with the FMR. However, the galaxies show confined regions of star formation where there is a clear anti-correlation, each having its own slope. For the most massive galaxies in our sample (∼109 M⊙ galaxies), we found a weak anti-correlation, this effect being most evident in the case of NGC 1796. Figure 34 from Maiolino & Mannucci (2019) shows that the overall SFR–Zg anti-correlation flattens out for high stellar-mass-surface densities, in qualitative agreement with our findings (Fig. 6). Sánchez-Menguiano et al. (2019) also reported that the SFR-metallicity anti-correlation behaves differently in different galaxies. Studying a total of ∼700 star-forming nearby spiral galaxies from the MaNGA survey, these authors found that 60% of the galaxies present an anti-correlation, 19% show no correlation, and the rest (21%) present a positive correlation. They proposed that the SFR–metallicity anti-correlation comes from low-mass metal-poor galaxies, while higher masses and more metal-rich systems exhibit a reverse trend. They concluded that the driver of this finding is the average gas-phase metallicity of the galaxy, in the sense that metal-poor systems show stronger anti-correlations. Scholz-Díaz et al. (2021) reported the same trend via EAGLE simulations using a sample of 107 simulated disk galaxies.
It can be seen that the highest metallicity galaxy (NGC 1796) indeed shows the weakest anti-correlation. Also, for specific regions with the galaxies, the SFR–Zg profile becomes flatter at higher metallicities. This effect is most visible in the case of NGC 1487 (Fig. 7). Moreover, NGC 853, the least massive galaxy in our sample shows a considerably different behaviour than the other galaxy of similar mass in our sample (UGC 3755). Additionally, as previously seen, this galaxy deviates significantly from the global FMR predictions (Fig. 3). These features can indeed be explained by NGC 853’s untypical gas-phase metallicity for its assumed mass. However, a larger sample studied at these high spatial resolutions would be needed to confirm this trend.
In agreement with Sánchez-Menguiano et al. (2019) and Scholz-Díaz et al. (2021), we note that our results support a scenario in which external metal-poor gas accretion drives the star formation in metal-poor galaxies; whereas in metal-rich systems, the gas comes from previous star forming episodes, thus, it is more metal-enriched.
Moreover, we investigated the connection between the SFR and stellar-mass surface density (Fig. 5), finding a considerable overall correlation, in agreement with the well-known SFMS. Given the MZR, it is not unreasonable to observe gradually weaker SFR–Zg anti-correlations for increasingly higher stellar masses. Due to the limited number of galaxies in our sample, it is not possible at this stage to confirm whether there is a stellar-mass surface density, or rather an average metallicity threshold where the SFR–Zg anti-correlation breaks down, but there is definitely scope to investigate this via larger surveys with a comparable resolution.
We also showed that for our unbinned data, the SFR–Zg dependence behaves differently for different regions within the galaxies, this effect being most evident in the cases of NGC 1487 and NGC 1796 (Fig. 7). We discovered that individual regions play an important role in shaping the overall SFR–Zg dependence. Hence, the high spatial resolution employed in this study proves the importance of investigating spatially-resolved galaxies, as crucial information can hide within the small-scale spatial characteristics of these galaxies.
Despite the consistent effort and rapid technological advancement (both for observations and simulations), some open issues with regards to the FMR still remain. For instance, having to rely on strong-line diagnostics represents one of the main limitations of such studies. Curti et al. (2020) implemented and compared different electron temperatures calibrations in the context of the FMR, thus opening new avenues for more accurate estimations, but there is currently a lack of universally accepted calibration methods. Moreover, Kewley & Ellison (2008) and Curti et al. (2020) showed that the choice of metallicity calibration is crucial, as it strongly influences the parameters of the FMR. We also caution that Teklu et al. (2020) showed, using data from the MaNGA survey, that the O3N2 calibration leads to results in agreement with the FMR, while the photoionization model-dependent N2O2 and N2S2 calibrations introduce unexpected results in comparison to the FMR. For our study, we chose the most updated versions of the O3N2 calibration presented in Curti et al. (2017) and Kumari et al. (2019b).
Moreover, Curti et al. (2023) showed via the recent JWST data that current metallicity calibrations in the literature do not universally apply to all the galaxies and also appear to be considerably influenced by redshift. There is scope for further investigation in this direction. In particular, the JWST and Extremely Large Telescope (ELT) are expected to provide an unequalled resolution, enabling an in-depth study of small-scale spatially-resolved properties. However, these two telescopes operate mainly in the near- and mid-infrared, which restricts their use for similar studies in the Local Universe, because the metallicity calibrations are based on optical lines. On the other hand, these calibrations can be applied to high-redshift galaxies.
MUSE studies can be pushed even further (e.g. MUSE Atlas of Disks, Erroz-Ferrer et al. 2019; PHANGS-MUSE, Emsellem et al. 2022) by increasing the number of galaxies studied and extending the analysis to lower masses. Additionally, both large-volume simulations (e.g. SIMBA, Davé et al. 2019; EAGLE, Crain et al. 2015; Schaye et al. 2015; ILLUSTRIS TNG, Pillepich et al. 2018; HORIZON-AGN, Dubois et al. 2014) and zoom-in simulations (e.g. VELA, Ceverino et al. 2014 and Zolotov et al. 2015; NIHAO, Wang et al. 2015; APOSTLE, Sawala et al. 2016; or LATTE/FIRE, Wetzel et al. 2016) have registered an accelerated progress over the last couple of years (for a detailed review, see Vogelsberger et al. 2020) and are expected to build new grounds on the topic of FMR, especially regarding the factors that influence it.
7. Conclusions
This paper presents a spatially resolved analysis of star formation and enrichment processes in a sample of nine dwarf galaxies. This study opens new avenues on the topic of star formation at low metallicity in dwarf galaxies due to the exceptional sensitivity of MUSE. Our conclusions are summarised as follows.

	
We find significant scatter within the individual galaxies and, in some cases, the small Σ* ranges lead to a lack of correlations. Hence, a fair comparison with the global FMR cannot be achieved by such a study, but the importance of individual galaxies and individual regions within galaxies is evident in our analysis.



	
The SFR–Zg dependence adopts several different slopes within individual galaxies, this effect being more evident in the cases of NGC 1487 and NGC 853. Hence, studying spatially resolved quantities is crucial in this context and anticipates high uncertainties when averaging them on large scales, with a much larger scatter than the error bars in SFR and Zg (Fig. 7).



	
The SFR–Zg dependence is also influenced by the total stellar mass, in agreement with the FMR, and by the average metallicity. As such, the lower mass and/or the lower metallicity galaxies present a tighter SFR–Zg anti-correlation overall.



	
The merger state of NGC 1487 should not be neglected, as demonstrated by the fact that this galaxy deviates significantly from the expected correlation between the surface mass density and metallicity.




MUSE’s high sensitivity, together with the low masses of our sample, allows us to identify signatures of the fundamental metallicity relation in the dwarf galaxy regime. While the typical mass and SFR densities are comparable to surveys of star forming disk galaxies, the different structural properties and bursty star formation histories for low mass dwarf galaxies reveal significant diversity in how SFR, metallicity, and mass density are locally connected. Our findings agree with the hypothesis that the gas fuelling star formation is metal-poor in low mass galaxies, while in massive metal-rich systems, this gas is recycled continuously, thus, they are more metal-enriched. All in all, it is clear that we have entered an exciting era of studying chemical enrichment processes within galaxies thanks to the design of new telescopes and the development of simulations. In particular, the galaxies used in this study could represent local analogues of resolved high-z galaxies from state-of-the-art JWST studies.


1 https://gitlab.com/francbelf/ifu-pipeline
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Appendix A:  BPT Diagrams
Figure A.1 shows the BPT analysis for the nine galaxies in our sample. The plots show that the galaxies in our sample are star forming.
	[image: thumbnail]	Fig. A.1. Baldwin, Phillips & Terlevich (BPT) diagnostic diagrams for the galaxy sample, with two literature models, as per Kewley et al. (2001) (red curve) and Kauffmann et al. (2003) (blue curve). The star-forming region lies below the two model curves. The points are obtained from binned data, with a bin size of 100 pc and colour-coded by the gas-phase metallicity: 12 + log(O/H).
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	[image: thumbnail]	Fig. 1. RGB images of the nine galaxies in our sample obtained from the MUSE cubes. The purple lines mark extinction-corrected Hα flux contours as obtained from running DAP on the original data. The contours mark fluxes from 10−18 to 10−15 erg s−1 in 0.5 dex intervals.
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	[image: thumbnail]	Fig. 2. [OIII] flux maps for NGC 1796, using rebinned (degraded) data. The first three panels from the left show: bin size = 120 pc, 100 pc, 60 pc. The last panel shows the same [OIII] flux using the unbinned data. Each panel shows the 1′ × 1′ field of view of MUSE.
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	[image: thumbnail]	Fig. 3. Fundamental metallicity relation for our galaxy sample in comparison with the MaNGA-Pipe3D galaxy catalogues for the SDSS seventeenth data-release (Sánchez et al. 2022), assuming four different metallicity calibrations: O3N2 and N2 from Curti et al. (2020), O3N2 and N2 from Marino et al. (2013). The uncertainties in metallicity of our sample are smaller than the symbol sizes due to the high S/N of our integrated spectra.
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	[image: thumbnail]	Fig. 4. Gas-metallicity, star-formation-rate surface density, and stellar-mass surface density maps for five of the galaxies in our sample (from left to right). The flux cuts derived on the binned Hα data were enforced only on the metallicity and SFR maps.
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	[image: thumbnail]	Fig. 5. Star-formation-rate surface density dependence on the stellar-mass surface density for the galaxy sample, binned according to the stellar-mass density bins. Spearman’s correlation coefficient, rs, is included in all the plots. The points are colour-coded by the gas-phase metallicity. Errorbars show the uncertainty of the surface mass density from the DAP fits in each bin as well as the standard deviation of star-formation-rate density values in each bin.
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	[image: thumbnail]	Fig. 6. Gas-phase metallicity dependence on the stellar-mass surface density for the galaxy sample, binned according to the stellar-mass surface density bins. Spearman’s correlation coefficient, rs, is included in all the plots. The points are colour-coded by the star-formation-rate surface density. Errorbars show the uncertainty of the surface mass density from the DAP fits in each bin as well as the standard deviation of metallicity in each bin.
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	[image: thumbnail]	Fig. 7. Gas-phase metallicity dependence on the star-formation-rate surface density for the galaxy sample. The plots include the binned data (bin size = 100 pc) obtained after the corrections, colour-coded by the distance from the galaxy centre rc. The Spearman’s correlation coefficients, rs, are shown in all of the plots.
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	[image: thumbnail]	Fig. A.1. Baldwin, Phillips & Terlevich (BPT) diagnostic diagrams for the galaxy sample, with two literature models, as per Kewley et al. (2001) (red curve) and Kauffmann et al. (2003) (blue curve). The star-forming region lies below the two model curves. The points are obtained from binned data, with a bin size of 100 pc and colour-coded by the gas-phase metallicity: 12 + log(O/H).
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        Fundamental metallicity relation for our galaxy sample in comparison with the MaNGA-Pipe3D galaxy catalogues for the SDSS seventeenth data-release (Sánchez et al. 2022), assuming four different metallicity calibrations: O3N2 and N2 from Curti et al. (2020), O3N2 and N2 from Marino et al. (2013). The uncertainties in metallicity of our sample are smaller than the symbol sizes due to the high S/N of our integrated spectra.
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        Star-formation-rate surface density dependence on the stellar-mass surface density for the galaxy sample, binned according to the stellar-mass density bins. Spearman’s correlation coefficient, rs, is included in all the plots. The points are colour-coded by the gas-phase metallicity. Errorbars show the uncertainty of the surface mass density from the DAP fits in each bin as well as the standard deviation of star-formation-rate density values in each bin.
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        Gas-phase metallicity dependence on the star-formation-rate surface density for the galaxy sample. The plots include the binned data (bin size = 100 pc) obtained after the corrections, colour-coded by the distance from the galaxy centre rc. The Spearman’s correlation coefficients, rs, are shown in all of the plots.
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