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Abstract

Context. Galaxies in the most underdense regions of the Universe, known as cosmic voids, exhibit astrophysical properties that suggest a distinct evolutionary path compared to galaxies in denser environments. Numerical simulations indicate that the assembly of void galaxies occurs later, leading to galaxies with younger stellar populations, low metallicities, and high gas content in their halos, which provides the fuel to sustain elevated star formation activity.

Aims. Our objective in this work is to test these numerical predictions using observational data by comparing galaxies in voids with galaxies in non-void environments.

Methods. We used voids identified in the SDSS data and selected galaxies from the MaNGA survey, which offers integral field spectroscopy (IFS) for each galaxy. This IFS data allows for state-of-the-art modeling of their stellar populations. We separated the galaxies into void and non-void samples, mimicked the magnitude distribution, and compared their integrated astrophysical properties, as well as the metallicity and age profiles, through a stacking technique. We analyzed early-type galaxies (ETGs) and late-type galaxies (LTGs) separately.

Results. We find that void galaxies tend to host younger and less metal-rich stellar populations. This trend is observed both as a function of mass and in samples with matched magnitude distributions. With respect to the gas mass, we do not find differences across environments. When dividing galaxies into ETGs and LTGs, we observe that ETGs show negative gradients in both age and metallicity, with void galaxies consistently appearing younger and less metal-rich. For LTGs, age gradients are also negative, indicating younger populations in void galaxies. However, we do not find statistically significant differences in the stellar metallicity gradients between void and non-void environments.

Conclusions. Our results show how the astrophysical properties of galaxies in voids differ from those of galaxies in the rest of the Universe. This suggests that the void environment plays a role in the evolution of its galaxies, delaying their assembly and growth.
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1. Introduction
Galaxy evolution is driven by both in situ processes and environmental effects. The large-scale and local densities of the galactic environment influence the astrophysical properties of galaxies. In this context, the most underdense regions of the Universe, known as cosmic voids, are particularly interesting for studying galaxies. In these regions, galaxies evolve in an environment that can be free from interactions between them. As a result, these galaxies may have populations more representative of in situ processes (van de Weygaert & Platen 2011; Kreckel et al. 2011).
Other authors have previously studied galaxies in voids using observational data. In general, studies show that these environments, in contrast to galaxies in denser regions, host a population of bluer galaxies (Rojas et al. 2004; von Benda-Beckmann & Müller 2008; Hoyle et al. 2012), with higher star formation rates (SFRs; Rojas et al. 2005; Ceccarelli et al. 2008; Moorman et al. 2016, and typically of late-type morphology (Hoyle et al. 2005; Porter et al. 2023; Argudo-Fernández et al. 2024). All of these properties are consistent with the idea of delayed evolution for galaxies in such environments. Domínguez-Gómez et al. (2023a) use a sample of spectra from galaxies in voids and denser environments to reconstruct the star formation histories of these galaxies, revealing that those in voids exhibit delayed star formation histories compared to other samples.
Another approach to studying the influence of the environment is through numerical simulations. Modern simulations generally produce a population of void galaxies with properties qualitatively comparable to those in observational data (Rosas-Guevara et al. 2022; Curtis et al. 2024). One advantage of numerical simulations is their ability to trace the assembly history of galaxies through merger trees. These studies also confirm a delayed evolution for galaxies in voids compared to those in denser environments (Martizzi et al. 2020; Alfaro et al. 2020; Rodríguez Medrano et al. 2022; Rodríguez-Medrano et al. 2024).
Differences in galaxy assembly translate into variations in the ages of their stellar populations, which can be reflected in their metallicities. In Rodríguez-Medrano et al. (2024), using the IllustrisTNG simulation (Nelson et al. 2019; Pillepich et al. 2018; Springel et al. 2018), we find lower stellar metallicities, at a given galaxy mass, for galaxies in voids compared to the general population. This is consistent with results from observational data (Domínguez-Gómez et al. 2023b) based on a sample of galaxies from the Sloan Digital Sky Survey Data Release 7 (SDSS-DR7) (Abazajian et al. 2009), with optical spectra integrated over the central regions of each galaxy (3 arcsec aperture).
Another feature detected in void environments is a lower stellar-to-halo mass relation (SHMR) for the galaxies (Habouzit et al. 2020; Rosas-Guevara et al. 2022). At a given stellar mass, void galaxies tend to have larger dark matter halos, which can retain more gas (Rodríguez-Medrano et al. 2024). As shown in Scholz-Díaz et al. (2023), halo mass influences the star formation history of galaxies. Galaxies with younger stellar populations inhabit halos with a lower stellar-to-halo mass ratio (Scholz-Díaz et al. 2022). These predictions of the SHMR in numerical simulations have also been explored in observational data. Douglass et al. (2019), investigate the SHMR in void galaxies and find no significant difference between the halo masses in void and non-void environments. We also study this relation in Rodríguez-Medrano et al. (2023) using SDSS galaxies with halo masses obtained through the method of Rodriguez & Merchán (2020) but do not obtain conclusive results. With regard to gas content, (Florez et al. 2021) detects an excess of gas in void galaxies. Therefore, the question of halo mass, and particularly the gas content of galaxies in voids, remains an open topic.
Integral field spectroscopy (IFS) is an observational technique that captures spectral information across a two-dimensional (2D) field of view. This provides two spatial dimensions plus an additional spectral dimension, forming what is known as a datacube. The IFS technique has proven highly effective for studying the stellar composition of galaxies with spatial resolution, capturing variations in stellar populations and other properties across galactic structures (Bacon et al. 2001; Sánchez et al. 2012; Croom et al. 2012). This technique is used, for example, in the CAVITY project (Calar Alto Void Integral-field Treasury surveY) (Pérez et al. 2024) to study galaxies in voids. The sample of void galaxies from this project exhibits a lower stellar mass surface density, younger ages, and higher specific SFRs (Sánchez et al. 2024). These differences in the properties of void galaxies are present in all morphological types (Conrado et al. 2024).
The Mapping Nearby Galaxies at APO (MaNGA) survey, part of the SDSS-IV project, is currently the largest IFS survey (Bundy et al. 2015). The MaNGA survey has observed approximately 10 000 galaxies in the local Universe (z < 0.15). These data have been used to apply methods such as the “fossil record method”, which leverages spatial resolution to apply spectral energy distribution (SED) models and deduce the star formation histories (SFH) and chemical enrichment histories (ChEH) of galaxies (Ibarra-Medel et al. 2016; Sánchez et al. 2022; Riffel et al. 2023). This extensive sample enables studies of the relationship between a galaxy’s evolution and its cosmic environment, particularly in cosmic voids. Since MaNGA galaxies are part of the original SDSS sample (York et al. 2000), we can assign MaNGA galaxies to voids identified in a complete volume-limited sample from the SDSS. This allows us to compare galaxies in voids with those in denser environments and to investigate evolutionary differences and astrophysical properties based on the environment, thereby mapping the impact of large-scale structures on galaxies.
This paper is organized as follows. In Section 2, we describe the data used in this work, including the galaxy sample and the void catalog. In Section 3, we present our results, dividing the section into parts that examine the integrated properties of galaxies, the results related to galaxy morphologies, and the galaxy gradients. In Section 4, we discuss the implications of our analysis, and in Section 5, we summarize the main conclusions of this study.
2. Data
The MaNGA (Bundy et al. 2015) and SDSS (Bacon et al. 2001) surveys cover the same spatial region, ensuring a substantial overlap that enables the effective integration of data from both sources. This overlap is advantageous as it enables the use of voids identified within SDSS, which provides a dense sample of galaxies suitable for the robust identification of underdense regions in the Universe. We subsequently studied galaxies from the MaNGA survey, utilizing its IFS capabilities, which are particularly beneficial for efficiently modeling stellar populations and their properties. Integral field spectroscopy (IFS) offers comprehensive spatial coverage by capturing spectral information across a 2D field, allowing detailed analysis of various stellar properties at different locations within galaxies. This spatially resolved spectroscopy makes it possible to examine gradients and variations in key stellar attributes, providing a more holistic view of galactic evolution. The MaNGA survey is designed to obtain the IFS of nearby galaxies, and its main sample is divided into two subsamples: the Primary Sample (PS) and the Secondary Sample (SS). These subsamples are optimized to cover different regions of galaxies. The PS includes galaxies with coverage extending to at least 1.5 Re (effective radius), enabling detailed studies of their inner regions, while the SS extends this coverage to at least 2.5 Re, facilitating the analysis of their outer parts, such as stellar halos and large-scale dynamics.
As described in Yan et al. (2016) and Wake et al. (2017), this difference in spatial coverage means that the SS consists of galaxies observed at higher redshifts compared to the PS. This is because observing more distant galaxies is necessary to cover a larger area with the same integral field unit (IFU) size.
For the PS, the median signal-to-noise ratio (S/N) per fiber in the outer regions at 1.5 Re is 8.3, increasing to 37.3 in an elliptical annulus after stacking the fibers. For the Secondary Sample, the median S/N per fiber in the outer regions (at 2.5 Re) is 2.3, increasing to 11.4 in an elliptical annulus after stacking.
By leveraging the overlap between SDSS and MaNGA, this study aims to shed light on the evolutionary differences that arise from environmental variations within large cosmic structures.
2.1. MaNGA: Average properties and morphology
In this work, we used the data products extracted from the datacubes with the pyPipe3D pipeline, applied to the MaNGA data from SDSS-DR17 (Sánchez et al. 2016a,b, 2022; Lacerda et al. 2022). This analysis includes both integrated and spatially resolved properties of the stellar population and the ionized gas. The pyPipe3D code employs a binning method based on continuum segmentation to enhance the S/N while preserving the spatial structure of galaxies. Our analysis utilizes the MASTAR_SLOG stellar library (Yan et al. 2019), which includes simple stellar populations (SSPs) with 39 ages and seven metallicities, along with a Salpeter initial mass function (IMF). Additionally, it incorporates kinematic parameters such as stellar velocity and velocity dispersion, treated as free parameters, while accounting for interstellar dust extinction effects.
In this work, we selected only galaxies with high S/N, excluding merging systems, galaxies with uncertain redshift determinations, or those contaminated by a bright star in the field of view. These selection criteria are indicated by the QCFLAG of the catalog used.
We used the second version of the morphological classification obtained by Vázquez-Mata et al. (2022) from the visual classification of MaNGA galaxies in the SDSS-DR17, using mosaics generated by combining r-band images from the SDSS and the DESI Legacy Survey (Dey et al. 2019).
2.2. MaNGA: Stellar profiles
To analyze the radial behavior of certain properties in our sample, we used radial profiles constructed from the publicly available MEGACUBES dataset1 (Riffel et al. 2023). These datacubes provide maps of various properties and emission-line profiles for each spaxel, along with a table of average properties over different galaxy radii. For the stellar populations, measurements have been made using full spectral fitting for stellar population synthesis on the datacubes, using the STARLIGHT code (Cid Fernandes et al. 2005; Cid Fernandes 2018). In addition, these MEGACUBES contain absorption-free emission line datacubes. Emission line fitting was performed using the IFSCUBE3 Python package Ruschel-Dutra & Dall’Agnol De Oliveira (2020), Ruschel-Dutra et al. (2021) to fit the profiles of the most prominent optical emission lines.
The analysis employed a binning method that enhanced the S/N while preserving spatial resolution. The stellar libraries used are based on updated MILES models (González Delgado et al. 2005; Vazdekis et al. 2010, 2016), covering a range of 21 ages and four metallicities. Additionally, a Salpeter initial mass function is adopted. The fits included kinematic parameters, such as stellar velocity and velocity dispersion, which were incorporated as key elements in the spectral modeling.
The profiles provided by MEGACUBES extend to at least 1.5 Re or 2 Re, depending on whether the galaxies belong to the Primary or Secondary sample, respectively. The catalog presents metallicity and age profiles for each galaxy, computed by averaging the spaxels that fall within specific radial intervals, expressed in units of the effective radius (Re).
2.3. Void and non-void galaxies
We used the void finder algorithm described in Ruiz et al. (2015, 2019) to identify spherical voids in a sample of galaxies of the SDSS-DR12 catalog Alam et al. (2015). Voids were identified by finding spheres in a galaxy distribution with integrated contrast density (Δ) below some threshold; in our case, we used Δ < −0.9. The radius of the void (rvoid) is defined by the distance from the center of the sphere, at which Δ = −0.9 is reached. The tracer galaxies selected are at z > 0.03, have an absolute magnitude in r-band Mr < −20.19 and constitute a completed volume sample at z < 0.12. We assumed a cosmology with ΩM = 0.31 and ΩΛ = 0.69. We selected all voids with rvoid > 12 h−1 Mpc to avoid spurious voids due to shot noise.
For this selection of voids, we computed the distance from each galaxy in the MaNGA sample to the nearest spherical void center, normalizing the distances by the void radius. Galaxies with a distance d < rvoid were classified as void galaxies, while those with d > rvoid were categorized as non-void galaxies. Galaxies whose nearest void was close to the catalog edges were excluded from the analysis, specifically those at a distance of d < 1.5 rvoid from the edge. This selection left us with 176 void galaxies and 3191 non-void galaxies. We include in Appendix A the distributions of redshift, effective radius, and inclination angle of the galaxies in each sample to better characterize them.
3. Results
In this section, we present the results of our analysis. We focus on the stellar metallicity, age, and gas content of galaxies, while also examining general properties such as colors and SFRs. Our goal is to compare them with the predictions made in Rodríguez-Medrano et al. (2024), who found that void galaxies have a higher gas mass, lower stellar metallicity, and younger stellar populations compared to non-void galaxies.
3.1. General properties
As mentioned in the introduction, several studies have established that void galaxies exhibit bluer colors and higher SFRs compared to galaxies in denser environments. Part of this effect is due to the fact that the magnitude distribution of void galaxies is typically biased toward fainter galaxies, as shown in Figure 1. The gray histogram corresponds to the r-band absolute magnitude distribution of non-void galaxies, while the red distribution represents the void sample. A clear difference in the magnitude distribution between the two samples is evident. Since fainter galaxies are typically bluer, more star-forming, and younger, it is important, when comparing void and non-void galaxies, to study the galaxies as a function of magnitude or to create matched samples by replicating the magnitude distribution to avoid potential biases.
	[image: thumbnail]	Fig. 1. Distribution of r-band absolute magnitudes for the galaxy samples. The filled gray histogram represents the non-void galaxy sample, while the red histogram shows the distribution for the void-galaxysample.



We first analyzed the colors and SFRs of galaxies in our sample, as calculated from MaNGA data (Sánchez et al. 2022).
We then extended the analysis to focus on the key properties relevant to this study: stellar metallicity, stellar age, and the gas content of the galaxies.
In Fig. 2, we present the color and SFR for our MaNGA dataset. The top panel shows the mean g − r color as a function of the absolute magnitude in the r-band. The solid gray line indicates the results for the non-void galaxy sample, while the dashed red line represents the void galaxy sample. The shaded regions around each line indicate the uncertainty in the mean, calculated as [image: equation] (where s is the standard deviation and n is the sample size). The trend reveals consistently lower g − r values in all magnitude bins for void galaxies, with some differences exceeding the error bars. This suggests that void galaxies are systematically bluer. In the bottom panel, we show the SFR. The SFR is calculated from the luminosity of the Hα emission line, which is corrected for extinction caused by interstellar dust and converted into SFR using an empirical relation Kennicutt (1998). The figure shows a tendency for galaxies in voids to exhibit higher mean SFR values than galaxies in non-voids.
	[image: thumbnail]	Fig. 2. Astrophysical properties of galaxies as a function of r-band absolute magnitude for void and non-void galaxies. Top panel: g − r color. Bottom panel: Star formation rate (SFR). Both panels show the relation for non-void galaxies (solid gray line) and void galaxies (dashed red line). Error bars indicate the uncertainty associated with the mean value.



Fig. 3 shows various properties of the galaxies as a function of the absolute r-band magnitude. In all panels, the dashed red line corresponds to void galaxies, while the solid gray line corresponds to non-void galaxies. For intensive properties such as stellar age and metallicity, we use the value at the effective radius (Re), derived from the azimuthally averaged radial profiles. These profiles are constructed using elliptical annuli up to the maximum radius covered by the field of view (FoV) (Sánchez et al. 2022). The value at Re is taken as a representative proxy for the galaxy-wide average, as supported by previous studies (Moustakas et al. 2010; Sánchez et al. 2016b). This approach mitigates biases due to varying spatial coverage among galaxies in the sample.
	[image: thumbnail]	Fig. 3. Astrophysical properties of galaxies as a function of r-band absolute magnitude. Top panel: Luminosity weighted stellar metallicity. Middle panel: Luminosity weighted galaxy age. Bottom panel: Gas mass for galaxies in the SS. The solid gray line represents the relation for the non-void galaxy sample, while the dashed red line represents the relation for the void galaxy sample. Error bars indicate the uncertainty associated with the mean value.



The top panel displays the luminosity-weighted stellar metallicity at the effective radius Re. Across the entire range of magnitudes analyzed, void galaxies are systematically less metal-rich than non-void galaxies. These differences have a statistical significance of approximately ∼1σ, where σ is the error in the mean. The middle panel shows the luminosity-weighted age. For the faintest magnitude bin, there is no statistically significant difference between void and non-void galaxies. However, for the remaining bins, the void galaxy sample consistently shows lower average ages than the non-void sample. The bottom panel presents the mean gas mass. Dust extinction serves as an indicator of the molecular gas content through its connection with the dust-to-gas ratio (Brinchmann et al. 2004). The gas mass is estimated by integrating the molecular gas surface density (Σmol) across the FoV of each IFU, where Σmol is derived from the spaxel-by-spaxel AV, gas parameter using the linear calibrator from Barrera-Ballesteros et al. (2021). Given that the gas content is estimated by summing the contributions across the entire FoV, galaxies in the PS, having a smaller FoV, may be biased toward a lower gas content compared to galaxies in the SS, which have a larger FoV. For this reason, we present gas estimates only for the SS. The relation was calculated using only 79 galaxies in voids (1193 for non-void), which led us to divide the sample into three equal-number bins to increase the number of galaxies per bin. In this case, Fig. 3 shows that the estimated mean gas content in galaxies does not differ with environment.
3.2. Morphology
It is well established that galaxy morphology is closely related to other galactic properties and that the environment plays a significant role in shaping galaxy morphology. We separated galaxies into early- and late-type categories to analyze the differences between galaxies in void and non-void environments across different morphological types.
We used the visual classification from Vázquez-Mata et al. (2022). This classification is based on image mosaics combining r-band images from the SDSS and the DESI Legacy Surveys, identifying 13 Hubble types. Each galaxy is assigned a numerical code (T-type) of −5, −2, or a value between 0 and 10, corresponding to its most probable morphological type (E, S0, S0a, Sa, Sab, Sb, Sbc, Sc, Scd, Sd, Sdm, Sm, and Irr). Since we do not have a sufficiently large number of void galaxies to analyze each type individually, we generalized the sample by dividing it into early-type galaxies (ETGs; T − type ≤ 0) and late-type galaxies (LTGs; T − type ≥ 1). We did not consider T − type = 10, which corresponds to irregular galaxies.
In Fig. 4, we present the results of this classification. The left bars show the proportions of galaxies classified as early types, while the right bars represent late-type galaxies. Void galaxies are shown in red, and non-void galaxies are indicated with dashed gray bars. The error bars represent the 95% confidence intervals for each proportion. We find that in our sample of galaxies, ∼35% (∼65%) of void galaxies are ETGs (LTGs), compared to ∼43% (∼57%) in the non-void sample. The frequencies for void galaxies suggest a higher fraction of late-type galaxies and a lower fraction of early types.
	[image: thumbnail]	Fig. 4. Fraction of ETGs and LTGs in the void (red) and non-void (dashed gray) galaxy samples. Error bars indicate the 95% confidence intervals for each proportion. The figure also shows the p-value from a hypothesis test evaluating whether the proportions of early- and late-type galaxies differ significantly between void and non-void environments.



To determine if these differences are significant, we tested whether the observed fraction of early-type (or late-type) galaxies in void environments could be due to random variation when compared to non-void environments. The test yields a p-value of 0.02, supporting the conclusion that both proportions differ significantly.
After separating the galaxies by morphology in both void and non-void samples, we studied their light-weighted stellar metallicity and age at the effective radius. In Fig. 5, we present violin plots for metallicity (top panel) and age (bottom panel). The distributions show that ETGs are typically more metal-rich and host older stellar populations compared to LTGs (Kauffmann et al. 2003; Gallazzi et al. 2005).
	[image: thumbnail]	Fig. 5. Distribution of stellar properties for void and non-void galaxies, separated by ETGs and LTGs. Top panel: Stellar metallicity. Bottom panel: Galaxy age. In each panel, the left distribution shows ETGs and the right distribution shows LTGs. In each violin plot, the left (red) side represents the void galaxy sample, while the right (gray) side represents the non-void sample. Solid lines within the violin plots indicate the median values and the 25th–75th percentiles.



For ETGs, although the void and non-void distributions show the same median values for age and metallicity, we observe a tail in the void sample distributions extending toward lower values for both properties. In the case of LTGs, the distributions appear significantly different. The metallicity distributions suggest a bimodality for the void sample, with a more pronounced low-metallicity peak. Regarding the age distribution, the void sample is skewed towards younger ages in comparison with the non-void sample. The medians in both panels indicate that the void sample has lower metallicities and younger ages for LTGs than the non-void galaxy sample.
We note that aside from morphology, we also investigated whether the gas content of galaxies varies with environment for both morphological types. Our analysis did not reveal any significant differences in gas content between void and non-void galaxies, leading us to focus our discussion and figures on the stellar properties instead.
3.3. Age and metallicity distributions
In the previous subsection, we demonstrated that the distribution of ETGs and LTGs differs according to both morphological type and environment. However, it is important to emphasize that the r-band absolute magnitude distributions of the void and non-void samples differ. As shown in Fig. 1, the void sample distribution is skewed toward fainter magnitudes compared to the non-void sample. Typically, the brighter a galaxy is, the richer its stellar population is in metals. Therefore, the observed differences in metallicity and age in Fig. 5 could be more closely related to differences in galaxy magnitude rather than their environmental location. To avoid this bias, we generated a new non-void galaxy sample that matches the r-band absolute magnitude distribution of the void sample. Since the non-void sample contains many more galaxies, we can replicate the magnitude distribution with ten times more galaxies, which helps to reduce statistical errors.
In Fig. 6, we present the metallicity distribution (left panel) and age distribution (right panel) for void galaxies (red histograms) and the new non-void sample (gray histograms) that mimics the r-band magnitude void distribution. Both distributions indicate that void galaxies are less metal-rich and younger than non-void galaxies. This is reflected in the median values shown in the plots and the p-values resulting from a Kolmogorov-Smirnov (KS) test, which indicate that, in both cases, the distributions for void and non-void galaxies are statistically different.
	[image: thumbnail]	Fig. 6. Left panel: Distribution of stellar metallicity for a sample of non-void galaxies that mimics the r-band absolute magnitude distribution of void galaxies. Right panel: The galaxy age distribution for the same samples. The filled gray histogram represents the distribution for non-void galaxies, while the red histogram represents the distribution for void galaxies. A vertical dotted black line indicates the median for the non-void sample, and a dashed red line indicates the median for the void sample in each panel. Each panel also includes the p-value from the KS statistical test.



3.4. Galaxy gradients
Following the methodology outlined in the previous section, we analyze the metallicity and age profiles of ETGs and LTGs, ensuring that the absolute magnitude distribution of void galaxies matches that of non-void galaxies. The profiles were constructed using the data presented in Riffel et al. (2023) (MEGACUBES) and explained in Section 2.2, where stellar metallicities and ages for each galaxy were calculated in concentric bins centered on the galaxy, extending out to 2 Re or 1.5 Re, depending on whether the galaxy belongs to the PS or SS (Yan et al. 2016; Wake et al. 2017).
We mimic the r-band magnitude distribution of void galaxies using non-void galaxies and stack all galaxies in both samples. The profiles are computed in units of the effective radius, which allows us to normalize galaxy sizes. From these stacked galaxies, we calculate the mean value in each bin to construct the mean profiles. Specifically, the mean value and associated error are calculated at radii of 0.5, 1.0, 1.5, and 2.0 Re. Since some galaxies have their properties measured only up to 1.5 Re (mainly those from the PS), the outermost bin is derived from a reduced subset of galaxies.
The results of these galaxy profiles are presented in Fig. 7. The left panels show the results for ETGs, while the right panels correspond to LTGs. For ETGs, in the top panel, void galaxies systematically exhibit lower metallicity values compared to non-void galaxies. The same trend is observed for stellar age. On average, for both metallicity and age, the results suggest a difference between void and non-void galaxies with a significance of approximately ∼1σ. For LTGs, the top right panel shows that void galaxies exhibit a slight negative metallicity gradient, while the non-void sample shows a more pronounced negative gradient in the profile, with more metal-rich bulges. However, the differences in the mean profiles lie within the error bars of the void sample. The bottom panel shows the stellar ages, where we observe a negative gradient for both void and non-void galaxies. The figure shows that void galaxies consistently exhibit lower stellar ages, particularly in the outer regions of the disk, where the differences exceed the associated error. We observe that, regardless of the environment, both early- and late-type galaxies exhibit negative age and metallicitygradients, consistent with the inside-out scenario (Pérez et al. 2013; González Delgado et al. 2014; García-Benito et al. 2017).
	[image: thumbnail]	Fig. 7. Profiles of the mean stellar metallicity (top panels) and stellar age (bottom panels). The left-hand panels correspond to ETGs, and the right-hand panels to LTGs. Void galaxies are shown with dashed red lines, while non-void galaxies are shown with solid gray line. Error bars indicate the uncertainty in the mean, calculated as [image: equation]. (a) ETGs. (b) LTGs.



For comparison with other studies, we computed the metallicity gradients ∇[Z/H] and age gradients for our samples using the 0.25−1.25 Re interval. In the case of metallicity, the gradients were calculated on a logarithmic scale, adopting a solar metallicity of Z⊙ = 0.017. For LTGs, the metallicity gradients are ∇[Z/H] = 0.006 ± 0.014 (void sample) and ∇[Z/H] = −0.016 ± 0.005 (non-void sample). For ETGs, the metallicity gradients are ∇[Z/H] = −0.053 ± 0.021 (void sample) and ∇[Z/H] = −0.053 ± 0.006 (non-void sample). All metallicity gradients are expressed in units of [dex/Re]. For the age gradients, we obtain the following values for LTGs: ∇Age = −0.217 ± 0.005 (void sample) and ∇Age = −0.142 ± 0.001 (non-void sample). For ETGs, the gradients are ∇Age = −0.056 ± 0.003 (void sample) and ∇Age = −0.063 ± 0.001 (non-void sample). In this case, the units of these gradients are [log10(Gyr)/Re].
For each MaNGA megacube, Riffel et al. (2023) calculated the binned population vectors, which represent the fractional contribution of stellar populations in different age ranges. These are defined as follows:

	
xyy light: t ≤ 10 Myr



	
xyo light: 14 Myr < t ≤ 56 Myr



	
xiy light: 100 Myr < t ≤ 500 Myr



	
xii light: 630 Myr < t ≤ 800 Myr



	
xio light: 890 Myr < t ≤ 2.0 Gyr



	
xo light: 5.0 Gyr < t ≤ 13 Gyr.




The letters denote groups: y (young), i (intermediate), and o (old). To simplify our results, we group the vectors into three categories– young, intermediate, and old–defined as follows:

	
young: t ≤ 56 Myr



	
intermediate: 100 Myr < t ≤ 2 Gyr



	
old: 5 Gyr < t ≤ 13 Gyr.




In Fig. 8, we show the population profiles for these three categories, separated by morphological type (ETGs in the left panels, LTGs in the right). The top panels show the young population. For ETGs, the figure shows a younger population in all bins for void galaxies. The intermediate-age population is also higher in the void sample compared to the non-void sample. Conversely, the old stellar population shows higher fractions in the non-void sample. The trends are consistently observed, indicating younger stellar populations in void galaxies across all radial bins.
	[image: thumbnail]	Fig. 8. Profiles of the mean fraction of stars in different age bins for early-type (left column) and late-type galaxies (right column). The top panels shows the young population (t < 56 Myr), the central panels show the intermediate population (100 Myr < t < 2 Gyr), and the bottom panels show the old population (2 Gyr < t < 5 Gyr). Void galaxies are shown with dashed red lines, and non-void galaxies with solid gray lines. Error bars indicate the uncertainty in the mean, calculated as [image: equation]. (a) ETGs. (b) LTGs.



For LTGs, the profile for void galaxies exhibits a higher fraction of young populations compared to the non-void sample. For the intermediate-age population (central panel), we find no significant differences between the void and non-void samples. In the old populations (bottom panel), the non-void sample displays higher fractions of these populations than the void sample.
4. Discussions
Our results with MaNGA data are consistent with previous studies analyzing the characteristics of galaxies in cosmic voids from various surveys. However, our findings provide a new perspective by utilizing IFS data from the MaNGA survey, which allows for more detailed modeling of stellar populations compared to traditional fiber spectroscopy or photometrical methods. In our analysis, we observed that void galaxies have lower absolute magnitudes and are bluer than galaxies in denser environments. We also identified a trend indicating that void galaxies exhibit higher SFRs. All of these results are in agreement with the general consensus on void galaxy properties (Rojas et al. 2004; Patiri et al. 2006; Tavasoli et al. 2015; Rodríguez-Medrano et al. 2023).
Our findings also show that, as a function of r-band absolute magnitude, void galaxies tend to have lower stellar metallicities than non-void galaxies. For the brighter galaxies, the difference is not statistically significant, indicating that the metallicities are similar in both environments. In Rodríguez-Medrano et al. (2024), we analyze the void galaxy population in the IllustrisTNG simulation and found a similar result: void galaxies exhibit lower stellar metallicities, with the signal decreasing as the stellar mass increases. The same trend was found in the SDSS-DR7 data in Domínguez-Gómez et al. (2023b). Given that stellar mass correlates with absolute magnitude, our results in this paper are consistent with those in previous works.
We also explored whether void galaxies have a higher gas content compared to galaxies in denser environments, as suggested in Rodríguez-Medrano et al. (2024). However, we did not find a dependence of the gas content on the environment. Across the entire range of absolute magnitudes analyzed, galaxies displayed the same mean gas masses. One of the main results from the work of Florez et al. (2021) is that void galaxies are richer in gas, even when controlling for the morphology and mass of the galaxies. In their study, the gas mass is derived either directly from the HI data for some galaxies or indirectly through a relation between the galaxy color and the gas mass fraction. Beyond the differences in the determination of the gas mass between both studies, the definition of voids also differs. In their work, galaxies are classified as void and non-void based on their distance to the nearest neighboring galaxies, making this classification dependent on the local environment, in contrast to our classification, which is based on the integrated large-scale density field. Another study investigating the gas content in void galaxies is Domínguez-Gómez et al. (2022), where no significant differences in gas mass are found between a sample of void galaxies and a control sample of galaxies in denser environments. In this study, the void galaxy sample is selected based on the large-scale density field, making their void galaxy definition more comparable to that of our samples. Despite differences among the various studies in the literature, it would be valuable to include a sample of fainter galaxies in future analyses, as the differences in gas content predicted in our numerical work Rodríguez-Medrano et al. (2024) are expected to be more significant in low-mass galaxies, consistent with our previous finding. On the other hand, we emphasize that the gas mass estimates used in this work depend on properties such as galaxy inclination and SFR (Barrera-Ballesteros et al. 2021). A detailed analysis of the gas content in galaxies should not only control for global magnitudes, as we have done here, but also ensure that the samples are unbiased with respect to inclination and SFR. Considering these factors, and the fact that we restricted our analysis to the SS to ensure consistent spatial coverage across galaxies, the results related to gas mass should be interpreted with appropriate caution.
As noted in the introduction, a high proportion of LTGs is expected in cosmic voids (Hoyle et al. 2005; Ricciardelli et al. 2017). In our data, we find that the fraction of LTGs is slightly higher in void environments (65%) compared to non-void environments (57%). We obtain a p-value of p = 0.02, supporting the hypothesis that voids host a higher fraction of LTGs in voids compared to denser environments.
When analyzing the distribution of metallicity by morphological type (Fig. 5), we find that ETGs in both void and non-void environments generally exhibit higher light-weightedstellar metallicities than LTGs. However, the metallicity distribution for void environments shows a bimodal behavior, with a smaller population of galaxies at lower metallicities. For LTGs, void galaxies tend to have lower stellar metallicities and also exhibit a bimodal distribution. For the light-weighted age (LW-age) distributions, ETGs display similar patterns in both environments. In contrast, LTGs show differing distributions, with void galaxies skewed toward younger ages, suggesting a younger population of galaxies. These differences in age and metallicity in late-type galaxies persist even in samples with the same magnitude distribution, confirming an environmental effect and not simply a bias due to the magnitude of galaxies.
The galaxy metallicity profiles presented in Fig. 7 exhibit negative gradients for LTGs in both void and non-void samples, with the gradient being more pronounced in non-void galaxies. However, these two behaviors are not statistically distinguishable when considering the errors in the calculated gradients. For ETGs, we found a trend suggesting a less metal-rich stellar population across the entire range of distances for the void galaxy population.
The age profiles for LTGs and ETGs consistently indicate younger populations in void galaxies. For ETGs, the profiles are similar but display an offset to lower values in the void environment. For LTGs, the gradients appear to differ in the outer regions (disks), indicating similar bulges in both void and non-void environments, but suggesting that the disks of void galaxies host a younger population.
A recent study on the relationship between age gradients and the environment of voids is presented by Conrado et al. (2024). In that work, the authors use a sample of void galaxies and a control sample, classifying them morphologically as E, S0, Sa, Sb, Sc, and Sd. When comparing both samples, they find that, for all morphological types, the age profiles indicate that void galaxies have younger stellar populations. In our case, due to the limited number of galaxies, we classified them into only two morphological types: ETGs and LTGs. Nevertheless, our results qualitatively agree with those reported by Conrado et al. (2024).
Overall, our results indicate that void galaxies are younger and possess lower stellar metallicities. The age findings are consistent with those obtained from simulations (Tonnesen & Cen 2015; Alfaro et al. 2020; Rodríguez Medrano et al. 2022; Rodríguez-Medrano et al. 2024) and observational studies (Domínguez-Gómez et al. 2023a; Torres-Ríos et al. 2024), which employed spectral distribution models on spectroscopic data. The observed difference in galaxy ages suggests that the lower metallicities in void galaxies may be attributed to their younger stellar populations.
Finally, we acknowledge several limitations of our study. The MaNGA galaxy sample, although the most extensive IFS survey conducted to date, is limited by its bias toward brighter galaxies, which may affect our results related to gas content and the properties of lower-mass galaxies. Furthermore, although the morphological separation into early and late types provides clarity, morphology can be classified in greater detail based on the Hubble sequence or different T-types. Nonetheless, we emphasize that our decision to focus solely on two morphological types was motivated by the need to achieve a statistically significant number of galaxies within each type, thereby enhancing the robustness of our results.
5. Conclusions
In this paper, we analyzed IFS data from the MaNGA survey, separating galaxies into those located within cosmic voids and those outside. The main findings of this work can be summarized as follows:

	
At a given absolute magnitude, void galaxies are younger and exhibit lower metallicities compared to galaxies in non-void environments.



	
The gas content of galaxies in voids and non-void environments is similar.



	
When matching the absolute magnitude distribution of void galaxies with that of non-void galaxies, we find statistically significant evidence that the stellar metallicity and age distributions are different between the two samples. The comparison shows that void galaxies are younger and less metal-rich.



	
These differences in evolutionary signals are evident for both early- and late-type galaxies.




The results related to the metallicity and age of galaxies confirm some of the key findings obtained through numerical simulations in Rodríguez-Medrano et al. (2024). However, we did not find differences in the gas content of void galaxies, which was one of the objectives of this study. This may be due to the requirement for a sample with lower-mass galaxies than those used here.
In conclusion, we have shown how the void environment affects galaxy evolution, influencing star formation activity. Our results suggest a delayed evolutionary path for galaxies in large-scale underdense environments, which is reflected in a younger stellar population and lower metallicities.


1 http://www.if.ufrgs.br/~riffel/software/megacubes/
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Appendix A:  Samples characterization
In Fig. A.1, we present the distributions of redshift, effective radius, and inclination angle for our sample of galaxies (void and non-void). The figure shows similar distributions for the effective radius and inclination angle. The largest difference is observed in the redshift distribution. This difference arises from the variation in the magnitude of galaxies in both environments (see Fig. 1). In void environments, the galaxy distribution is biased towards faint galaxies, which cannot be observed at higher redshifts.
	[image: thumbnail]	Fig. A.1. Properties of void and non-void sample of galaxies. Top panel: Redshift distribution, Central panel: Effective radius Re [arc], Bottom panel: Inclination angle. The gray distribution correspond to non-void galaxies and red to void galaxies.



To ensure that the difference in the redshift distribution does not bias our results when comparing void and non-void galaxies, we show in Fig. A.2 the mean redshift as a function of r-band magnitude for both environments. This plot is analogous to those shown in Fig. 2 and Fig. 3. From this, we can see that the mean redshift in all magnitude bins is comparable, ensuring that no bias is introduced by differences in the redshift of galaxies.
	[image: thumbnail]	Fig. A.2. Mean redshift value as a function of r-band absolute magnitude. The dashed-red line indicate void galaxies and solid gray line correspond to the non-void sample. The error band indicate the error in the mean value.



Figure A.3 shows the complete morphological type distribution of our samples. Irregular and Sm galaxies were excluded from the plot, as none belong to void environments. The figure illustrates that early-type galaxies (E and S0), as well as Sa, are more abundant in the non-void sample compared to void environments. In contrast, later-type galaxies (Sb, Sc, Sd) are more prevalent in the void sample.
	[image: thumbnail]	Fig. A.3. Distribution of morphological types (E, S0, Sa, Sb, Sc, Sd) for galaxies. With red bars we show the void galaxy sample and with dashed gray bars we show the non-void sample.





All Figures
	[image: thumbnail]	Fig. 1. Distribution of r-band absolute magnitudes for the galaxy samples. The filled gray histogram represents the non-void galaxy sample, while the red histogram shows the distribution for the void-galaxysample.
In the text



	[image: thumbnail]	Fig. 2. Astrophysical properties of galaxies as a function of r-band absolute magnitude for void and non-void galaxies. Top panel: g − r color. Bottom panel: Star formation rate (SFR). Both panels show the relation for non-void galaxies (solid gray line) and void galaxies (dashed red line). Error bars indicate the uncertainty associated with the mean value.
In the text



	[image: thumbnail]	Fig. 3. Astrophysical properties of galaxies as a function of r-band absolute magnitude. Top panel: Luminosity weighted stellar metallicity. Middle panel: Luminosity weighted galaxy age. Bottom panel: Gas mass for galaxies in the SS. The solid gray line represents the relation for the non-void galaxy sample, while the dashed red line represents the relation for the void galaxy sample. Error bars indicate the uncertainty associated with the mean value.
In the text



	[image: thumbnail]	Fig. 4. Fraction of ETGs and LTGs in the void (red) and non-void (dashed gray) galaxy samples. Error bars indicate the 95% confidence intervals for each proportion. The figure also shows the p-value from a hypothesis test evaluating whether the proportions of early- and late-type galaxies differ significantly between void and non-void environments.
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	[image: thumbnail]	Fig. 5. Distribution of stellar properties for void and non-void galaxies, separated by ETGs and LTGs. Top panel: Stellar metallicity. Bottom panel: Galaxy age. In each panel, the left distribution shows ETGs and the right distribution shows LTGs. In each violin plot, the left (red) side represents the void galaxy sample, while the right (gray) side represents the non-void sample. Solid lines within the violin plots indicate the median values and the 25th–75th percentiles.
In the text



	[image: thumbnail]	Fig. 6. Left panel: Distribution of stellar metallicity for a sample of non-void galaxies that mimics the r-band absolute magnitude distribution of void galaxies. Right panel: The galaxy age distribution for the same samples. The filled gray histogram represents the distribution for non-void galaxies, while the red histogram represents the distribution for void galaxies. A vertical dotted black line indicates the median for the non-void sample, and a dashed red line indicates the median for the void sample in each panel. Each panel also includes the p-value from the KS statistical test.
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	[image: thumbnail]	Fig. 7. Profiles of the mean stellar metallicity (top panels) and stellar age (bottom panels). The left-hand panels correspond to ETGs, and the right-hand panels to LTGs. Void galaxies are shown with dashed red lines, while non-void galaxies are shown with solid gray line. Error bars indicate the uncertainty in the mean, calculated as [image: equation]. (a) ETGs. (b) LTGs.
In the text



	[image: thumbnail]	Fig. 8. Profiles of the mean fraction of stars in different age bins for early-type (left column) and late-type galaxies (right column). The top panels shows the young population (t < 56 Myr), the central panels show the intermediate population (100 Myr < t < 2 Gyr), and the bottom panels show the old population (2 Gyr < t < 5 Gyr). Void galaxies are shown with dashed red lines, and non-void galaxies with solid gray lines. Error bars indicate the uncertainty in the mean, calculated as [image: equation]. (a) ETGs. (b) LTGs.
In the text



	[image: thumbnail]	Fig. A.1. Properties of void and non-void sample of galaxies. Top panel: Redshift distribution, Central panel: Effective radius Re [arc], Bottom panel: Inclination angle. The gray distribution correspond to non-void galaxies and red to void galaxies.
In the text



	[image: thumbnail]	Fig. A.2. Mean redshift value as a function of r-band absolute magnitude. The dashed-red line indicate void galaxies and solid gray line correspond to the non-void sample. The error band indicate the error in the mean value.
In the text



	[image: thumbnail]	Fig. A.3. Distribution of morphological types (E, S0, Sa, Sb, Sc, Sd) for galaxies. With red bars we show the void galaxy sample and with dashed gray bars we show the non-void sample.
In the text
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        Distribution of r-band absolute magnitudes for the galaxy samples. The filled gray histogram represents the non-void galaxy sample, while the red histogram shows the distribution for the void-galaxysample.

      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Astrophysical properties of galaxies as a function of r-band absolute magnitude for void and non-void galaxies. Top panel: g − r color. Bottom panel: Star formation rate (SFR). Both panels show the relation for non-void galaxies (solid gray line) and void galaxies (dashed red line). Error bars indicate the uncertainty associated with the mean value.
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        Astrophysical properties of galaxies as a function of r-band absolute magnitude. Top panel: Luminosity weighted stellar metallicity. Middle panel: Luminosity weighted galaxy age. Bottom panel: Gas mass for galaxies in the SS. The solid gray line represents the relation for the non-void galaxy sample, while the dashed red line represents the relation for the void galaxy sample. Error bars indicate the uncertainty associated with the mean value.
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        Fraction of ETGs and LTGs in the void (red) and non-void (dashed gray) galaxy samples. Error bars indicate the 95% confidence intervals for each proportion. The figure also shows the p-value from a hypothesis test evaluating whether the proportions of early- and late-type galaxies differ significantly between void and non-void environments.
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        Distribution of stellar properties for void and non-void galaxies, separated by ETGs and LTGs. Top panel: Stellar metallicity. Bottom panel: Galaxy age. In each panel, the left distribution shows ETGs and the right distribution shows LTGs. In each violin plot, the left (red) side represents the void galaxy sample, while the right (gray) side represents the non-void sample. Solid lines within the violin plots indicate the median values and the 25th–75th percentiles.
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        Left panel: Distribution of stellar metallicity for a sample of non-void galaxies that mimics the r-band absolute magnitude distribution of void galaxies. Right panel: The galaxy age distribution for the same samples. The filled gray histogram represents the distribution for non-void galaxies, while the red histogram represents the distribution for void galaxies. A vertical dotted black line indicates the median for the non-void sample, and a dashed red line indicates the median for the void sample in each panel. Each panel also includes the p-value from the KS statistical test.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Profiles of the mean stellar metallicity (top panels) and stellar age (bottom panels). The left-hand panels correspond to ETGs, and the right-hand panels to LTGs. Void galaxies are shown with dashed red lines, while non-void galaxies are shown with solid gray line. Error bars indicate the uncertainty in the mean, calculated as [image: equation]. (a) ETGs. (b) LTGs.

      

    

  
    
      Fig. 8. 
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        Profiles of the mean fraction of stars in different age bins for early-type (left column) and late-type galaxies (right column). The top panels shows the young population (t < 56 Myr), the central panels show the intermediate population (100 Myr < t < 2 Gyr), and the bottom panels show the old population (2 Gyr < t < 5 Gyr). Void galaxies are shown with dashed red lines, and non-void galaxies with solid gray lines. Error bars indicate the uncertainty in the mean, calculated as [image: equation]. (a) ETGs. (b) LTGs.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Properties of void and non-void sample of galaxies. Top panel: Redshift distribution, Central panel: Effective radius Re [arc], Bottom panel: Inclination angle. The gray distribution correspond to non-void galaxies and red to void galaxies.

      

    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Mean redshift value as a function of r-band absolute magnitude. The dashed-red line indicate void galaxies and solid gray line correspond to the non-void sample. The error band indicate the error in the mean value.

      

    

  
    
      Fig. A.3. 
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        Distribution of morphological types (E, S0, Sa, Sb, Sc, Sd) for galaxies. With red bars we show the void galaxy sample and with dashed gray bars we show the non-void sample.
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