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Abstract

Nuclear star clusters (NSCs) are massive star clusters found in all types of galaxies from dwarfs to massive galaxies. Recent studies show that while low-mass NSCs in dwarf galaxies (Mgal <  109 M⊙) form predominantly out of the merger of globular clusters (GCs), high-mass NSCs in massive galaxies have assembled most of their mass through central enriched star formation. So far, these results of a transition in the dominant NSC formation channel have been based on studies of early-type galaxies and massive late-type galaxies. Here, we present the first spectroscopic analysis of a sample of nine nucleated late-type dwarf galaxies with the aim of identifying the dominant NSC formation pathway. We use integral-field spectroscopy data obtained with the Multi Unit Spectroscopic Explorer (MUSE) instrument to analyse the ages, metallicities, star formation histories, and star formation rates of the NSCs and their surroundings. Our sample includes galaxies with stellar masses Mgal = 107 − 109 M⊙ and NSC masses MNSC = 6 × 104 − 6 × 106 M⊙. Although all NSC spectra show emission lines, this emission is not always connected to star formation within the NSC, but rather to other regions along the line of sight. The NSC star formation histories reveal that metal-poor and old populations dominate the stellar populations in five NSCs, possibly stemming from the inspiral of GCs. The NSCs of the most massive galaxies in our sample show significant contributions from young and enriched populations that indicate additional mass growth through central star formation. Our results support previous findings of a transition in the dominant NSC formation channel with galaxy mass, showing that the NSCs in low-mass galaxies predominantly grow through the inspiral of GCs, while central star formation can contribute to NSC growth in more massive galaxies.
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1. Introduction
Nuclear star clusters (NSCs) are massive, compact star clusters found in the centres of a majority of galaxies of all types. With typical masses between 104 and 108 M⊙ and effective radii of 1−20 pc, they are the densest stellar systems in the Universe (see the review by Neumayer et al. 2020 and references therein), surpassing the stellar densities found in globular clusters (GCs, see Brodie & Strader 2006 or Beasley 2020 for reviews on GCs).
Concerning the formation of NSCs, two main pathways are discussed that impart different signatures in the NSC properties such as internal kinematics, ages, metallicities, and star formation histories (SFHs). In the GC accretion or GC inspiral scenario, the NSC forms out of the (gas-free) merger of GCs that spiral into a galaxy’s centre due to dynamical friction (e.g. Tremaine et al. 1975; Capuzzo-Dolcetta 1993; Capuzzo-Dolcetta & Miocchi 2008a; Agarwal & Milosavljević 2011; Portaluri et al. 2013; Antonini 2013; Arca-Sedda & Capuzzo-Dolcetta 2014; Gnedin et al. 2014). In this scenario, a NSC is expected to reflect typical properties of GCs, which usually are characterised by simple SFHs and low metallicity. In particular, since GCs usually are significantly less enriched than the central regions of their host galaxies (e.g. Lamers et al. 2017), the GC accretion scenario can explain the metal-poor NSCs recently found in some dwarf galaxies (Fahrion et al. 2020a, 2021; Johnston et al. 2020). We note here that while GCs in massive galaxies such as the Milky Way are very old (> 10 Gyr, e.g. Leaman et al. 2013), dwarf galaxies can also host younger and intermediate-age GCs (2−10 Gyr, Puzia & Sharina 2008; Martocchia et al. 2018; Bica et al. 2020).
As an alternative formation path, the in situ star formation scenario considers a NSC to form directly at the galaxy’s centre out of gas (e.g. Loose et al. 1982; Milosavljević 2004; Schinnerer et al. 2007; Bekki et al. 2006; Bekki 2007; Antonini et al. 2015). As this star formation can proceed in several episodes during a galaxy’s evolution, a NSC formed in that way might exhibit a complex SFH and young stellar ages. Depending on the metallicity of the accreted gas, the NSC metallicity that can surpass those of typical GCs due to efficient enrichment at the bottom of the galaxy’s gravitational potential where metals can be retained. Such signatures of in situ formation have been identified spectroscopically in NSCs of massive early-type hosts (M* >  109 M⊙, Fahrion et al. 2019, 2021; Pinna et al. 2021) and NSCs located in the centres of massive late-type galaxies (Kacharov et al. 2018; Pinna et al. 2021; Hannah et al. 2021).
Additionally, hybrid scenarios have been discussed, for example describing the inspiral of gas-rich young star clusters (several hundred million years) that are formed in the central regions of a galaxy (Guillard et al. 2016; Paudel & Yoon 2020) and then spiral into the galaxy centre within a few hundred million years (Arca-Sedda et al. 2015). Such a formation pathway can lead to similar stellar population properties in the NSC as the in situ formation channel because both include star formation in the central region of a galaxy that involves pre-enriched material, in contrast to the accretion of generally metal-poor GCs. While the in situ channel can lead to higher angular momentum of the formed NSC (e.g. Seth et al. 2010; Lyubenova & Tsatsi 2019; Pinna et al. 2021), in unresolved studies it is challenging to distinguish between in situ formation and accretion of young, gas-rich clusters. Nevertheless, both can be understood as NSC formation through central star formation.
Recent studies based on integral-field spectroscopy that enable a comparison of NSC kinematics and stellar population properties to that of the central parts of the host galaxy have been successful in identifying the dominant NSC formation pathway in individual galaxies, both for unresolved NSCs (Fahrion et al. 2020a, 2021; Johnston et al. 2020) and in studies of spatially resolved NSCs (Lyubenova & Tsatsi 2019; Pinna et al. 2021; Hannah et al. 2021). Using a sample of 25 nucleated early-type galaxies located in the Fornax and Virgo galaxy clusters that were observed with the Multi-Unit Spectroscopic Explorer (MUSE) instrument, Fahrion et al. (2021) identified a clear trend in the dominant NSC formation channel with galaxy and NSC mass. While the low-mass NSCs (MNSC <  107 M⊙) in early-type galaxies dwarf (Mgal <  109 M⊙) appear to form predominantly via the inspiral of GCs (see also, e.g., Johnston et al. 2020; Su et al. 2022), massive NSCs in more massive galaxies have assembled most of their mass through central star formation (see also e.g. Turner et al. 2012; Sánchez-Janssen et al. 2019; Neumayer et al. 2020). At intermediate NSC and galaxy masses, Fahrion et al. (2021) found evidence of both channels contributing to the formation of individual NSCs as evident from both old and metal-poor populations as well as young and metal-rich populations (see also Kacharov et al. 2018; Johnston et al. 2020; Hannah et al. 2021).
While spectroscopy of NSCs in massive late-type galaxies (LTGs) has found indications of NSCs forming predominantly through central star formation (e.g. Kacharov et al. 2018; Pinna et al. 2021; Hannah et al. 2021), nucleated dwarf LTGs have not yet been explored spectroscopically in large numbers (but see Leaman et al. 2020), although they have been studied photometrically (e.g. Georgiev et al. 2009a,b; Paudel & Yoon 2020). In this paper, we build on the work presented in Fahrion et al. (2021) by extending the analysis of NSC formation channels to dwarf LTGs in low-density environments. We acquired MUSE data for a sample of nine nucleated dwarf LTGs with galaxy masses ≤109 M⊙. We derived ages, metallicities, SFHs and star formation rates (SFRs) of their NSCs in comparison to the host galaxies and use these diagnostics to constrain their NSC formation pathways, differentiating between GC accretion and central star formation.
The following section introduces the galaxy sample and the MUSE data. Section 3 describes our methods of extracting the stellar population properties of the NSCs and their surroundings, and Sect. 4 presents our results. We discuss these in Sect. 5 and conclude in Sect. 6.
2. Data
We use integral-field spectroscopy data of nine nucleated dwarf LTGs observed with the MUSE instrument (Bacon et al. 2010) which is mounted at the Very Large Telescope of the European Southern Observatory (ESO) in Chile. MUSE offers a continuous 1′×1′ field of view with a spatial sampling of 0.2″ per pixel. Along the wavelength dimension, MUSE covers the optical regime from 4700 to 9300 Å with a spectral sampling of 1.25 Å per pixel and an average instrumental resolution of ∼2.5 Å.
2.1. Data reduction
Seven of the nine galaxies used here (ESO 59−01, IC 1959, NGC 1487, NGC 1796, NGC 853, UGC 3755, and UGC 5889) were observed in between September 2021 and March 2022 as part of the MUSE programme 0108.B-0904 (PI: Fahrion) using the adaptive optics (AO)-supported wide-field mode (Arsenault et al. 2008; Ströbele et al. 2012). As the AO system operates with strong sodium lasers, the wavelength range between 5800 and 5970 Å around the Na D line is blocked. The observations were structured in observing blocks that implement a OSOOSO (O = object, S = sky) strategy, which brackets the on-target observations with offset sky pointings. Each science observation has 500 s of exposure time, while sky pointings have 150 s long exposures (see Table 1). Depending on the central surface brightness of our targets we acquired between one and four such observing blocks per target. For these galaxies, we reduced the raw data with the MUSE data reduction pipeline version 2.8.5 (Weilbacher et al. 2020) within the ESOREX framework version 3.13.5. The reduction pipeline steps include bias correction, flatfielding, wavelength calibration, and sky subtraction.
Table 1. 
Galaxy properties.

We complemented this sample with two archival galaxies NGC 4592 and UGC 8041 that were observed without AO. For those, we used the science-ready data available through ESO’s science archive1. 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 as part of programme 0104.D-0503 (PI: Anderson) in 2020 as part of the ongoing supernova survey AMUSING2.
In addition to being observed in our programme, NGC 1487 was also observed as part of programme 0100.B-0116 (PI: Carollo) in 2018 with two MUSE pointings as part of the MAD survey with AO. To obtain a deeper data cube especially in the region around the NSC, we re-reduced this data and combined it with our 2021 observations, creating a three-pointing mosaic.
2.2. Galaxy sample
The galaxies in our sample were selected among the limited sample of known nucleated dwarf LTGs observable with MUSE within reasonable time-constraints based on the catalogues reported by Böker et al. (2004), Georgiev et al. (2009b), and Georgiev & Böker (2014). All of these works used archival photometric data taken with the Hubble Space Telescope (HST) in a diverse range of filters and instruments to study the nucleation fraction and properties of NSCs in local LTGs and irregular dwarf galaxies. The galaxies studied here are in isolated environments and have distances ∼5 − 20 Mpc. General properties of the galaxies and their NSCs are reported in Table 1, which lists distances, masses, foreground extinctions, and the spectrally averaged full width at half maximum (FWHM) of the point spread function (PSF) of each MUSE cube. Those were obtained by fitting a Moffat model to bright foreground stars at different wavelengths – or the unresolved NSC if no stars were available – in the field of view using MPDAF (Bacon et al. 2016). The reported PSF FWHMs correspond to the average values between 4700 Å and 7100 Å, as the PSF varies with wavelength.
For visualisation of the galaxy sample, Fig. 1 presents RGB images obtained from synthetic V, R, and I-band images that were created with MPDAF out of the MUSE data for the nine galaxies in our sample. The inset in each panel shows a 10″ × 10″ zoom around the NSC of each galaxy. We note that not all of the NSCs appear to lie directly in the photometric centre of these galaxies as some of them, such as ESO 59−01 or UGC 3755, are irregular dwarf galaxies with ill-defined centres (see also Georgiev et al. 2009a,b), but the NSCs are the most massive star clusters in all of the galaxies and are located in the central regions, at least in projection. We further note that NGC 1487 is an interacting system with an ongoing merger and the star cluster classified as the NSC appears to be part of a larger complex of star clusters and star-forming regions that appears to be displaced with respect to the main body of stars. As also the analysis of this star cluster shows (see following sections), its NSC is fundamentally different from those of the others in the sample. Nonetheless, we follow the classifications made in Georgiev et al. (2009b) and Georgiev & Böker (2014) and analyse NGC 1487 and its NSC alongside the rest of the galaxies, but we subsequently highlight this point where needed for the reader to keep in mind.
	[image: thumbnail]	Fig. 1. RGB images of the sample galaxies based on synthetic V, I, and R band images obtained from the MUSE cubes. The inset shows a zoom to a 10″ × 10″ region around each NSC. The conversion from arcseconds to kpc is shown in white. North is up, east is to the left.



3. Methods
In the following, we describe how the spectra of NSCs, the circumnuclear regions, and the host galaxies were extracted from the data. Then we present how we obtained stellar ages, metallicities, SFHs and SFR maps.
3.1. Extraction of spectra
Our main focus is to analyse the properties of NSCs in direct comparison to the central regions of their host galaxies and the hosts in general. To facilitate such a comparison, we consider the MUSE spectra of the NSC, the circumnuclear region and the host galaxies separately, as described in the following.
3.1.1. Nuclear star cluster and circumnuclear spectra
We extracted the spectra of the NSCs using a PSF-weighted circular aperture centred on the NSC position in each MUSE cube. For this weighted extraction we used wavelength-dependent two-dimensional Moffat PSF models that were obtained with MPDAF. We note that all of these NSC spectra show the presence of emission lines with varying strength, as can be seen in the spectra shown in Fig. 2. While the emission lines are very strong in galaxies such as NGC 1487, NGC 3755, or UGC 853, other galaxies such as ESO 59−01 and UGC 5889 show only low level gas emission. We explore this further in Sect. 4.3.
	[image: thumbnail]	Fig. 2. NSC spectra in black with PPXF fit in orange, showing a fit of both the absorption and emission lines. The light purple regions were masked during the fits. Each panel corresponds to one galaxy. We note that the y-axis scale is not the same in all panels. The range is chosen to highlight the absorption line features. For observations acquired with AO, the region around the Na D line is blocked.



For a direct comparison to the central galaxy regions, we further derived a background spectrum, using an annulus extraction with an inner radius of 8 (1.6″) and an outer radius of 13 pixel (2.6″), corresponding to an average distance of 2″ from the NSCs. This extraction radius was chosen to be close to the NSC without being affected strongly by the light of the NSC to accurately determine the properties of the central regions of the galaxy. In the case of UGC 8041 that has the broadest PSF FWHM, the inner annulus radius corresponds to ∼3σ of the PSF. Choosing a slightly larger annulus radius does not affect the results. We refer to these spectra as the spectra of the circumnuclear region.
In Fahrion et al. (2021), an additional step was to remove the galaxy contribution from the NSC spectrum by subtracting the background spectrum. In the present work, we decided against subtracting the background for several reasons. Firstly, due to the irregular nature of these dwarf galaxies, the background is complex and sometimes clumpy, especially in the gas structure. This makes an accurate accounting of the galaxy background challenging. Secondly, we note that NSCs in dwarf galaxies generally stand out significantly against the galaxy background, as can be seen from Fig. 1. Finally, testing with background-subtracted NSC spectra revealed problems in the subsequent spectral fitting in UGC 3755, which has the least massive NSC of our sample and we found that its background-subtracted NSC spectrum has an insufficient signal-to-noise (S/N) in the absorption lines for stellar population analysis. Nonetheless, we verified for the other galaxies that the results remain unchanged even when the background spectrum is subtracted as also the main features in the SFHs presented in Sect. 4 are recovered.
3.1.2. Spectra of the host galaxy
In addition to the NSCs and circumnuclear regions, we also consider the host galaxies directly. For a comparison of the SFHs, we binned the MUSE cubes using the VORBIN method (Cappellari & Copin 2003) to a target S/N of 100. For NGC 1487 we chose S/N = 200 due to the large size of the dataset. This binning ensures a S/N sufficient for an analysis of the galaxy SFHs in comparison to the NSC SFHs. In future work we will also use the binned cubes to analyse the galaxy stellar populations in more detail.
As described in Sect. 3.3, we further used the original, unbinned MUSE cubes to obtain spaxel-by-spaxel maps of the SFR densities. Those are used to compare the star formation activity in the NSCs and their surroundings.
3.2. Full spectrum fitting with pPXF
In this work, we used PPXF (Cappellari & Emsellem 2004; Cappellari 2017), a full spectrum fitting routine that determines the line-of-sight velocity distribution as well as the distribution of ages and metallicities by fitting a spectrum with a library of stellar population synthesis models. We used the same setup of PPXF to fit the spectra of NSCs, circumnuclear regions, and the Voronoi-binned MUSE cubes.
3.2.1. Fit setup
As in Fahrion et al. (2021), we adopted the E-MILES single stellar population (SSP)3 models (Vazdekis et al. 2010, 2016). We used the models with a double power-law initital mass function with a high-mass slope of 1.30 (Vazdekis et al. 1996) and BaSTi isochrones (Pietrinferni et al. 2004, 2006) that span a regular grid of ages and total metallicities between 30 Myr and 14 Gyr and [M/H] = −2.27 dex and +0.40 dex, respectively. Due to this age grid, we are not able to constrain younger ages. Given that the models are created from empirical spectra, they inherit the abundance pattern of their stellar library. Consequently, they have [Fe/H] = [M/H] at high metallicities and are α-enhanced at lowest metallicities. The E-MILES models have a spectral resolution of 2.51 Å in the wavelength range covered by MUSE (Falcón-Barroso et al. 2011). To account for the instrumental resolution of MUSE that varies slightly with wavelength, we used the description of the MUSE line spread function from Guérou et al. (2016).
We fitted the E-MILES models in a restricted wavelength range between 4700 and 7100 Å to avoid contamination from residual sky lines at redder wavelengths. Any residual sky lines within this wavelength range were masked during the fitting. As recommended by Cappellari & Emsellem (2004) and Cappellari (2017), we first performed initial fits to determine the line-of-sight velocity distribution using no multiplicative polynomials and additive polynomials of degree eight. Then, to determine the stellar population properties, we kept the kinematics fixed and fitted the spectra again using no additive polynomials, but multiplicative polynomials of degree 12. This ensures that the shape of absorption lines is preserved, but the multiplicative polynomials correct the shape of the continuum and thus account for reddening. When fitting for the stellar population properties, we masked the emission lines in the spectrum. However, as described in Sect. 4.3, we also performed fits in which absorption and emission lines were fitted simultaneously to obtain the line-of-sight velocities of the stellar and gaseous components in the NSCs (see Fig. 2). Testing different fitting approaches showed that the stellar population results are mostly to whether the emission lines are masked or fitted simultaneously.
3.2.2. Obtaining star formation histories
As PPXF returns the weights of the models in the best fit, the mean age and metallicity can be constructed as weighted means, both mass- and light-weighted. Additionally, by applying regularisation that ensures a smooth distribution of weights, it is possible to derive SFHs as mass fractions versus age. In a regularised fit, PPXF returns the smoothest weight distribution that is still compatible with the data (see also Cappellari 2017). As a consequence, not every small feature is reliable, but our testing has shown that the overall SFH shapes (single peak, multiple peaks, or extended) are robust against changes in the fit setup such as the considered wavelength range. Fitting in a broader wavelength range, for example up to 9000 Å recovers the same major features in the SFHs, but with larger uncertainties in the regions of strong sky residuals. However, we found that choosing a smaller wavelength range, for example 4700−5600 Å leads to erroneous results for NGC 1487 due to the very strong Hβ emission line in this galaxy that is erasing much of the signal in the absorption line. In this galaxy, only a large wavelength range leads to a stable age solution, while in the small wavelength range, the grid boundaries were hit. For the other galaxies, the chosen wavelength range appears to have less of an effect on the overall SFH shape and the mean metallicity. Also choosing the scaled-solar MILES models instead of the E-MILES models does not affect the overall results. However, with its lacking wavelength coverage bluer than 4700 Å, the age accuracy of MUSE is limited, in particular for old stellar populations (> 8 Gyr).
3.2.3. Obtaining mean values with statistical uncertainties
We used a Monte-Carlo (MC) approach to obtain mean values of the kinematics and stellar population properties with their respective random uncertainties. Here, 100 representations of the spectrum were created by randomly perturbing the best-fit spectrum from an initial fit based on the respective residual (best-fit spectrum subtracted from the input spectrum). We used the resulting distribution of the fitted parameters to obtain mean ages and metallicities with their random uncertainties. Additionally, we also used this MC approach to obtain the line-of-sight velocity of the stellar and gaseous components in the NSC to search for any possible offsets. We note that this MC approach can only quantify statistical uncertainties, not systematic ones.
3.3. Emission line diagnostics
In addition to using the stellar absorption diagnostics, we used gas diagnostics to derive the star formation rates in the NSCs and their surroundings on a spaxel-by-spaxel basis. To do so, we used the data analysis pipeline (DAP)4 described in Emsellem et al. (2022). This modular software framework creates high-level data products out of integral-field spectroscopy data: maps of the stellar kinematics, stellar population properties, and emission line fluxes. For this paper, we focus on the SFR surface densities ΣSFR that are calculated from the Hα fluxes. A more detailed analysis of emission line diagnostics will be presented in Bulichi et al. (in prep.). Furthermore, while DAP can also produce stellar population outputs, we fitted our spectra directly with PPXF as described above to ensure the same approach as in Fahrion et al. (2021). We note that DAP is set up to work with a restricted SSP library covering 13 different ages and six different metallicities, but our tests show that the results from both approaches are in good agreement. In particular, kinematic parameters agree very well with each other, but due to the restricted library used in DAP, boundary effects can occur, leading to an artificial offset at low metallicities.
As a first step in DAP, the MUSE data cubes are corrected for Milky Way foreground extinction using the values from Table 1. Then, the data are binned with the Voronoi binning method from Cappellari & Copin (2003) to a target S/N of 90 and fitted for the stellar kinematics with PPXF to obtain best-fitting spectra of the stellar continuum for each Voronoi bin. Emission line fluxes and velocities for each spaxel are then obtained using PPXF within DAP, which fits the emission lines with Gaussian templates after keeping the absorption line spectrum fixed with values obtained from the initial kinematic fits of the respective Voronoi bin of each spaxel. In this work, we only used Hα and Hβ to derive SFR surface densities and other results based on ionised gas diagnostics will be presented in future work. Also, a more detailed description of how SFRs are derived will be given in Bulichi et al. (in prep.), but we summarise here the key principles (see also Erroz-Ferrer et al. 2019 or Buzzo et al. 2021 for a description).
First, we corrected the Hα flux for internal dust extinction using the Balmer decrement (flux ratio Hα/Hβ), assuming an intrinsic ratio of 2.86 (Osterbrock & Ferland 2006) and the dust extinction law from Calzetti et al. (2000) for star-forming galaxies. Using the distances to each galaxy as in Table 1, extinction corrected fluxes were then converted to intrinsic Hα luminosities Lint(Hα). From those, the star formation rate in each spaxel was estimated using the relation from Hao et al. (2011):
[image: thumbnail](1)
with Lint(Hα) in erg s−1. This relation assumes a Kroupa IMF (Kroupa & Weidner 2003) that is nearly identical to the double-power law IMF that we used for the stellar population analysis. By accounting for the pixel size of MUSE at the respective distance, we obtained maps of the star formation rate surface density in M⊙ yr−1 kpc−2.
4. Results
We present our results in the following, firstly focussing on the average stellar population properties of the NSCs and their surroundings. Then we present the SFHs and discuss the origin of the emission lines.
4.1. Ages and metallicities
As we are interested in the mass assembly of the NSCs, we concentrate in the following on mass-weighted ages and metallicities. Table 2 lists the mean mass-weighted ages and metallicities of the NSCs and the circumnuclear region as obtained from fitting the NSC spectrum and the spectrum at 2″. The quoted uncertainties were obtained using the above described MC approach. Figure 3 shows the ages and metallicities of the NSCs and circumnuclear regions in a direct comparison.
Table 2. 
Nuclear star cluster fit results after MC fitting.

	[image: thumbnail]	Fig. 3. Comparison between metallicities (top) and ages (bottom) between NSC on x-axis and circumnuclear region on y-axis (see Table 2). The dashed lines show the one-to-one relation.



Overall, the NSCs cover a broad range in metallicities and ages, similar to their host galaxies. In ESO 59−01, NGC 1487, UGC 3755, and UGC 5889 the NSC appears to be more metal-poor than the host galaxy, but due to the uncertainties only the difference in ESO 59−01 is significant (> 3σ, with σ being the standard deviation). The NSCs of IC 1959, NGC 1796, NGC 4592, and NGC 8041 might be more metal-rich than the host galaxy at 2″, but again the difference is not significant.
As Fig. 3 shows, the low-mass galaxies in our sample UGC 3755, ESO 59−01, IC 1959, and UGC 5889 tend to have metal-poor, old NSCs, with NGC 853 being an exception of this. In contrast, the more metal-rich NSCs tend to be younger. In this figure, the presumed NSC in NGC 1487 already reveals its peculiar stellar populations as the youngest star cluster in our sample with an age of only a few hundred Myr.
4.2. Star formation histories
To explore the NSC stellar population properties in more detail, we show the SFHs in Fig. 4. This figure compares the NSC SFH to the SFH at 2″ radius and the average SFH of the respective host galaxy. For the latter, we combined the SFHs of all the binned spectra in each galaxy and show their average trend together with the 16th and 84th percentiles as shaded regions. The SFHs are presented as normalised mass fractions as a function of age and are consequently mass-weighted. We colour-code the NSC and circumnuclear (2″) region SFHs by the mean metallicity of each age-bin to illustrate their age and metallicity distribution.
	[image: thumbnail]	Fig. 4. Star formation histories of the NSCs (top panel of the three panels for each galaxy) from the NSC spectrum, at 2″ radius from the NSC (middle, the circumnuclear region), and the galaxies (bottom, from Voronoi-binned spectra). The mass fractions were normalised such that the maximum is at 1 for visualisation. The NSC and 2″ SFHs are colour-coded by the mean metallicity in each age bin to illustrate the age and metallicity distribution simultaneously. For the galaxies, we show the average SFH from the binned spectra as the thick black line and the 16th and 84th percentiles as grey shaded areas. The galaxies are ordered with increasing galaxy mass from the top left to the bottom right. The mass fraction of old, metal-poor populations (> 2 Gyr, <  − 1.0 dex) is indicated in the top right corner of each galaxy.



As in Fahrion et al. (2021) we find diversity in these SFHs. While several NSCs show a dominant peak at old ages (> 2 Gyr) and very low metallicities (<  − 1.0 dex, e.g. ESO 59−01, IC 1959, or UGC 5889), the NSCs in NGC 1796, NGC 4592, or UGC 8041 have SFHs with also higher metallicity and more prominent young populations.
To quantify the relative importance of different populations, we list the mass fraction fOMP corresponding to old, metal-poor populations in the NSC (Age > 2 Gyr, [M/H] < −1.0 dex) in each panel. Compared to the ancient GCs found in the Milky Way and other massive galaxies (e.g. Leaman et al. 2013), this age cut is placed at a relatively young age. This was chosen to also account for the finding that GCs in star-forming dwarf galaxies can generally be much younger than in massive galaxies (e.g. the Small Magellanic Cloud, Bica et al. 2020, or irregular dwarf galaxies Puzia & Sharina 2008). Additionally, this cut corresponds to the age limit down to which multiple populations in GCs in the Local Group are found, marking a distinction between GCs and young massive clusters (Martocchia et al. 2018). Similarly, the metallicity cut was chosen to reflect the typical low metallicities of GCs in dwarf galaxies (e.g. Lamers et al. 2017). For example, in the Large Magellanic Cloud (typical of the mass of our sample), these age and metallicity cuts would select the classical, massive GCs above the age gap (e.g. Da Costa 1991; Geisler et al. 1997). We use this mass fraction as an indicator of how much mass might have been assembled through the inspiral of such GCs.
Comparing the NSC SFHs to the circumnuclear SFH at 2″ separation shows that they agree in some cases, both in the distribution of ages and metallicities, for example in NGC 853, ESO 59−1, UGC 5889 or IC 1959. In the more massive galaxies in our sample, NGC 1796, NGC 4592, and UGC 8041 the NSC SFH exhibits also younger populations than the surrounding galaxy. We note that the young populations found in the circumnuclear regions and the galaxies in general are also found in each of the NSC spectra, irrespective of the overall NSC populations. This highlights a tight connection between the NSC and the host galaxy, showing that star formation happening globally can affect the NSCs in these dwarf galaxies. NGC 1487 stands out again with having only young ages in the SFH of the NSC.
4.3. Origin of emission lines
As seen in Fig. 2, all NSC spectra display conspicuous emission lines that are indicative of ongoing star formation. To explore the origin of these emission lines and investigate correlation between ionised gas distributions in the vicinity of the NSCs, we show maps of SFR surface density in a 10″ × 10″ cut-out around each NSC in Fig. 5. The overall distribution of SFR density in each galaxy will be discussed in future work. Here we focus on the nuclear regions and use the same colour scaling for all galaxies to emphasise the differences in the SFR densities between the galaxies. While galaxies such as ESO 59−01 or UGC 5889 generally show low levels, NGC 853 and NGC 1487 reach SFR densities of up to ∼0.4 M⊙ yr−1 kpc−2.
	[image: thumbnail]	Fig. 5. Star formation rate surface densities ΣSFR for the different galaxies. Each panel shows the 10″ × 10″ zoom to the region around the NSCs. The positions of the NSCs are highlighted by the circles. Each circle has a radius corresponding to the PSF FWHM. The dashed circles highlight the circumnuclear region at 2″, defined by an annulus with inner radius of 8 pixel = 1.6″ and outer radius of 13 pixel = 2.6″. Regions with low signal-to-noise in the Hα flux were masked.



Interestingly, many of the NSCs do not appear as distinguishable features in the SFR density maps, showing that the NSCs are not the regions with the most intense star formation in these galaxies. The NSCs in IC 1959, UGC 3755, and NGC 853 lie in or at the borders of regions with star formation, but are not visible as separate peaks, whereas they clearly stand out in the colour images of Fig. 1. Similarly, the NSC in NGC 4592 is located right next to a peak in the SFR density map and the NSCs of NGC 1796 and NGC 1487 appear to lie between brighter knots of star formation. Only in ESO 59−01 the NSC appears as a compact peak in the SFR density map, and the NSC in UGC 8041 also appears to be star-forming, although the lower spatial resolution of this data makes it difficult to interpret the origin of the central emission. Nonetheless, the presence of these peaks is somewhat unexpected as the SFH of the NSC in ESO 59−01 indicates mainly an old, metal-poor population and similarly, the NSC of UGC 8041 is overall old and metal-rich. However, at closer inspection both galaxies host a small fraction of young stars that could be connected to the observed peaks in the SFR density. While a comparison between stellar and gas-phase metallicity is not trivial, we note here that the nuclear region in ESO 59−01 exhibits low gas-phase metallicities and high gas-phase metallicities in UGC 8041. A more detailed analysis will be presented in Bulichi et al. (in prep.).
To quantify the level of star formation in the NSC and its immediate surroundings, Table 3 reports the average SFR densities in a circular aperture around the NSC as well as those measured within an annular aperture at 2″. We used the PSF FWHM of each MUSE cube as the radius of the circular aperture, corresponding to the light of an unresolved point-source such as the NSCs. As can be seen, in some galaxies, the average SFR density is higher in this central aperture than in the surroundings, for example in NGC 1796, NGC 1487, and NGC 8041, while in others it is on a similar level. However, the maps show how complex the distribution in the SFR density is, so the comparison of these averaged values is not straight-forward.
Table 3. 
Comparison between gas and stellar velocity.

To explore whether the emission lines present in all of the NSC spectra are truly originating from star formation within the NSC as opposed to just along the line-of-sight, we can further investigate whether the stellar and gas velocities show any significant offset that could indicate different physical origins. We report these measurements based on 100 MC fits to spectra of NSCs and the circumnuclear regions in Table 3. For these fits, we fitted for the stellar and gaseous velocities simultaneously.
A comparison of the stellar velocities of the NSCs and the circumnuclear regions reveals no significant offsets, indicating that the NSCs are kinematically at rest with respect to the central regions of the galaxies, giving further indications that these star clusters truly are NSCs. However, NGC 1487 and NGC 853 show significant offsets (> 3σ) between the stellar and gas velocity in the NSC, indicating a different physical origin of these two components. Additionally, the stellar and gaseous velocities obtained from the circumnuclear spectrum at 2″ show a significant offset in NGC 1796 and NGC 853. As this spectrum is obtained by averaging over a larger area, the interpretation of this offset is a bit more challenging, but could indicate a turbulent gas velocity field. Due to the limited spectral resolution of MUSE, we do not explore the velocity dispersion as they are close or below the instrumental resolution of MUSE. Additionally, the spectral resolution is insufficient to determine whether the emission lines contain multiple components that would, for example, indicate outflows.
5. Discussion
In the following, we discuss our results for each galaxy individually to infer the dominant NSC formation channel. Then, we compare our findings to recent results from the literature.
5.1. Inferring the dominant NSC formation channel
We aim to infer the dominant NSC formation channel for each of the nine galaxies studied here, differentiating between formation through accretion and mergers of GCs and central star formation. As described in the introduction, NSCs formed purely from GCs can show low metallicities and simple SFHs with old ages, whereas NSC formation through star formation occurring in situ at the galaxy centre directly can lead to more complex SFHs and the presence of young stars or ionised gas if the star formation is still ongoing.
To distinguish between the two channels, we consider the mean ages, metallicities, and SFHs of the NSCs in comparison to the circumnuclear regions and the galaxies in general. We consider populations with Age > 2 Gyr and [M/H] < −1.0 dex as possibly stemming from GCs, quantified in the mass fraction of such populations contributing to the NSC mass fOMP. The age cut was chosen, as described above, to reflect the generally broad age range of GCs in star-forming dwarf galaxies (e.g. Puzia & Sharina 2008). Additionally, numerical simulations and semi-analytical models have shown that dynamical friction leads to orbital decay of massive (∼105 − 106 M⊙) star clusters on timescales of a few Gyr (e.g. Capuzzo-Dolcetta 1993; Capuzzo-Dolcetta & Miocchi 2008a,b; Agarwal & Milosavljević 2011), making it possible to find such populations in a NSC formed from GCs. The metallicity cut was made at such low metallicities as GCs in dwarf galaxies are typically characterised by a metallicity well below the average metallicity of their host (Lamers et al. 2017), also evident from their blue colour distributions (e.g. Peng et al. 2006). We assume here that accreted GCs have the same stellar population properties as GCs still outside the centre, although more massive GCs are more likely to inspiral due to shorter dynamical friction timescales (e.g. Tremaine et al. 1975). However, given that GCs only show a very weak relation between mass and metallicity (e.g. Fensch et al. 2014; Zhang et al. 2018; Fahrion et al. 2020b), accreted GCs should have the same stellar population properties as their lower-mass counterparts.
For populations with higher ages and metallicities, we assume that they were likely formed more recently, from pre-enriched material close to the galaxy centre. Due to the unresolved nature of our study, we cannot derive whether this star formation has occurred directly in the NSC, which would be true in situ formation, or whether these populations stem from young clusters that formed in the vicinity of the nucleus and quickly spiralled inwards due to their short dynamical friction timescales (e.g. Nguyen et al. 2014; Guillard et al. 2016). As also described in the introduction, we understand both of these possibilities as formation from central star formation that clearly distinguishes them from accretion of old, metal-poor GCs.
We find that this fraction of mass in old, metal-poor components (fOMP) is tightly correlated with the relative age difference between the NSC and circumnuclear region (Δage ≡ AgeNSC − Age2″). As an instructive example, the NSCs with the highest fOMP values show ages which are 1−3 Gyr older than the surrounding stars, while the very lowest fOMP NSCs have ages younger than the circumnuclear region by 2−4 Gyr. The correlation between fOMP and Δage crosses a value of fOMP = 0.5 where Δage ∼ 0, showing that a composite formation pathway implied by fOMP is consistent with a negligible age difference between the NSC and its surroundings. This shows that fOMP is a reasonable choice to quantify the dominant NSC formation channel, but to further refine the age and metallicity cuts, we aim to further analyse the star clusters of these galaxies in future work.
5.1.1. NGC 853
According to mass measurements from the literature, NGC 853 is the least massive galaxy of our sample, but has a massive NSC for its mass that constitutes ∼22% of the total stellar mass (see Table 1). A comparison to NSC-to-galaxy mass ratios from Neumayer et al. (2020) shows that this value is not particularly extreme as very low-mass galaxies (M* ∼ 106 M⊙) can reach even > 30%. However, we note that these mass ratios were obtained for early-type dwarf galaxies.
The NSC of NGC 853 is located adjacent to a region with strong star formation, but the gas and stellar velocities show a significant offset of Δv = 8.8 ± 2.1 km s−1, suggesting that the emission lines in its spectrum are not originating from currently ongoing star formation in the NSC. The SFH of NGC 853’s NSC is complex and extended, with a dominant peak at ages ∼5 Gyr and low metallicities, but it is not as metal-poor as the NSCs of ESO 59−01 or IC 1959, for example. The old and metal-poor components (> 2 Gyr, <  − 1.0 dex) make up 80% of the NSC mass. Additionally, the NSC shows the presence of a young, metal-rich population. Given the dominant old and metal-poor population, we conclude that this NSC has formed most of its mass from accretion of GCs, however recent enriched star formation has also further shaped this NSC.
5.1.2. UGC 3755
The NSC of UGC 3755 is located in a region that shows star formation, but the NSC does not appear as a separate peak in Fig. 5. In addition, there is a velocity offset between the stellar and gaseous components in the NSC of Δv = 13.3 ± 4.8 km s−1. This velocity offset is not significant and a higher S/N spectra would be needed to confirm it. No offset is found between the stellar velocity of the NSC and the circumnuclear region, suggesting that the NSC is at rest with respect to the stellar component of UGC 3755.
The SFH of UGC 3755’s NSC shows a dominant, old and metal-poor population in addition to a minor young and enriched population. With a mean age of ∼10 ± 1 Gyr and mean metallicity of −1.60 ± 0.13 dex, this NSC has a similar low metallicity as other star clusters in UGC 3755 analysed using FORS2 spectra, but appears to be older as at least some of the GCs (2−6 Gyr) in this galaxy (Puzia & Sharina 2008). Based on the low metallicity and the comparison to other GCs in UGC 3755, we conclude that the NSC in UGC 3755 has assembled most of its mass through GCs.
5.1.3. ESO 59−01
ESO 59−01 shows low levels of star formation across the galaxy (see Bulichi, in prep.), but we find a small peak of star formation at the NSC position. The gaseous and stellar components in the NSC agree in their line-of-sight velocities, further suggesting that this ionised gas is associated with low-level of star formation currently occurring in the NSC.
The NSC SFH is clearly dominated by an old and metal-poor component (> 2 Gyr, <  − 1.0 dex) that comprises 97% of the mass and the NSC is more metal-poor than the circumnuclear region. Consequently, it is likely that the NSC in ESO 59−01 has assembled most of its mass early-on through the accretion and mergers of GCs. However, the ongoing star formation and the minor young population in the NSC suggest that both channels have contributed to its formation, although with strongly unequal shares. Consequently, we identify the GC-accretion channel to be the dominant one in the formation of this NSC.
5.1.4. IC 1959
Compared to ESO 59−01, IC 1959 shows much more star formation across its central region (Fig. 5). The NSC is not seen as a peak in star formation, but is located next to star-forming clumps. The velocities of the gaseous and stellar component in its spectra agree, suggesting that the ionised emission lines in the NSC spectrum are originating from low-level star formation in the NSC.
Similar to ESO 59−01, the SFH is strongly dominated by an old and metal-poor component constituting 91% of the NSC mass. Additionally, a minor young and metal-rich component is found. Consequently, also this NSC has likely formed most of its mass through GCs, but the presence of emission lines connected spatially and velocity-space to the NSC indicate additional contributions from low-level central star formation.
5.1.5. UGC 5889
Out of the galaxies in our sample, UGC 5889 shows the least amount of star formation across the MUSE field of view and its NSC is located in a region with a very low SFR density. Furthermore, the NSC spectrum shows weak emission lines and the kinematic analysis revealed an non-significant offset of Δv = 9.1 ± 3.1 km s−1.
The NSC SFH shows predominantly old ages at low metallicity. This component constitutes 91% of the mass, but also a minor young and metal-rich component is present. Hence, we conclude that this NSC was formed predominantly through the GC accretion channel.
5.1.6. UGC 8041
UGC 8041 shows knots of star formation along its spiral arms as well as at the NSC position. Since the gas and stellar velocities agree, it is likely that the star formation originates from within the NSC.
The NSC SFH exhibits two populations, an older, metal-poor comprising 48% of the mass and a young and enriched population. Based on the ongoing star formation and the presence of both old and young stars, we conclude that both channels have contributed significantly to the formation of this NSC.
5.1.7. NGC 1487
NGC 1487 is currently undergoing a merger, leading to high levels of star formation and a strongly distorted morphology (e.g. Buzzo et al. 2021). The star cluster classified as its NSC is visually removed from the centre of the old stellar populations in either of the merger remnants. This star cluster is located in one of the regions that show the highest levels of star formation, but there is no clear peak in the SFR density map at its location. Additionally, there seems to be a significant velocity offset between the gaseous and stellar component in the NSC spectra of Δv = 13.6 ± 3.3 km s−1. This indicates that the emission lines in the NSC spectra are not arising from the NSC itself.
The SFH of NGC 1487’s NSC is the only case where we do not find any indications of a population older than 3 Gyr. Instead, the SFH only shows ages below 3 Gyr with an mean age at ∼300 Myr, much younger than the background. However, the metallicity of these newly formed star clusters is very low for its age (−1.12 dex). This is typical of triggered star clusters during mergers which bring in low metallicity gas from the outskirts, as typical young stars forming in the central regions of dwarf galaxies of this mass have higher metallicities.
Interestingly, the zoomed inset in Fig. 1 shows that this star cluster is surrounded by several bright sources. Comparing with the SFR density map in Fig. 5 reveals that one of these sources is likely a star-forming region, but the others appear to have no counterpart in the SFR map. An analysis of the other star clusters next to the central one reveals similarly young ages of a few hundred Myr and low metallicities, possibly indicating that the complex of star clusters formed during the merger. Based on the anomalous chemistry, young age, surrounding clusters and distance from the optical centre of the old stars it is likely the star cluster classified as the NSC of NGC 1487 is a fundamentally different object than the centrally located NSCs in our sample, whose high densities reflect formation processes which operate specifically due to the NSC living at deepest point of the gravitational potential well. Instead of being formed through one of the discussed NSC formation channels, we propose that this star cluster complex in NGC 1487 has formed recently, likely in the ongoing merger.
5.1.8. NGC 4592
NGC 4592 shows strong star formation across the galaxy’s disk. The NSC does not appear as a peak in the maps of SFR density, but is located directly next to one. The velocities of gaseous and stellar components in the NSC agree with each other, making it likely that the ionised gas is originating from star formation within the NSC.
We note here that even though NGC 4592 has a very similar mass to NGC 1796, its NSC is less massive by roughly one order of magnitude. The galaxy and NSC metallicity in NGC 4592 is lower than in NGC 1796, but its NSC has a higher metallicity than many of the others in the sample. Its SFH is dominated by young and intermediate ages (∼5 Gyr). The fraction of stars with ages > 2 Gyr and a metallicity <  − 1.0 dex constitute 67% of the NSC mass. For NGC 4592, we conclude that both formation channels have contributed significantly to the formation of this NSC.
5.1.9. NGC 1796
NGC 1796 is the most massive galaxy in our sample and shows high levels of star formation throughout its disk and bar region. The NSC is located in the bar and while it does not appear as a separable peak of star formation, the velocities of the gaseous and stellar components in the NSC agree, indicating that the star formation occurs within the NSC.
The NSC in NGC 1796 is the most metal-rich of the sample and it is dominated by young ages. The fraction of old, metal-poor stars is 19%. For these reasons, we conclude that the NGC 1796’s NSC has build most of its mass through central star formation. Additional accretion from GCs appears to be minor, but cannot be excluded.
5.2. NSC formation as function of galaxy mass
Out of the nine galaxies in our limited sample, five appear to have formed most of their NSC mass through the mergers of old, metal-poor GCs. This formation channel is suggested by the large value of fOMP in the recovered mass fractions, and the positive Δage values suggesting more metal-poor GCs are the dominant contributor to the composition of these NSCs. In contrast, the NSC of NGC 1796 was likely formed predominantly through central star formation as evident from the younger populations and a low value of fOMP. Likely both channels contributed to the formation in UGC 8041 and NGC 4592 where the SFH shows both a old, metal-poor and significant young, metal-rich component, with intermediate mass fractions in old metal poor stars, and Δage close to zero. In the merging galaxy NGC 1487, the complex of newly formed massive star clusters have low metallicity and likely were triggered by infalling gas in the merger process. These different objects are also anomalous in that they show no old populations – consistent with massive star clusters formed recently in the field, rather than a classical NSC residing at the barycentre of a system where continued star formation or cluster accretion can proceed.
To explore these results in the context of a larger sample of galaxies, we show them on the plane of galaxy and NSC mass in Fig. 6. In this figure, we also included the 25 early-type galaxies studied with similar methods by Fahrion et al. (2021) as well as the two early-type dwarfs KK 197 and KKs 58 that were observed with MUSE and analysed in a similar way in Fahrion et al. (2020a). This figure shows the inferred dominant NSC formation channel with different symbols and colours. We applied the same cut in age (> 2 Gyr) and metallicity (<  − 1.0 dex) to these results to colour-code the symbols by fOMP. Due to its different nature, we have not included NGC 1487.
	[image: thumbnail]	Fig. 6. Dominant NSC formation channel for the studied galaxies on the NSC mass-galaxy mass plane. The large different symbols indicate the identified dominant NSC formation channel for the galaxies analysed in this work. The smaller symbols refer to the results presented in Fahrion et al. (2020a, 2021). We colour-coded the symbols by the mass fraction of old and metal-poor populations (> 2 Gyr, <  − 1.0 dex, see Table 2). The star shows the position of the MW NSC for reference (Neumayer et al. 2020). The dashed lines indicate the mass limits where a transition of the dominant NSC formation channel was proposed. NGC 1487 was excluded from this figure.



Our present findings agree well with the results from Fahrion et al. (2020a, 2021) and support a trend in the dominant NSC formation channel with galaxy mass. NGC 1796, in which we found evidence of the central star formation scenario, is the most massive in our sample with Mgal  ∼  109 M⊙, where Fahrion et al. (2021) suggested that the transition between GC accretion and central star formation occurs (see also Neumayer et al. 2020; Pinna et al. 2021). UGC 8041 and NGC 4952 that have both similarly high masses appear to have formed their NSCs through both channels. In the lower mass galaxies, we identified the GC accretion channel to be responsible for most of the mass in their NSCs in five galaxies, similar to the findings of Fahrion et al. (2020a, 2021), as indicated by higher values of fOMP. This is an interesting result as the galaxies studied here show star formation globally while the sample of Fahrion et al. (2020a, 2021) only considered early-type dwarfs even though some of them showed the presence of ionised gas confined to the central regions.
Studies of massive (M* >  109 M⊙) star-forming galaxies have found that their NSCs are mostly formed through central star formation; although, signatures of old and metal-poor components and hence GC accretion have also been found (Kacharov et al. 2018; Hannah et al. 2021). The NSC of the Milky Way is here a prominent example as it shows both young stars likely formed in situ and old, metal-poor components that possibly were accreted from GCs (Antonini et al. 2012; Feldmeier-Krause et al. 2015, 2020; Arca Sedda et al. 2020). Similarly, the massive ETGs studied in Fahrion et al. (2021) show high metallicities and sometimes young ages in their NSCs, indicating that their formation was dominated by central star formation.
Consequently, the results in this work support a consistent picture in which low-mass galaxies (Mgal <  109 M⊙) form their NSCs predominantly through GC accretion, while the mass growth of NSCs in more massive galaxies appears to be dominated by enriched star formation occurring in the central regions directly – irrespective of whether the galaxies are star-forming or not. This finding is also in agreement with the semi-analytical model presented in Fahrion et al. (2022) that considers NSC formation through GC accretion and finds that the massive NSCs found in massive galaxies require significant growth through central star formation to explain their high masses. Nonetheless, accretion of GCs might also seed the NSCs of these massive galaxies that then later grow their NSCs further through central star formation.
We note here that even though we have identified GC accretion to be the dominant NSC formation channel in the low-mass galaxies, their NSCs still show some minor young and metal-rich components. This illustrates the complex interplay between NSC formation and galaxy evolution: even though the NSCs in dwarf galaxies of different morphological types form predominantly through inspiralling GCs, the detailed properties and SFHs of the NSCs depend on their host galaxy’s evolution. We note that these minor populations were also found when the background-subtracted NSC spectrum was used, indicating that they are truly originating from within the NSC as opposed to be caused by a contamination of the spectrum from the galaxy contribution.
6. Conclusions
This paper presents the first analysis of nucleated late-type dwarf galaxies with integral-field spectroscopy. Using MUSE data of nine galaxies, we find:

	
All galaxies present some level of star formation with its intensity varying across each galaxy and between galaxies in the sample.



	
Emission lines from ionised gas are observed in the integrated light of all NSCs.



	
To explore the origin of the emission lines and establish if they are related to NSCs, we analyse maps of SFR density surrounding the NSCs. Most NSCs do not have a distinct peak in these maps. Furthermore, we find a significant offset in line-of-sight velocities of the gaseous and stellar components in the NSC spectrum in two of the galaxies. This suggests that the emission lines in the NSC spectra are not always associated with the NSCs themselves, but can originate from gas located along the line-of-sight towards the NSC.



	
The NSCs span a broad range in metallicities and ages. NSCs of low-mass galaxies are more metal-poor and older than their surrounding areas – hinting at the role of GC in-spiral. NSCs in progressively higher mass galaxies have average ages and metallicities which are younger and more enriched than the circumnuclear region.



	
The NSC SFHs are diverse in their shape. Five of the nine galaxies have SFHs dominated by old and metal-poor populations, indicative of formation through accretion of metal-poor GCs. Additionally, the SFHs and metallicity distributions in three of the most massive galaxies in our sample are extended or metal-rich, indicating NSC formation through central-star formation.



	
Based on the SFHs, metallicity distributions and the presence of star formation, we identified the most likely dominant NSC formation channel in the nine galaxies. In the most massive galaxy of our sample, we concluded that its NSC was formed predominantly through central star formation, whereas we identified the GC accretion channel as the dominant NSC formation pathway in five galaxies. In two galaxies, both channels appear to be contributing.



	
Our results support suggested scenarios from previous studies using similar methods, in which GC accretion builds most of the mass in NSCs of low-mass galaxies whereas central star formation becomes more relevant for more massive galaxies Mgal ≥ 109 M⊙.




Our analysis supports a scenario where NSCs in dwarf galaxies form most of their mass through the accretion of GCs, even though star formation at a low level can further shape the NSCs in late-type dwarfs. Given our limited sample of nine galaxies, future investigation of larger samples will be crucial to establish how galaxy morphology and evolution can affect the formation of NSCs.


1 http://archive.eso.org/scienceportal/home


2 https://amusing-muse.github.io/


3 http://miles.iac.es


4 https://gitlab.com/francbelf/ifu-pipeline
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	[image: thumbnail]	Fig. 2. NSC spectra in black with PPXF fit in orange, showing a fit of both the absorption and emission lines. The light purple regions were masked during the fits. Each panel corresponds to one galaxy. We note that the y-axis scale is not the same in all panels. The range is chosen to highlight the absorption line features. For observations acquired with AO, the region around the Na D line is blocked.
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	[image: thumbnail]	Fig. 3. Comparison between metallicities (top) and ages (bottom) between NSC on x-axis and circumnuclear region on y-axis (see Table 2). The dashed lines show the one-to-one relation.
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	[image: thumbnail]	Fig. 4. Star formation histories of the NSCs (top panel of the three panels for each galaxy) from the NSC spectrum, at 2″ radius from the NSC (middle, the circumnuclear region), and the galaxies (bottom, from Voronoi-binned spectra). The mass fractions were normalised such that the maximum is at 1 for visualisation. The NSC and 2″ SFHs are colour-coded by the mean metallicity in each age bin to illustrate the age and metallicity distribution simultaneously. For the galaxies, we show the average SFH from the binned spectra as the thick black line and the 16th and 84th percentiles as grey shaded areas. The galaxies are ordered with increasing galaxy mass from the top left to the bottom right. The mass fraction of old, metal-poor populations (> 2 Gyr, <  − 1.0 dex) is indicated in the top right corner of each galaxy.
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	[image: thumbnail]	Fig. 5. Star formation rate surface densities ΣSFR for the different galaxies. Each panel shows the 10″ × 10″ zoom to the region around the NSCs. The positions of the NSCs are highlighted by the circles. Each circle has a radius corresponding to the PSF FWHM. The dashed circles highlight the circumnuclear region at 2″, defined by an annulus with inner radius of 8 pixel = 1.6″ and outer radius of 13 pixel = 2.6″. Regions with low signal-to-noise in the Hα flux were masked.
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	[image: thumbnail]	Fig. 6. Dominant NSC formation channel for the studied galaxies on the NSC mass-galaxy mass plane. The large different symbols indicate the identified dominant NSC formation channel for the galaxies analysed in this work. The smaller symbols refer to the results presented in Fahrion et al. (2020a, 2021). We colour-coded the symbols by the mass fraction of old and metal-poor populations (> 2 Gyr, <  − 1.0 dex, see Table 2). The star shows the position of the MW NSC for reference (Neumayer et al. 2020). The dashed lines indicate the mass limits where a transition of the dominant NSC formation channel was proposed. NGC 1487 was excluded from this figure.
In the text





    
      Table 1. 

      Galaxy properties.

      
        


	Galaxy
	RA
	Dec
	D
	E(B − V)
	log(Mgal)
	log(MNSC)
	Exp. time
	⟨FWHM⟩
	Ref.



	
	
	
	(Mpc)
	(mag)
	
	
	(s)
	(arcsec)
	



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)





	NGC 853
	02:11:41.19
	−09:18:21.6
	21.0
	0.023
	6.96
	6.31
	2000
	0.59
	d, e



	UGC 3755
	07:13:51.60
	+10:31:19.0
	4.99
	0.078
	7.75
	4.78
	4 × 2000
	0.57
	d, e



	ESO 059−01
	07:31:18.20
	−68:11:16.8
	4.57
	0.147
	8.1
	6.16
	4 × 2000
	0.53
	a, b, c



	IC 1959
	03:33:12.59
	−50:24:51.3
	6.05
	0.011
	8.2
	6.13
	4 × 2000
	0.66
	a, b, c



	UGC 5889
	10:47:22.30
	+14:04:10.0
	6.89
	0.031
	8.20
	6.09
	4 × 2000
	0.58
	d, e



	UGC 8041
	12:55:12.66
	+00:06:59.9
	17.1
	0.019
	8.83
	6.74
	2405
	1.24
	d, e



	NGC 1487
	03:55:46.10
	−42:22:05.0
	12.1
	0.010
	8.95
	6.01
	2000 + 2 × 3600
	0.56
	d, e



	NGC 4592
	12:39:18.74
	+00:31:55.2
	10.6
	0.042
	9.02
	5.80
	1800
	0.84
	d, e



	NGC 1796
	05:02:42.55
	−61:08:24.2
	10.6
	0.021
	9.06
	6.82
	2000
	0.55
	d, e





      

      
Notes. (1) Galaxy name, (2), (3) right ascension and declination, (4) distance in Mpc, (5) foreground extinction, (6), (7) galaxy and NSC stellar masses, (8) exposure time in seconds, (9) average FWHM of the PSF and (10) references: a – Georgiev et al. (2009a), b – Georgiev et al. (2009b), c – Yu et al. (2020), d – Georgiev et al. (2016), e – Georgiev & Böker (2014).



    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        RGB images of the sample galaxies based on synthetic V, I, and R band images obtained from the MUSE cubes. The inset shows a zoom to a 10″ × 10″ region around each NSC. The conversion from arcseconds to kpc is shown in white. North is up, east is to the left.

      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        NSC spectra in black with PPXF fit in orange, showing a fit of both the absorption and emission lines. The light purple regions were masked during the fits. Each panel corresponds to one galaxy. We note that the y-axis scale is not the same in all panels. The range is chosen to highlight the absorption line features. For observations acquired with AO, the region around the Na D line is blocked.

      

    

  
    
      Table 2. 

      Nuclear star cluster fit results after MC fitting.

      
        


	Galaxy
	⟨[M/H]NSC⟩
	⟨AgeNSC⟩
	⟨[M/H]2″⟩
	⟨Age2″⟩



	
	(dex)
	(Gyr)
	(dex)
	(Gyr)



	(1)
	(2)
	(3)
	(4)
	(5)





	NGC 853
	−1.22 ± 0.11
	4.73 ± 1.05
	−1.23 ± 0.10
	3.93 ± 0.57



	UGC 3755
	−1.66 ± 0.12
	9.88 ± 1.01
	−1.63 ± 0.11
	8.83 ± 1.02



	ESO 59−01
	−1.84 ± 0.03
	11.35 ± 0.35
	−1.51 ± 0.07
	9.23 ± 1.14



	IC 1959
	−1.60 ± 0.04
	10.11 ± 0.57
	−1.70 ± 0.04
	9.57 ± 0.58



	UGC 5889
	−1.44 ± 0.08
	10.28 ± 0.74
	−1.20 ± 0.08
	9.76 ± 0.74



	UGC 8041
	−0.95 ± 0.10
	6.57 ± 0.93
	−1.01 ± 0.10
	8.59 ± 1.08



	NGC 1487
	−1.12 ± 0.09
	0.28 ± 0.05
	−1.06 ± 0.25
	4.91 ± 2.63



	NGC 4592
	−0.93 ± 0.13
	4.60 ± 1.41
	−0.99 ± 0.11
	7.59 ± 1.23



	NGC 1796
	−0.48 ± 0.09
	7.30 ± 1.13
	−0.55 ± 0.08
	10.98 ± 0.33





      

      
Notes. (1) Galaxy name, (2), (3) average mass-weighted NSC metallicity and age, (4), (5) average mass-weighted metallicity and age of the host galaxy at 2″ separation from the NSC. These results are plotted in Fig. 3.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Comparison between metallicities (top) and ages (bottom) between NSC on x-axis and circumnuclear region on y-axis (see Table 2). The dashed lines show the one-to-one relation.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Star formation histories of the NSCs (top panel of the three panels for each galaxy) from the NSC spectrum, at 2″ radius from the NSC (middle, the circumnuclear region), and the galaxies (bottom, from Voronoi-binned spectra). The mass fractions were normalised such that the maximum is at 1 for visualisation. The NSC and 2″ SFHs are colour-coded by the mean metallicity in each age bin to illustrate the age and metallicity distribution simultaneously. For the galaxies, we show the average SFH from the binned spectra as the thick black line and the 16th and 84th percentiles as grey shaded areas. The galaxies are ordered with increasing galaxy mass from the top left to the bottom right. The mass fraction of old, metal-poor populations (> 2 Gyr, <  − 1.0 dex) is indicated in the top right corner of each galaxy.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Star formation rate surface densities ΣSFR for the different galaxies. Each panel shows the 10″ × 10″ zoom to the region around the NSCs. The positions of the NSCs are highlighted by the circles. Each circle has a radius corresponding to the PSF FWHM. The dashed circles highlight the circumnuclear region at 2″, defined by an annulus with inner radius of 8 pixel = 1.6″ and outer radius of 13 pixel = 2.6″. Regions with low signal-to-noise in the Hα flux were masked.

      

    

  
    
      Table 3. 

      Comparison between gas and stellar velocity.

      
        


	Galaxy
	vNSC, stars
	vNSC, gas
	v2″, stars
	v2″, gas
	⟨log(ΣSFR, NSC)⟩
	⟨log(ΣSFR, 2″)⟩



	
	(km s−1)
	(km s−1)
	(km s−1)
	(km s−1)
	log(M⊙ yr−1 kpc−2)
	log(M⊙ yr−1 kpc−2)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)





	NGC 853
	1534.2 ± 2.0
	1552.9 ± 0.7
	1528.3 ± 2.2
	1542.7 ± 0.4
	−0.94 ± 0.12
	−1.01 ± 0.40



	UGC 3755
	316.2 ± 4.8
	302.9 ± 0.4
	316.7 ± 4.1
	305.0 ± 0.5
	−1.31 ± 0.17
	−1.57 ± 0.31



	ESO 59−01
	527.2 ± 1.3
	524.0 ± 0.5
	529.4 ± 3.5
	531.9 ± 0.7
	−2.09 ± 0.35
	−2.52 ± 0.30



	IC 1959
	645.4 ± 1.3
	648.2 ± 0.5
	646.0 ± 2.3
	647.2 ± 0.4
	−1.92 ± 0.21
	−1.87 ± 0.46



	UGC 5889
	568.4 ± 2.0
	577.7 ± 2.4
	576.2 ± 3.1
	568.1 ± 4.4
	−2.58 ± 0.85
	−3.17 ± 0.10



	UGC 8041
	1320.6 ± 1.3
	1323.2 ± 0.9
	1322.1 ± 1.9
	1328.1 ± 1.2
	−1.15 ± 0.30
	−1.79 ± 0.50



	NGC 1487
	838.0 ± 2.5
	851.6 ± 2.0
	840.6 ± 3.4
	841.6 ± 1.4
	−0.34 ± 0.14
	−0.62 ± 0.23



	NGC 4592
	1061.9 ± 1.6
	1061.3 ± 0.6
	1059.2 ± 1.3
	1061.9 ± 0.6
	−1.38 ± 0.52
	−1.82 ± 0.19



	NGC 1796
	1015.8 ± 1.4
	1019.2 ± 0.3
	1017.8 ± 1.0
	1012.3 ± 0.4
	−0.12 ± 0.43
	−1.10 ± 0.41





      

      
Notes. (1) Galaxy name, (2), (3) average line-of-sight velocity of the stellar and gaseous component in the NSC spectrum, (4), (5) average line-of-sight velocity of stellar and gaseous components in the circumnuclear spectrum (2″), (6), (7) average SFR density in the NSC (defined by a circular aperture with radius corresponding to the PSF FWHM) and at 2″ (defined by an annular aperture).



    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Dominant NSC formation channel for the studied galaxies on the NSC mass-galaxy mass plane. The large different symbols indicate the identified dominant NSC formation channel for the galaxies analysed in this work. The smaller symbols refer to the results presented in Fahrion et al. (2020a, 2021). We colour-coded the symbols by the mass fraction of old and metal-poor populations (> 2 Gyr, <  − 1.0 dex, see Table 2). The star shows the position of the MW NSC for reference (Neumayer et al. 2020). The dashed lines indicate the mass limits where a transition of the dominant NSC formation channel was proposed. NGC 1487 was excluded from this figure.
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