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Abstract

Context. In our standard cosmological model, galaxy assembly is inherently linked to the hierarchical growth of dark matter halos, which provide the gravitational framework in which highly complex baryonic processes unfold. Although galaxy evolution is governed by the interplay between baryonic physics and halo assembly, the extent to which halo properties shape observed galaxy properties remains unclear. With current observational challenges in measuring halo properties, the stellar-to-total dynamical mass relation is introduced as an alternative observationally based plane that is sensitive to the dark matter content within galaxies.

Aims. We aim to investigate how spatially resolved stellar population properties vary across the stellar-to-total dynamical mass relation.

Methods. We analyzed optical integral-field spectrocopic data from the Calar Alto Legacy Integral Field Area Survey (CALIFA) coupled with photometry for a sample of 265 galaxies to derive their spatially resolved ages and metallicities through a Bayesian fitting framework fed with an extensive library of model spectra based on stochastic star formation and metallicity histories and dust attenuation. We studied these properties in terms of both stellar and total dynamical mass, derived in a completely independent manner. Total masses correspond to enclosed masses within an aperture of three effective radii obtained through detailed Jeans dynamical modeling of the galaxies’ stellar kinematics.

Results. We find that galaxy ages and metallicities measured at different radial annuli depend both on stellar and total mass, typically showing an anti-correlation with total mass after accounting for the strong correlation with stellar mass. Yet, age and [M/H] show a distinct behavior in relation to galactocentric distance. While the dependence of age on total mass becomes more prominent in the outskirts, the one of [M/H] is significant in the inner regions. This behavior is reflected in the galaxies’ stellar population profiles, which appear to be connected to the galaxies’ morphological type. In particular, intermediate-mass (M★ ∼ 1010.5−11 M⊙) early types have higher stellar-to-total mass ratios and flatter age profiles with overall old ages, and steep negative [M/H] profiles, whereas later types have lower stellar-to-total mass ratios, negative age profiles with younger ages and less steep negative [M/H] profiles. Consistently, the scatter of the stellar-total-dynamical mass relation is connected to differences in the stellar population gradients, although more strongly for age. Specifically, galaxies have flatter age gradients and steeper negative [M/H] ones with increasing stellar mass at fixed total mass. Conversely, galaxies of a given stellar mass exhibit age gradients that become more negative with increasing total mass, while the metallicity gradients become less steep.

Conclusions. Our findings reveal that, at fixed stellar mass, total dynamical mass is linked to systematic variations in the stellar populations and their radial gradients, suggesting a relevant role of dark matter halos in shaping galaxy properties. These trends can be interpreted as the imprint of different halo assembly histories across the stellar-to-total dynamical mass relation, where halos that formed earlier host more evolved systems.
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1. Introduction
In our standard cosmological model, galaxy assembly is primarily driven by halo growth (e.g., White & Rees 1978; Blumenthal et al. 1984), which is broadly well understood thanks to large-scale dark matter-only and gravity-only cosmological numerical simulations (e.g., Springel 2005). These halos set the first-order conditions in which highly nonlinear baryonic physics operate (e.g., gas cooling, star formation, chemical enrichment, supernovae explosions, black hole growth, etc.). The diversity of observed galaxies arises from the complex interplay between these baryonic processes and halo assembly throughout cosmic evolution. Yet, despite its crucial role in our understanding of galaxy formation, this interplay remains a challenge for both theoretical models and observations (for a review see e.g., Wechsler & Tinker 2018).
A standard approach to studying the complex interplay between galaxies and halos is through the link between their stellar (M★) and halo masses (Mh). To some extent, stellar mass traces the overall hierarchical assembly of their host halos (e.g., Oser et al. 2010; Rodriguez-Gomez et al. 2016; Davison et al. 2020; Angeloudi et al. 2024), given the relatively tight well-known stellar-to-halo mass relation (SHMR) for central galaxies1 (e.g., Wang et al. 2006; Zheng et al. 2007; Li et al. 2012; Leauthaud et al. 2012; Behroozi et al. 2013; Moster et al. 2013; Wechsler & Tinker 2018). Yet, the SHMR is not a one-to-one relation, as theoretical models of galaxy formation predict that the SHMR has an intrinsic scatter (e.g., Matthee et al. 2017; Artale et al. 2018; Wechsler & Tinker 2018; Cui et al. 2021; Chittenden & Tojeiro 2023), implying that galaxies of similar stellar masses can reside in halos of different masses. Interestingly, this scatter also encodes information about the efficiency of galaxy formation, as galaxies with higher stellar masses have been more efficient in forming stars than less massive ones, for a given halo mass. Thus, it is reasonable to consider that this scatter could be tied to the past evolutionary histories of galaxies.
To understand their growth and evolution, galaxies have been extensively studied observationally through the baryonic term of the SHMR, i.e., stellar mass. The latter is generally regarded as a primary metric that encapsulates key information about galaxy formation, given the well-known scaling relations between stellar mass and different stellar and gaseous properties of galaxies, such as age, star formation rate (SFR), stellar or gas-phase metallicity, gas mass, or structural properties such as size and concentration, in the local Universe (e.g., Shen et al. 2003; Tremonti et al. 2004; Brinchmann et al. 2004; Gallazzi et al. 2005; Thomas et al. 2005; Mannucci et al. 2010; Saintonge et al. 2011, 2017; Renzini & Peng 2015; McDermid et al. 2015; Ibarra-Medel et al. 2016) and at higher redshifts (e.g., Trujillo et al. 2004; Elbaz et al. 2007; Maiolino et al. 2008; Gallazzi et al. 2014; Whitaker et al. 2014; van der Wel et al. 2014; Beverage et al. 2023; Bevacqua et al. 2024; Gallazzi et al. 2026). Specifically, more massive galaxies generally tend to be older and more metal-rich, have lower levels of star formation (SF) and earlier type morphologies, and have formed the bulk of their stars faster and at earlier cosmic times than their less massive counterparts. However, regarding halo properties, no consensus has been established on whether they can influence observed galaxy properties beyond the effect of stellar mass.
Stellar population properties, which are powerful fossil indicators of the past star formation and chemical enrichment histories of galaxies, have been typically studied as a function of halo properties to characterize the evolution of centrals and satellites (e.g., Pasquali et al. 2010; La Barbera et al. 2014; Gallazzi et al. 2021; Trussler et al. 2021). There is growing observational evidence in the local Universe indicating that halo mass can influence the stellar population properties of centrals of a given M★ or velocity dispersion (σ) (e.g., Scholz-Díaz et al. 2022, 2023; Oyarzún et al. 2022, 2024; Lorenzoni et al. 2024; Zhou et al. 2024). Specifically, despite their strong correlation with M★ or σ, these physical properties show a secondary dependence on halo mass. However, the main limitation of these studies is that they rely on indirect halo mass estimations from group/cluster catalogs (e.g., Yang et al. 2007; Tempel et al. 2014; Tinker 2021), as direct halo mass measurements such as those obtained through cold HI-gas rotation curves (e.g., Posti et al. 2019) are not yet available for statistically large galaxy samples. Furthermore, alternative halo-mass estimation methods such as the ones based on weak-lensing (e.g., Mandelbaum et al. 2006; Tinker et al. 2013; Hudson et al. 2015; Mandelbaum et al. 2016; Taylor et al. 2020) or satellite kinematics (e.g., More et al. 2011; Wojtak & Mamon 2013; Lange et al. 2019) have different, but significant, limitations, as mass estimates are only available statistically for average galaxy populations.
With current challenges for measuring halo properties hindering the study of the co-evolution of galaxies and halos, Scholz-Díaz et al. (2024) (hereafter SD24) introduced an alternative observationally based proxy of halo mass. Total dynamical masses within three effective radii (Re) (i.e., total enclosed mass within a projected elliptical aperture of 3 Re) are measured through detailed Jeans dynamical modeling2 of stellar kinematic maps obtained from high-quality integral-field spectroscopic (IFS) data of nearby galaxies from surveys such as the Calar Alto Legacy Integral Field Area Survey (CALIFA) (Sánchez et al. 2012; Walcher et al. 2014). These dynamical mass estimates are sensitive to the total mass enclosed within a given aperture (e.g., stars, gas, dust, dark matter), which are typically dominated by the stellar and dark matter components. Thus, dynamical modeling techniques generally need to incorporate a dark matter mass component to reproduce the stellar motions.
When looking into galaxy properties across the stellar-to-total dynamical mass relation (STDMR), SD24 find that galaxy ages, metallicities ([M/H]), stellar apparent angular momentum (λRe), star formation rates (SFRs), and morphology are connected to the scatter of the relation, depending both on stellar and total mass. Moreover, all these baryonic properties mirror the behavior of galaxy ages, [M/H] and star formation histories (SFHs) across the SHMR (Scholz-Díaz et al. 2022, 2023). At fixed halo/total mass, higher stellar mass galaxies are older, more metal-rich, and dispersion dominated, have lower SFRs, earlier type morphologies, and have formed the bulk of their stars earlier and on shorter timescales than less massive galaxies. Reversely, there is a secondary dependence on halo/total mass, with galaxies’ lower total/halo masses at fixed M★ being younger, more metal-poor, and rotationally supported; they also have higher SFRs, later type morphologies, and more extended SFHs than galaxies with higher total/halo masses.
To gain insights into the processes that have given rise to the observed trends, in this work we investigated spatially resolved stellar populations of galaxies across the STDMR. As fossil records of galaxy star formation and chemical enrichment histories, the different physical processes that shape stellar populations within galaxies (e.g., accretion, feedback, and environmental processes) can also leave distinct signatures in their spatial distribution. As an example, gas-rich minor mergers or accretion of pristine gas in galaxy outskirts can fuel star formation and lead to younger and more metal-poor stellar populations formed after the dilution of the ISM. On the other hand, steep central metallicity gradients within similarly old stellar populations within massive galaxies may reflect very efficient star formation at early times coupled with a high retention of metals in deep gravitational potential wells.
Gradients and profiles of stellar populations have been typically studied separately for early-type galaxies (ETGs) and late-type galaxies (LTGs) (for a review see e.g., Sánchez 2020). ETGs typically exhibit steep negative metallicity gradients within their inner regions that flatten in their outskirts, with relatively flat age profiles, although some studies report mild positive or negative age gradients (e.g., Mehlert et al. 2003; Sánchez-Blázquez et al. 2007; Reda et al. 2007; Brough et al. 2007; Spolaor et al. 2009; Koleva et al. 2011; Kuntschner et al. 2010; McDermid et al. 2015; González Delgado et al. 2015; Goddard et al. 2017; García-Benito et al. 2017; Martín-Navarro et al. 2018; Li et al. 2018; Parikh et al. 2019; Domínguez Sánchez et al. 2019; Oyarzún et al. 2019; Zibetti et al. 2020). In the case of LTGs, they tend to show negative gradients in both age and [M/H] (e.g., Sánchez-Blázquez et al. 2014; González Delgado et al. 2015; Goddard et al. 2017; Ruiz-Lara et al. 2017). Furthermore, spatially resolved SFHs of nearby galaxies indicate that the bulk of the stellar populations within inner regions of relatively massive galaxies (M★ > 109.5 M⊙) are formed earlier than the ones in their outskirts (e.g., Ibarra-Medel et al. 2016; García-Benito et al. 2017; Sánchez 2020). This so-called local downsizing is not only connected to stellar mass –more massive galaxies also assemble their stars faster than less massive ones on local scales– but also to morphology. For a given stellar mass, the inner regions of ETGs also form earlier and faster than the ones of LTGs and build up higher surface mass densities (e.g., Sánchez 2020), given their different central surface stellar mass densities. In fact, local stellar mass density is found to strongly affect local stellar population properties of galaxies (e.g., Neumann et al. 2021; Zibetti & Gallazzi 2022).
In this work, we followed up on SD24 and investigated radial variations, gradients, and profiles of stellar population properties across the STDMR for CALIFA and how they depend on both stellar and total enclosed mass within 3 Re. The paper is organized as follows. Section 2 introduces the CALIFA survey, our galaxy sample, and the ancillary global galaxy properties used in this study. Section 3 describes the spatially resolved stellar population analysis. In Section 4.1, we show stellar population properties across the STDMR at different radial annuli. In Section 4.2, we quantify these radial variations by means of stellar population gradients. Sections 5 and 6 show scaling relations with stellar and total mass, respectively, for the inner and outer parts of galaxies. In Section 7, we show stellar population profiles in a narrow stellar mass bin. We discuss our results in Section 8 and summarize them in Section 9.
2. Our CALIFA sample and dataset
2.1. The CALIFA survey, galaxy sample, and data
Our galaxy sample is based on 300 galaxies from the integral-field spectroscopic survey CALIFA (Sánchez et al. 2012); they are presented in Falcón-Barroso et al. (2017). These galaxies are drawn from the CALIFA mother sample (Walcher et al. 2014), which was diameter-selected (45″ < r-band angular isophotal diameter < 80″) from the Sloan Digital Sky Survey (SDSS) DR7 in the 0.005 ≤ z ≤ 0.03 redshift range.
Galaxies were observed with the Postdam Multi-Aperture Spectrograph, PMAS (Roth et al. 2005) in PPAK mode (Verheijen et al. 2004; Kelz et al. 2006) mounted on the 3.5 meter telescope of the Calar Alto Observatory. The hexagonal field of view (FoV) of 74 × 64 arcsec is covered by a bundle of 331 science fibers. An effective covering factor of nearly 100% of the FoV was achieved by adopting a three pointing dithering scheme (Sánchez et al. 2012).
This subset of galaxies was observed with a high-resolution configuration (R ∼ 1650 at ∼4500 Å) over the 3650−4840 Å (“V1200” setup) spectral range, with the aim of deriving high-quality stellar kinematics, and also with a lower resolution configuration (R ∼ 850 at ∼5000 Å) with a wider spectral coverage of 3745−7300 Å (“V500” setup). These galaxies are representative of the full sample, with morphologies ranging from ellipticals to late-type spirals. We note that the sample is strongly biased toward central galaxies3, with 95% being in isolation. We refer the reader to Falcón-Barroso et al. (2017) for more details on this galaxy subset and to their Table 1 for their basic properties, such as z, name or CALIFA ID.
We note that the 300 CALIFA galaxies were carefully selected for having high-quality and regular kinematic data, with good spatial sampling and no signs of interactions or perturbations in their stellar kinematic maps. This good-quality requirement is essential for performing Jeans dynamical modeling and deriving highly robust total enclosed/dynamical masses (e.g., Cappellari et al. 2013; Zhu et al. 2023). Yet, we note that it may impose selection biases, generally excluding irregular galaxies, merging or interacting systems and close galaxy pairs. We note that in this work we explore how morphology is connected to variations in the stellar population profiles within the STDMR (Section 7.2), dissecting some of these biases.
While total dynamical masses were obtained through detailed dynamical modeling (see Section 2.1 of Lyubenova in prep.) of high-quality stellar kinematics by analyzing datacubes from the V1200 setup (Falcón-Barroso et al. 2017), the stellar population analysis makes use of the so-called main-sample COMBO cubes released as part of the CALIFA third and final public data release (Sánchez et al. 2016), which are available for 396 galaxies (Zibetti et al. 2017). These cubes combine the datasets from the V500 and the V1200 setups, which have an unvignetted spectral coverage of 3700−7140 Å and a spatial sampling of 1 arcsec per spaxel (effective spatial resolution of ∼2.57 arcsec FWHM). This spectral range includes key absorption features sensitive to age and metallicity needed for the stellar population analysis (D4000n, Hβ, Mgb, Mg2, Fe5015, Fe5270, and Fe5335; Bruzual 1983; Worthey et al. 1994; Balogh et al. 1999). These COMBO cubes typically reach a signal-to-noise ratio (S/N) of three per spaxel and spectral-resolution element at ∼23.4 mag/arcsec2 in the r band. Out of the original 300 galaxies observed with the V1200 grating, there are 265 galaxies with COMBO cubes available (i.e., observed with both the V1200 and V500 setups), which constitute our final galaxy sample.
2.2. Global properties
The global properties listed below were drawn from previous studies.

	
(i) 
Stellar masses were obtained from Sunrise spectral energy distribution fits by assuming a Chabrier (2003) stellar initial mass function (IMF) (Walcher et al. 2014). We note that the mass-to-light ratios from which stellar masses were derived were estimated independently of the spatially resolved stellar population properties (see Section 3).



	
(ii) 
Total dynamical masses were derived through Jeans dynamical modeling (Lyubenova et al., in prep.) and are presented in SD24. Briefly, the total dynamical mass of a galaxy corresponds to the total enclosed mass within an aperture of 3 Re, which is modeled with stellar and dark matter components. These total masses were determined by constructing axisymmetric Jeans dynamical models that fit the high-quality stellar kinematics of our CALIFA galaxies (velocity and velocity dispersion fields determined by Falcón-Barroso et al. 2017). These dynamical models are based on the solution of the Jeans equations of stellar dynamics implemented by Cappellari (2008). The reader is referred to SD24 for more details on their determination, while the dynamical models are fully described in a forthcoming paper (Lyubenova et al., in prep.).



	
(iii) 
The morphological classification of the CALIFA mother sample results from averaging the classifications by five members of the CALIFA collaboration, based on visual inspection of gri colour-composite SDSS images, and it is drawn from Walcher et al. (2014). Galaxies were classified into ellipticals, spirals, or irregulars, with ellipticals being subdivided into levels from 0−7 and spirals into 0, 0a, a, ab, b, bc, c, cd, d, and m groups. For this work, we used the broader classification of Falcón-Barroso et al. (2019) and SD24, which grouped galaxies into the following Hubble types: ellipticals (E), lenticulars (S0), Sa, Sb, Sc, Sd, and Ir, according to the previous classification. Our final sample of 265 galaxies consists of 16% of ellipticals, 13% of lenticulars, 18% of Sa, 36% of Sb, 13% of Sc, 5% of Sd, with only one irregular galaxy.




3. Spatially resolved stellar population analysis
The spatially resolved stellar population analysis of CALIFA that we employed for this work was performed by Zibetti et al. (2017). Here, we provide an overview of the method, highlighting its main characteristics, but the reader is referred to Zibetti et al. (2017) for a full description.
3.1. Spatially resolved spectrophotometric maps
First, to achieve the required S/N (in individual spaxels) needed for the stellar population analysis described below, Zibetti et al. (2017) performed an adaptive smoothing (preserving the original data sampling), which closely follows the ones described in Zibetti et al. (2009) and Zibetti (2009). The S/N is evaluated in a featureless region of the continuum at each spaxel. If the target S/N is reached, then the routine stops. Otherwise, the spectrum is iteratively averaged over an expanding set of neighboring pixels until a target S/N of 20 is reached or a maximum smoothing radius of 5 pixels (i.e., 5 arcsec) is achieved, balancing improved S/N and spatial resolution. The spectrum of a spaxel is effectively replaced, spectral pixel by spectral pixel, with the median of the surrounding spaxels. Moreover, this smoothing scheme preserves the spatial information compared to other binning schemes widely used in IFS studies much better (e.g., Voronoi binning, Cappellari & Copin 2003), yet at the expense of the statistical independence of the spaxels. We also note that CALIFA datacubes already have an intrinsic non-negligible correlation between adjacent spaxels due to the dithering scheme and the spatial resolution. Yet, this does not affect our analysis critically, as to achieve our objectives we did not require such high spatial resolution. Moreover, to ensure a consistent selection of the galaxy regions examined across the whole sample, the analysis is limited to spaxels with an r-band surface brightness of μr ≤ 22.5 mag arcsec−2. We note that in the central regions of the galaxies (typically within ∼1 Re) no smoothing is effectively required due to the high S/N. For illustration, in Appendix A we show the result of applying this adaptative smoothing to one of our CALIFA galaxies.
We note that the high S/N of 20 per spaxel required for our stellar population analysis translates into our sample being 82% complete up to 1.5 Re, but we start running into incompleteness at larger radii. However, the main results obtained in this work are also observed at r > 1.5 Re despite the lower statistics. In contrast, note that dynamical mass measurements extend up to larger radii, as the analysis does not require the high S/N criteria to be satisfied. Finally, ellipticities (ϵ), position angles (PAs), and effective semi-major axes, defined as the semi-major axis of the elliptical aperture enclosing half of the total flux (Re), were obtained from the growth curve analysis described in Walcher et al. (2014).
3.2. Stellar population analysis
The stellar population analysis employed in this work is a Bayesian method described in detail in Zibetti et al. (2017) and based on the original work of Gallazzi et al. (2005). This analysis allowed us to derive the following stellar population properties: mean light-weighted and mass-weighted ages and metallicities and stellar masses of each spaxel within the galaxies. Throughout this study, we employed light-weighted r-band ages and metallicities, as they are less sensitive than mass-weighted properties to model assumptions on the galaxy’s SFHs. By construction, this is a general feature in spectral energy distribution (SED) and spectral fitting techniques. On the other hand, we note that light-weighted mean properties are more weighted toward the younger, brighter stellar generations with respect to mass-weighted mean ones (e.g., Zibetti et al. 2017). The degree of deviation between light- and mass-weighted properties depends on the amount of younger stars and on the total SFH duration. The effect is more evident in the ages and to a much lesser degree in stellar metallicity (e.g., Trager & Somerville 2009; Zibetti et al. 2017; Trussler et al. 2020, 2021; Mattolini et al. 2025).
In this Bayesian approach, a selected set of stellar absorption features and photometric data are compared to those predicted by a large library of model spectra constructed by convolving simple stellar population (SSP) models with randomly generated SFHs, metallicity histories, and dust-attenuation parameters.
The model library is described in Zibetti et al. (2017) (see also Appendix A of Mattolini et al. 2025) and comprises 500 000 models obtained by convolving SSP models with Monte Carlo SFHs. The SSP models were built with the 2016 version of the Bruzual & Charlot (2003) stellar population-synthesis code using the MILES empirical spectral libraries (Sánchez-Blázquez et al. 2006; Falcón-Barroso et al. 2011) and adopting a Chabrier (2003) IMF and Bertelli et al. (1994) isochrones. The SFHs are described by a parametric “á la Sandage” (or delayed Gaussian) form (Sandage 1986; Gavazzi et al. 2002), which allows for both a rising and a declining phase. On top of that continuum SFH, the modeling allows for star formation bursts in random numbers, ages, and intensities. The models also include a parametrized chemical enrichment history, as an evolving metallicity along the SFH, instead of assuming a constant value. With this parametrization the metallicity gradually increases with the formed stellar mass (more or less rapidly), although the inclusion of random bursts of a certain metallicity also allows for stochasticity. The resulting spectra were attenuated following a Charlot & Fall (2000) model that has two separated components of dust: from birth clouds and from the diffuse interstellar medium, both in randomly generated and variable amounts.
The spectral diagnostics used are the spectral indices D4000n (Balogh et al. 1999), Hβ (Worthey et al. 1994), and HδA + HγA (Worthey & Ottaviani 1997) (mainly sensitive to age), [Mg2Fe] (Bruzual & Charlot 2003) and [MgFe]′ (Thomas et al. 2003) (mostly metal-sensitive indices and relatively insensitive to the abundance of α elements with respect to the one of iron-peak elements). The photometric diagnostics correspond to the fluxes in the five SDSS bands ugriz.
The posterior probability distribution function of a chosen physical parameter was determined by marginalizing over all the other parameters and weighting the models by the likelihood of the fit. We note that this Bayesian approach allowed us to obtain uncertainties that account for both observational errors and degeneracies in the assumed prior distributions for SFHs, metallicity histories, and dust.
4. Stellar-to-total dynamical mass relation
While SD24 focused on integrated ages and [M/H] (averaged within 1 Re) across the STDMR, in this work we took advantage of CALIFA’s 2D spatial information. In this section, we investigate how stellar population properties measured in different radial regions of the galaxies vary across the STDMR. Moreover, we quantify the radial variations of ages and metallicities across the STDMR by means of radial gradients.
4.1. Ages and [M/H] at different radial annuli
First, we inspected how stellar populations measured at different wide radial annuli within the galaxies behave across the stellar-to-total dynamical mass relation. For each galaxy, we computed the median ages and [M/H] within elliptical annuli centered on the nucleus of the galaxy. For that, we used the semi-major axis of the ellipse, which we denote r for simplicity. With r normalized by the half-light semi-major axis, Re, we define four different regions that move from the inside to the outside as follows:

	
(i) 
r/Re ≤ 0.5



	
(ii) 
0.5 ≤ r/Re < 1



	
(iii) 
1 ≤ r/Re < 1.5



	
(iv) 
1.5 ≤ r/Re < 2.




We note that we required each annulus to have at least 70% spaxel coverage (i.e., spaxels with stellar population measurements available) in order to compute median properties. We caution the reader that the outermost annulus has lower statistics because of our surface-brightness-limit criteria for performing our stellar population analysis. This translates into our sample being reduced to 42% in the outermost annulus4. Thus, our reference study is based on results up to 1.5 Re, but we highlight that the main results described below are also seen in the outermost annulus, despite the lower statistics.
Figure 1 shows the STDMR for all galaxies satisfying the completeness criteria color-coded with median ages (upper row) and metallicities (bottom row). Each column corresponds to a different radial annulus (with increasing galactocentric distance from left to right), where stellar population properties are measured.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Stellar-to-total dynamical mass relation for our CALIFA galaxies in terms of stellar population properties measured at different annuli. Each column corresponds to a different annulus with increasing galactocentric distance from left to right (see text). Galaxies are shown as circles color-coded by median ages (upper rows) and metallicities (bottom rows), measured within their corresponding annuli. Partial correlation-coefficient strengths are shown in the bottom right corner (solid black or green lines) between the stellar population parameters and M★ (vertical) and Mtot (horizontal). Black (green) lines correspond to statistically (not) significant partial correlation coefficients. Solid gray lines have a length corresponding to a correlation coefficient of 0.6 for reference. The direction of maximal increase of the stellar population parameters (see main text) is indicated as a solid blue line when both partial correlation coefficients are significant, while it is red if at least one of the two is not significant.



To quantify the dependence of the stellar population parameters on stellar/total mass, we performed a partial correlation analysis following Scholz-Díaz et al. (2022, 2024). As stellar and total mass also correlate with each other, this method makes it possible to truly assess the dependences by removing intercorrelations among the data (e.g., Bait et al. 2017; Bluck et al. 2020a,b). We note that partial correlation analyses inherently do not incorporate error uncertainties. Following Sobral et al. (2022), we consider that a correlation is significant if its corresponding confidence intervals exclude zero and the p value is below 0.05. Partial correlation coefficients were computed using Spearman’s rank correlations between the variables of interest as described in Scholz-Díaz et al. (2022, 2024). We computed partial correlation coefficients (ρ), their 95% confidence intervals (CIs), and their corresponding p-values. The partial correlation coefficients along with their CI and significance are summarized in Table 1. Although the partial correlation coefficients do not capture the full 2D information across the STDMR, they allowed us to evaluate the statistical significance of the global trends with stellar or total mass.
Table 1. 
Partial correlation coefficients for age and metallicity measured different radial annuli (r/Re).

In the bottom right corner of each panel of Fig. 1, we show partial correlation coefficient strengths (solid lines) among the stellar population parameters and stellar mass (vertical line) and total dynamical mass (horizontal line) (see caption for full details). To guide the eye, the direction of the maximal increase of the stellar population properties is also indicated as a blue/red line, whose slope was computed using the partial correlation coefficients following SD24.
In the following paragraphs, we describe Fig. 1 in terms of how stellar populations’ ages and metallicities vary with r across the STDMR.
4.1.1. Age –
In panels b–d, of Fig. 1 we observe that age depends both on stellar and total mass. By eye, at fixed Mtot, more massive galaxies are older, while at fixed M★ galaxies with higher total masses are younger. Visually, this is especially clear for the intermediate stellar mass regime (∼ 1010−1011 M⊙), in agreement with SD24. More quantitatively, the partial correlation coefficient strengths indicate that age correlates more strongly with stellar mass (vertical black line), but there is still also a secondary anticorrelation with total dynamical mass (horizontal black line) (Table 1). This can also be seen by looking at the direction of maximal increase of age across the relation, which is neither vertical nor horizontal, indicating a dependence on both parameters. However, in the central region (panel a), although we still see a strong dependence with regard to stellar mass, the dependence on total mass is negligible and not statistically significant.
By looking at the different panels as a whole, we see that the correlation-coefficient strength with total dynamical mass increases from the inner to the outer regions (from left to right). This is suggestive of an increasing dependence of stellar population age on total dynamical mass with increasing galactocentric distance.
4.1.2. [M/H] –
Panel e of Fig. 1 shows that the metallicity measured in the inner region the galaxies behaves very similarly to the integrated properties within 1 Re seen in SD24, with [M/H] depending on both stellar mass and total mass. Visually, we observe how more massive galaxies are more metal-rich at fixed Mtot, while the trends at fixed M★ are less clear than in the case of the age. By quantifying the dependences on both parameters with partial correlations (Table 1), we observe that [M/H] mainly depends on stellar mass, but it still has a secondary weak dependence on total mass that is statistically significant. Moving outward from the center, panel f shows analogous behavior, although with slightly weaker correlation strengths. These trends continue to weaken with increasing galactocentric distance, as panel g shows even weaker coefficient strengths, and the correlation with total mass is not significant. At the largest galactocentric distance, panel h shows very small correlation coefficients for both stellar and total mass, which are not statistically significant.
In this sense, metallicity is much less coupled with age when comparing the strengths of the partial correlation coefficients at different annuli. The correlation-coefficient strength of [M/H] with stellar mass decreases with galactocentric distance (from left to right). While [M/H] depends on total mass in the inner region, the correlation strength substantially decreases with galactocentric distance; it is not statistically significant in the outer regions.
Additionally, by looking at the different panels we clearly observe a difference in average metallicity from the center to the outskirts, with higher metallicities in the central regions. This is consistent with the steep metallicity gradients seen in literature (see Sections 1 and 8 for more details).
Finally, as a model-independent alternative to the stellar populations obtained with our Bayesian fitting scheme, in Appendix B we also show the STDMR color-coded with the D4000n break (mainly sensitive to age) for different radial annuli. We find that D4000n shows analogous trends to the ones found for age. Similarly to the age case, partial correlations also indicate that D4000n has a main dependence on stellar mass and a secondary one on total mass. This remarkably good agreement further supports the robustness of our stellar population measurements.
4.2. Gradients across the STDMR
To quantify radial variations of age and metallicity across the STDMR, we followed Zibetti et al. (2020) and computed radial gradients as the ratio of finite differences between stellar population properties measured in two distinct thin radial annuli. These radial gradients are defined as follows:
[image: Mathematical equation: $$ \begin{aligned} \nabla \log \mathrm{Age} = \frac{\Delta \log \mathrm{Age}}{\Delta (r/R_e)} \, ; \, \nabla \mathrm{[M/H]} = \frac{\Delta \mathrm{[M/H]}}{\Delta (r/R_e)}\cdot \end{aligned} $$](1)
We employed three radial regions to compute inner, outer, and global gradients. For that, analogously to what is described in Section 4.1, stellar population properties were measured within thin radial annuli of 0.1 Re in width defined as follows:
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0.2 Re (0.15 ≤ r/Re < 0.25)5
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1 Re (0.95 ≤ r/Re < 1.05)



	
(iii) 
1.5 Re (1.45 ≤ r/Re < 1.55).




Next, we estimated the inner gradient as the ratio of finite differences measured between 1 Re and 0.2 Re, the outer one between 1.5 Re and 1 Re, and the global one between 1.5 Re and 0.2 Re. We show the inner, outer, and global age and metallicity gradients as a function of stellar mass in Appendix D. Consistently with the literature (see Section 1), we generally find negative [M/H] gradients. Inner and global negative [M/H] gradients tend to become steeper with increasing stellar mass, while the outer one shows more scatter with stellar mass. In contrast, age gradients tend to be negative in the lower mass regime and transition to positive ones for massive galaxies, resulting in a large scatter in the intermediate-mass regime.
Figure 2 shows the STDMR color-coded with stellar population properties gradients: ∇logAge (upper panels) and ∇[M/H] (bottom panels). We show the inner gradient measured between 1 Re and 0.2 Re (left panels), the outer one measured between 1.5 Re and 1 Re (middle panels), and the global one measured between 1.5 Re and 0.2 Re (right panels). Similarly to Fig. 1, in the bottom right corner of each panel, we plot partial correlation coefficient strengths (solid lines) between the stellar population parameters and stellar mass (vertical line) and total dynamical mass (horizontal line) (see caption for full details). The direction of the maximal increase of the stellar population properties is also indicated as a blue or red line, whose slope was computed using the partial correlation coefficients following SD24. As in Table 1, the partial correlation coefficients along with their CI intervals and significance are summarized in Table 2.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Stellar population gradients across stellar-to-total dynamical mass relation. Galaxies are shown as circles color-coded by age gradient, ∇logAge, (upper panels), and metallicity gradient, ∇[M/H], (lower panels). Inner gradient (left panels), outer gradient (middle panels), and global gradient (right panels). Partial correlation coefficient strengths are shown in the bottom right corner (solid black or green lines) between the ∇logAge/∇[M/H] and M★ (vertical) and Mtot (horizontal). Black (green) lines correspond to statistically (not) significant partial correlation coefficients. Solid gray lines have a length that corresponds to a correlation coefficient of 0.6 for reference. The direction of maximal increase of the stellar population parameters (see text) is indicated as a solid blue line when both partial correlation coefficients are significant, while a red line is used if at least one of the two is not significant.



Table 2. 
Partial correlation coefficients for inner, outer, and global age and metallicity gradients.

In the following paragraphs, we describe Fig. 2 in terms of how the aforementioned stellar population gradients behave across the STDMR.
4.2.1. Age –
Figure 2 shows that galaxies in the upper part of STDMR tend to have flat or positive global gradients, while the ones in the lower part of the relation have mild negative gradients (right upper panel). Although with more scatter, we see a similar behavior for the inner and outer gradients (left and middle upper panels). Additionally, looking at the partial correlation coefficients, we see that the direction of increase of ∇Age across the STDMR is qualitatively very similar to the one seen for age in the outer parts of the galaxies (Fig. 1), with ∇Age depending on both stellar and total mass.
4.2.2. [M/H] –
In contrast to age, in the case of metallicity galaxies generally display steep negative gradients, in agreement with the literature (see Section 1). When looking at the outer and global gradients visually (middle and right lower panels), we see that galaxies in the lower STDMR tend to have milder gradients than galaxies in the upper STDMR, which display steeper gradients. This is visible in the outer and global gradient, while the inner gradient does not show a clear trend (left lower panel), similarly to age. More quantitatively, the partial correlation coefficients show a weak dependence of the outer and global gradients on stellar and total mass, whereas it is negligible for the inner one.
5. Stellar population scaling relations with stellar mass: Above and below the STDMR
In Section 4.1, we describe a complex behavior of ages and [M/H] across the STDMR, showing dependences both on stellar and total mass that vary with radii. The strength of the dependence of age on total mass varies at different radial annuli within the galaxies, while for metallicity it is mainly present in the inner regions, as indicated by the partial correlation analysis. However, the partial correlation analysis does not indicate how the effect of total mass varies with stellar mass. In this section, we outline how we further investigated this effect of total mass and its dependence with radii. We studied the stellar mass regime in which this dependence is more significant both in the inner and outer parts of galaxies. To this end, we divided the galaxies according to their position with respect to the mean STDMR (Fig. 3). The mean STDMR (⟨STDMR⟩) was computed through symbolic regression, as described in detail in Appendix C. In short, symbol regression algorithms find interpretable symbolic equations by using mathematical formulas to approximate the relation between input and output variables. Here, we looked for an expression of the form log M★ = f(log Mtot):
[image: Mathematical equation: $$ \begin{aligned} \frac{\log M_\star }{\log 10^{11}} = -\frac{\log M_{\mathrm{tot} }}{\log 10^{11}} - \frac{2.22 \times \log 10^{11}}{\log M_{\mathrm{tot} }} + 4.19. \end{aligned} $$](2)
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Mean stellar-to-total dynamical mass relation for CALIFA. Galaxies are divided according to the position of the mean STDMR (solid black line). Galaxies above the mean relation are shown as red circles, and the ones below it are shown with blue circles.



This equation is shown as a solid black line in Fig. 3. Next, we divided the galaxies into two groups: those above and below the relation (red and blue circles in Fig. 3, respectively). By construction, note that galaxies above the relation have, on average, lower total masses than the ones below the relation (at fixed stellar mass), or in other words a higher stellar-to-total mass ratio. Following this, we investigated the scaling relations between the stellar population properties and stellar mass for galaxies above and below the STDMR. Stellar population properties are measured within the inner and outer regions of the galaxies to explore how these scaling relations vary with galactocentric distance.
Figure 4 shows the scaling relations of age (upper panels) and M/H (bottom panels) with stellar mass for galaxies with different positions with respect to the mean STDMR. Stellar populations were measured within the inner (r/Re ≤ 1) and outer regions (1 < r/Re ≤ 1.5) of the galaxies (left and right panels, respectively), as in Section 4.1. Each panel shows median ages/[M/H] as a function of stellar mass, where individual galaxies are indicated with circles color-coded by their vertical offset with respect to the mean STDMR. We perform a running median using a moving stellar mass window of 0.5 dex, with an overlapping fraction of 0.6, imposing a minimum of five galaxies per bin. The median ages and [M/H] of the galaxy distributions are indicated with solid lines: red for galaxies above the mean STDMR and blue for the ones below.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Scaling relations between age/[M/H] and stellar mass for galaxies with different positions with respect to mean STDMR. Scaling relations with age are shown in the upper panels and the ones with [M/H] are given in the bottom ones. Ages and [M/H] are measured within the inner (r/Re ≤ 1) and within outer regions (1 < r/Re ≤ 1.5) of the galaxies (left and right panels, respectively). For individual galaxies, median ages and [M/H] (computed within the corresponding annuli) are plotted as a function of stellar mass color-coded by their vertical offset with respect to the mean STDMR (in the STDMR plane). Median ages and [M/H] of the galaxies above and below the STDMR (see Fig. 3) are indicated with solid lines: red for galaxies above the mean STDMR and blue for the ones below.



In the following paragraphs, we describe Fig. 4 in terms of how the galaxies’ position with respect STDMR is connected to the scatter of the age and metallicity scaling relations with stellar mass.
5.1. Age –
At first glance, the upper panels of Fig. 4 show that stellar populations of galaxies above the relation tend to have older ages than galaxies below. The difference between the two galaxy groups is mostly evident at M★ < 1011 M⊙ and stronger for the outer regions of the galaxies. More particularly, we also observe that the scaling relation’s normalization for galaxies below the STDMR decreases in their outskirts, which have overall younger stellar populations.
The dispersion in the Age–M★ relation is highest at intermediate masses (∼ 1010.5−1011 M⊙), showing a bimodality that appears to be connected to the distance from the STDMR. Galaxies with positive deviation from the STDMR (i.e. lower at fixed M★) tend to populate an old sequence, whereas galaxies with a negative offset tend to populate a young sequence. The separation between the two sequences is larger when looking at the age of the galaxies’ outskirts, which is consistent with the stronger dependence on Mtot observed in Fig. 1. Nevertheless, we notice that galaxies above the mean STDMR do not sharply separate from those below the STDMR. On the other hand, looking into galaxies above the relation in more detail, one can see that there is a broadening of their distribution for intermediate stellar masses: some galaxies above the STDMR have younger ages, as can those below the STDMR. This suggests that just separating the galaxies into above and below the STDMR does not fully capture the behavior of stellar population properties across the STDMR. In fact, we observe in Fig. 1 that the direction of increase of stellar population parameters deviates from being perpendicular to the mean STDMR.
5.2. [M/H] –
The bottom panels of Fig. 4 show that the [M/H]s of galaxies above and below the mean STDMR follow similar scaling relations with M★. Yet, galaxies below the relation show a lower normalization (i.e., overall lower metallicities), although with a difference between the two groups less pronounced than that for age (at fixed M★). This difference is more noticeable within the inner regions for intermediate-mass galaxies (M ≳ 1010.5 M⊙), while this distinction is less clear at larger radii. In fact, we note that the differences in metallicity are mainly found in the central regions (r < 0.5 Re) according to Fig. 1. Thus, averaging the stellar populations within 1 Re could explain the weakening of the trends with total mass within the inner regions of intermediate- and high-mass galaxies.
6. Stellar populations scaling relations with total mass: Above and below the STDMR
To investigate how the stellar populations behave across the STDMR at fixed Mtot, we performed a similar analysis to the one shown in Section 5. Note that we also show this study to facilitate the comparison with different works studying the SHMR, given that the trends at fixed M★ cannot be directly extrapolated or interpreted at fixed Mh due to the inversion problem (see SD24 for a detailed discussion).
We explored scaling relations of stellar population properties with total mass for galaxies above and below the STDMR. This division according to the position of the galaxies with respect to the mean STDMR corresponds to the one described in Section 5. We measured stellar population properties within the inner and outer regions of the galaxies to study their dependence with radii, analogously to Section 5.
In Fig. 5, we show the scaling relations of age (upper panels) and [M/H] (bottom panels) with total mass, for galaxies with different positions with respect to the mean STDMR. Stellar populations are measured within the inner (r/Re ≤ 1) and outer regions (1 < r/Re ≤ 1.5) of the galaxies (left and right panels, respectively). Each panel shows median ages/[M/H] as a function of total mass, where individual galaxies are indicated with circles color-coded by their vertical offset (Δlog M★) with respect to the mean STDMR. We performed a running median using a moving stellar mass window of 0.3 dex, with an overlapping fraction of 0.55, imposing a minimum of five galaxies per bin. The median ages and [M/H] of the galaxy distributions are indicated with solid lines: red for galaxies above the mean STDMR and blue for the ones below it. The correspondence between total dynamical mass and dark matter halo mass is indicated in the upper axis. To convert total masses into halo masses, we followed SD24 and used the linear fit of the correlation between CALIFA total dynamical masses and the halo masses from the Yang et al. (2007) group and cluster catalog (SD24), which is based on the common subsample of galaxies.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Scaling relations between age/[M/H] and total mass for galaxies at different radial annuli, with different positions with respect to the mean STDMR. Scaling relations with age are shown in the upper panels, and the ones with [M/H] in the bottom ones. Ages and [M/H] were measured within the inner (r/Re ≤ 1) and within outer regions (1 < r/Re ≤ 1.5) of the galaxies (left and right panels, respectively). For individual galaxies, median ages and [M/H] (computed within the corresponding annuli) are plotted as a function of total mass and color-coded by their vertical offset with respect to the mean STDMR (in the STDMR plane). Median ages and [M/H] of the galaxies above and below the STDMR are indicated with solid lines: red for galaxies above the mean STDMR and blue for the ones below it (see Fig. 3). To guide the eye, a halo mass conversion is reported in the upper axis (see text).



In the following paragraphs, we describe Fig. 5 in terms of how the galaxies’ position with respect STDMR is connected to the scatter of the age and metallicity scaling relations with total mass.
6.1. Age –
Upper panels of Fig. 5 clearly show how galaxies in the upper STDMR tend to have older ages compared to the ones below the STDMR both in the inner and outer regions of the galaxies. We observe this difference across the entire total mass range, except in the low and very massive regime, where the statistics is poor. Moreover, galaxies in the lower STDMR tend to have younger ages in their outer regions, lowering the normalization of the age–Mtot relation and increasing the difference between the two groups.
On the other hand, similarly to what we see in Fig. 4, we also observe a large scatter in the relation for both the inner and outer regions of galaxies above the STDMR (left and right panels). Galaxies with positive distances with respect to the mean STDMR can be both very old and as young as those with negative distances. This is especially observed in the intermediate mass regime (Mtot ∼ 1010.7−11.5 M⊙).
6.2. [M/H] –
In the bottom panels of Fig. 5, we see clearly that galaxies in the upper STDMR tend to have higher metallicities compared to galaxies below the STDMR at all radii. In this case, the difference in [M/H] between galaxies from the two groups is more noticeable than the one observed in Fig. 4 when studying the [M/H]–M★ relation. Looking at the median relation, we observe a steep increase at lower masses followed by a flattening at higher total masses. Comparing the two radial regions, we observe that galaxies in the inner regions tend to have higher metallicities than in their outskirts at all total masses. The offset between the two groups is quite similar in both regions, except at high masses, where the differences are smaller or even vanish at r > 1 Re.
7. Stellar population profiles
In Section 4.1, we show that the strength of the dependence of stellar populations on total mass varies according to their spatial location within the galaxies, with the behavior of age and [M/H] being decoupled. In Section 5, we also state that intermediate-mass (∼ 1010.5−1011 M⊙) galaxies above and below the STDMR seem to show an age bimodality (at fixed stellar mass), which is more noticeable in their outskirts. Thus, in Section 7.1, we further investigate how the dependence on total mass varies with galactocentric distance by exploring age and [M/H] profiles of galaxies across the STDMR in this intermediate mass regime.
Furthermore, we expect that the bimodality observed in the age profiles of galaxies with different total masses is connected to morphology. SD24 shows how the scatter of the STDMR correlates with the morphological type of the galaxies, with ETGs being more massive than LTGs at fixed total mass. At the same time, it has been extensively discussed in the literature that ETGs and LTGs in the local Universe display different age and [M/H] gradients and profiles (see more details in Section 1). Hence, we also explored how morphology is connected to the stellar population profiles shown in Section 7.2.
7.1. Above and below the STDMR
In order to isolate the effect of total mass, or in other words, its correlation with stellar population properties, we first selected galaxies in a narrow, intermediate stellar mass bin where the dynamic total mass range is larger and the effect of total mass appears more prominent (see Section 5): log M★/M⊙ ϵ (10.6, 11.1]. Then, we categorized the galaxies according to the position with respect to the mean STDMR (i.e., above and below the relation), analogously to what we describe in Section 5. By construction, galaxies above the relation have, on average, lower total masses than the ones below it. We also checked that the stellar mass distributions of galaxies above and below the relation are not biased and have a similar median stellar mass.
We show the dependence on total mass of age, [M/H], and stellar mass surface density (μ★) profiles in the left column of Fig. 6 for this narrow, intermediate stellar mass bin. We show age, [M/H], and μ★ profiles in the upper, middle, and bottom panels, respectively. Each panel shows azimuthally median-averaged ages and [M/H]/μ★ profiles as a function of galactocentric distance (the elliptical semi-major axis normalized by the half-light semi-major axis, Re). To construct the age/[M/H]/μ★ profile of a galaxy, we computed the median age/[M/H]/μ★ of the spaxels contained in thin elliptical annuli (0.1 Re width) centered on the galaxy’s nucleus using the elliptical semi-major axis, analogously to Section 4.1. The profiles of individual galaxies are indicated with lines color-coded according to their position with respect to the mean STDMR (red for galaxies above the mean relation, and blue for the ones below it). Median profiles of galaxies above and below the mean STDMR are shown as thick, solid red and blue lines, respectively. For reference, 1 Re is indicated with a vertical dashed gray line. We also checked that we recovered similar median profiles if we excluded galaxies that did not extend beyond 1.5 Re in order to have the median profile computed with the same galaxies at all radii.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Dependence on total mass and morphology of stellar population profiles in narrow stellar mass bin, log M★/M⊙ ϵ (10.6, 11.1]. Age (upper panels), [M/H] (middle panels), and μ★ (bottom panels) profiles are plotted as a function of galactocentric distance. Left column: Dependence on total mass. Profiles of individual galaxies are indicated with dashed lines color-coded according to their position with respect to the mean STDMR (red for galaxies above the mean relation, and blue for the ones below it). Median profiles of galaxies above and below the mean STDMR are shown as red and blue solid lines, respectively. By construction, galaxies above the relation (red) have lower total masses than galaxies below (blue). The caption indicates the median total mass and number of galaxies for both galaxy subsamples. Right column: Dependence on morphology. Median profiles of different morphological types are shown with different colors, and shaded regions indicate the 16th and 84th percentiles of the corresponding distributions. The caption indicates the median stellar-to-total mass of each galaxy subsample. For reference, 1 Re is indicated with a vertical dashed gray line in each panel.



7.1.1. Age –
The upper left panel of Fig. 6 shows that there is a clear difference between the age profiles of galaxies that have different total masses at fixed M★. Median profiles of galaxies above the STDMR (i.e., the ones with lower total masses) tend to have flat age profiles, which even increase at the galaxies’ outskirts. In contrast, age profiles of galaxies below the STDMR (i.e., higher total masses) tend to decrease with galactocentric distance. In this sense, the difference between the two groups increases with galactocentric distance, as already hinted at in Fig. 1.
Similarly to what we observed in Fig. 4, we also observed a bimodality in the shape of the age profiles, which is not fully captured by splitting galaxies into upper and lower STDMR. In fact, we see that although the majority of galaxies in the upper STDMR have approximately flat profiles, there are some with negative slopes, akin the ones in the lower STDMR.
7.1.2. [M/H] –
In the middle left panel of Fig. 6, we observe that galaxies above and below the STDMR relation have negative steep [M/H] profiles. [M/H] profiles in the upper STDMR seem to be steeper than the ones of lower STDMR galaxies, with the former also having higher [M/H] normalizations in the inner regions. Thus, this translates into the difference in metallicity being mainly observed in the inner regions. As the profiles for lower STDMR galaxies are less steep, the difference in metallicity between the two groups eventually disappears at larger radii (r > 1 Re).
7.1.3. μ★ –
The bottom left panel of Fig. 6 indicates that μ★ profiles of galaxies above the STDMR have, on average, a higher normalization than the ones of galaxies below the STDMR, by 0.3 dex (about a factor of two) on average. As the stellar mass distributions of the two galaxy samples are very similar, we checked that this offset in normalization is due to a combination of differences in Re and profile shape, with the upper STDMR having smaller Re.
Our findings indicate that not only are integrated properties of intermediate-mass galaxies connected to the scatter of the STDMR, their stellar population profiles, especially in the case of age are as well. Finally, we also checked that when selecting a narrow total mass bin, for example log Mtot ϵ (10.9, 11.4), that covers an intermediate stellar mass regime, we recover very similar stellar population profiles to the ones shown in the left column of Fig. 6 for galaxies above and below the STDMR.
7.2. Morphology
To explore the connection between stellar population profiles and morphology, we separated galaxies within a narrow stellar mass bin, as described in Section 7.1, according to their morphological type and computed their median stellar population profiles. In the right panels of Fig. 6, we show the median profiles of age (upper), [M/H] (middle), and μ★ (lower) for galaxies with different morphological types through different colors. Shaded colored areas indicate the 16th–84th percentile range of the corresponding distributions. Median M★/Mtot ratios of galaxies with different morphologies are indicated in the legend. We note that to ensure sufficient statistics, the stellar mass-selection window cannot be too narrow. As a result, a limitation of this analysis is the different stellar mass distributions among different morphologies, which result from the width of this selection window. In this stellar mass bin, earlier type galaxies have slightly higher median stellar masses than later types, which also enhance the difference of their M★/Mtot ratios. Yet, the difference in stellar mass between ellipticals and Sa or Sb is lower than 0.15 dex. We checked that when using narrower stellar mass bins we found stellar population profiles in agreement with the ones presented in this work.
7.2.1. Age –
The shape bimodality observed previously when comparing the age profiles of galaxies with different total masses, is seen again here, but this time related to morphology. We clearly observe how earlier types (ellipticals and S0) are generally characterized as having older ages in the inner regions, flat age profiles, and lower total masses. On the contrary, spiral galaxies have on average slightly negative age profiles in the inner regions that flatten in their outskirts, with later types having a lower normalization (i.e., overall younger ages). We find relatively flat age profiles for Sc galaxies. The low statistics prevent us from drawing any conclusions.
7.2.2. [M/H] –
To the first order, we observe that all morphological types tend to have negative metallicity profiles, yet a few differences arise when comparing their steepness and normalization. Ellipticals have the steepest negative profiles with higher metallicities in the inner regions, which flatten slightly in the outer regions. S0s behave in a similar manner to LTGs, with less steep negative profiles than ellipticals. The normalization decreases when moving to later types (i.e., overall more metal-poor), similarly to age. Yet, the steep [M/H] profiles of ellipticals translate, on average, to more metal-poor stellar populations at r > 0.5 Re compared to S0s and spirals (except for Sc). In fact, in Fig. 4 we observed that the metallicity of the outer regions of the galaxies is on average flat, with M★ for galaxies above the STDMR, and lower than the metallicity of galaxies below the STDMR at high masses.
7.2.3. μ★ –
All morphological types have profiles that decrease monotonically with r, declining more rapidly in their inner parts (r ≲ 0.5 Re), and flattening in their outskirts. Yet, the main differences between profiles of different morphologies are found in their steepness. We observe a steeper decline for ellipticals than for S0 and spirals in the inner regions. The normalization in the inner regions is higher and very similar for ellipticals, S0 and Sa, while later-type spirals have lower μ★ values. Note that the slightly different median stellar masses can also lead to differences in normalization.
Finally, this connection with morphology is also seen when looking at the stellar population gradients and stellar mass (Appendix D). We observe that age gradients of ETGs and LTGs exhibit parallel sequences as a function of stellar mass. For both morphological types, age gradients decrease with increasing stellar mass. Yet, they have a different normalization and different M★/Mtot ratios. ETGs tend to have generally flat or positive age gradients and higher M★/Mtot values, while LTGs have negative gradients and lower M★/Mtot ratios. In this sense, these two sequences coexist in the intermediate-mass regime (M★ ∼ 1010.5−11 M⊙), resulting in ETGs with lower Mtot having flat or mild positive gradients and LTGs with higher Mtot showing negative age gradients at fixed M★. In the case of metallicity, although both ETGs and LTGs show negative [M/H] gradients, ETGs tend to show slightly steeper ones and higher M★/Mtot ratios at fixed M★ (M★ ∼ 1010.5−11 M⊙).
8. Discussion
Our analysis of stellar populations across the stellar-to-total dynamical mass relation reveals a connection between the scatter of this relation and spatially resolved stellar populations. In this section, we discuss our results in terms of previous literature as well as different scenarios that could explain our findings.
8.1. Connection with the SHMR
Currently, there is no consensus on how galaxy properties are connected to the scatter of the SHMR (see SD24 for a detailed discussion). Under the assumption that total dynamical mass could act as a proxy of halo mass (see SD24), our findings are in line with works indicating that in the intermediate halo mass regime (∼ 1012−13.5 M⊙), more massive galaxies at fixed halo mass tend to be older and passive. This is also in agreement with SD24, despite the different stellar population analysis and models involved. Going beyond the global properties, we also discuss our findings in terms of the spatially resolved SHMR.
Previous works studying spatially resolved stellar population properties across the SHMR are based on MaNGA (Bundy et al. 2015) galaxies. Note that we compare our results with the ones of central galaxies because our sample is highly biased toward central and isolated galaxies by construction (see SD24 and Section 2).
For intermediate-mass centrals, Oyarzún et al. (2022) found negative [Fe/H] gradients, with galaxies in the upper SHMR (i.e., higher M★ at fixed Mh, or lower Mh at fixed stellar mass) having slightly higher [Fe/H] values, similarly to what we find for metallicity. This dependence on halo mass can be traced up to 1.5 Re, in contrast to our results, as we only observe it within the inner regions (r < 0.5 Re). Yet, we highlight the broad agreement, given the different galaxy sample (they focus on passive galaxies only), spectral fitting approach, and models, and the use of halo mass instead of total mass. In the case of age, our results do not fully agree in the common mass regime. Yet, this is not surprising as that scatter of the STDMR correlates with morphology and SFR (SD24). Hence, selecting only passive or ETGs would naturally dilute the differences we find in age. The lack of star-forming galaxies in the Oyarzún et al. (2022) sample could also be the reason why the dependence on metallicity is preserved in the outskirts of the galaxies, as LTGs would have less steep negative [M/H] profiles, leading to similar [M/H] at larger radii.
On the other hand, Zhou et al. (2024) found that the centers (r < 0.5 Re) of more massive galaxies formed the bulk of their mass earlier on than less massive ones at fixed halo masses, in agreement with our results. This is traced by both their Mg/Fe abundances, and the formation time of half of their present-day stellar mass, t50. Additionally, although their sample is restricted to S0s and later types, they also find that the scatter of the SHMR also correlates with morphology. Similarly to the results of SD24 across the STDMR, they find later types at the bottom part of the SHMR (at fixed halo mass).
8.2. Galaxy bimodality and connection with morphology
When looking at galaxies of the local Universe, there is a bimodality on several properties related to their stellar populations, dynamical state and level of star formation (e.g., Strateva et al. 2001; Kauffmann et al. 2003; Baldry et al. 2004; Salim et al. 2007). Young, late-type, star-forming galaxies dominate the low-mass regime, while old, early-type, and passive galaxies are more prominent at the high-mass end of the galaxy population. More relevant for this work, ETGs and LTGs also exhibit different stellar population gradients and profiles (see Section 1). These two galaxy populations co-exist in the intermediate-mass regime (∼ 1010.5−11 M⊙) (e.g., Mattolini et al. 2025). This range is quite interesting as galaxies of M★ ∼ 1010.5 M⊙ typically probe the peak of galaxy formation efficiency in terms of the SHMR. On the other hand, despite having similar stellar masses on the present day, the physical drivers that result in all the different properties of ETGs and LTGs remain under debate.
In agreement with the literature, in this work we also observe a bimodality in the scaling relations between age and stellar mass, which is enhanced when only the ages of the outer regions of the galaxies are considered (for the ∼ 1010.5−11 M⊙ stellar mass regime). Most interestingly, we find that this bimodality is connected to the galaxies’ offset with respect to the mean STDMR and, hence, to their total masses at fixed stellar mass: older galaxies tend to populate the upper STDMR, while younger galaxies occupy the bottom part of the relation. Consistently with the fact that these age differences are enhanced in the stellar populations of the galaxies’ outskirts, we also observed this bimodality in their age profiles. Galaxies in the upper part of the STDMR (i.e., with lower total masses) have relatively flat age profiles, while galaxies in the bottom part of the relation (i.e., higher total masses) have negative ones.
In the literature, relatively flat age profiles have been typically associated with ETGs, while LTGs tend to exhibit negative ones (see Section 1). Thus, we also explored the connection between stellar population profiles and morphology (see also, e.g., González Delgado et al. 2015; Parikh et al. 2019), as well as how this relates to the galaxies’ total masses. For that, we studied stellar population profiles as a function of morphology in a narrow stellar mass bin (right panels of Fig. 6). We find that ETGs display steep negative metallicity gradients within 1 Re that flatten in their outskirts. We observe that ETGs have broadly flat age profiles, although ellipticals have valleys of r ∼ 0.5 Re (see also Zibetti et al. 2020), and mildly increasing age profiles for S0s. On the contrary, spirals tend to show negative gradients in both age and [M/H]. In the case of Sc galaxies, they are relatively flat, although our statistics are poor. Furthermore, in addition to different morphologies and stellar population profiles, we find that these galaxies have different total masses. Specifically, ETGs have higher stellar-to-total mass ratios than LTGs at fixed stellar mass.
Notably, this connection between morphology and stellar-to-total mass ratios is likely driving the variations of stellar population properties with radius across the STDMR (Fig. 1). The morphological type of the galaxies correlates with the scatter about the STDMR, showing a primary dependence on stellar mass and a secondary one on total mass (SD24). This complex behavior across the STDMR results in ETGs occupying the upper part of the relation (i.e., higher stellar-total mass ratios) and LTGs being in the bottom one (i.e., lower stellar-total mass ratios). Thus, the distinct stellar population profiles of ETGs and LTGs (Fig. 6) naturally explain why the dependence on total mass is diluted in the galaxies’ outskirts for metallicity, while it is enhanced for age. The difference between relatively flat or slightly increasing age profiles of ETGs and negative ones for LTGs naturally gives rise to a greater age difference in the outskirts of the galaxies. In the case of S0s and later types, they do not have as steep negative metallicity profiles as ellipticals in the inner regions, leading to similar [M/H] values at r > 0.5 Re. SD24 also shows that the stellar apparent angular momentum and SFRs behave in a similar manner across the STDMR plane (their Fig. 2), correlating with both stellar and total mass. These properties are sensitive to physical processes that are associated with different timescales during the formation of a galaxy (i.e., SFR traces the last 10−100 Myr, whereas age traces the bulk of star formation in the history of a galaxy; morphology and angular momentum are sensitive to the dynamical state of a galaxy and set earlier on its evolution). Yet, all of them show a similar primary dependence on stellar mass, and a secondary one on total mass. SD24 argued that the scatter on the STDMR maps different evolutionary pathways of galaxies. At fixed total mass, galaxies with higher stellar masses tend to exhibit features of a more advanced evolution: they are older, more metal rich, and more dispersion dominated; lower SFRs show early-type morphologies (their Figs. 1 and 2) and, as reported here, relatively flat age profiles and steep negative metallicity gradients. On the contrary, less massive galaxies seem to be less evolved. As they are younger, more metal-poor and more rotationally supported galaxies have higher SFRs, late-type morphologies (as found in this work), negative ages, and less steep negative metallicity gradients. An analogous argument can be made at a fixed stellar mass, but it is reversed.
8.3. Formation scenarios and physical origin
8.3.1. Insights from stellar population gradients
To form the old, metal-rich cores of ETGs (e.g., Faber 1973; Peletier 1989; Thomas et al. 2005; McDermid et al. 2015), star formation must have been extremely efficient at z ≳ 3. Deep central potentials would help retain metals, while rapid chemical enrichment and star formation would lead to steep negative metallicity gradients and flat age gradients. Yet, despite the gas-rich environment at z ∼ 2 − 3, star formation needs to be halted early on to preserve the properties imprinted in the early Universe. In fact, the size growth of ETGs since z ∼ 2 (e.g., Trujillo et al. 2007; van der Wel et al. 2014) is generally attributed to dry mergers with low-mass satellites (e.g., Bezanson et al. 2009; Oser et al. 2012; Huang et al. 2013). In this sense, ETGs’ stellar populations are generally understood as a result of in situ growth in their cores and ex situ growth from the accretion of low-mass satellites in their outskirts. In fact, Fig. 6 shows some evidence of increased stellar mass surface densities in the outskirts of massive ETGs, which is consistent with the ex situ growth scenario in their outer parts.
In contrast, LTGs generally show ongoing star formation and younger populations, especially in their outer regions (e.g., Bell & de Jong 2000; González Delgado et al. 2015; García-Benito et al. 2017), producing negative age gradients. While outflows and pristine gas inflows cause dilution of metals in their outskirts, deep central potential wells are more efficient in retaining metals in the inner regions, leading to negative metallicity gradients. This way, the key difference between the formation scenarios of ETGs and LTGs is that the bulk of the LTG population typically does not show signs of early quenching, in contrast to ETGs, whose later growth is largely driven by accretion in their outskirts. Furthermore, recent studies indicate that the stellar mass of the outer envelopes of galaxies can trace their halo masses (Huang et al. 2020, 2022), suggesting halo properties’ information could be encoded in the stellar mass distributions of massive galaxies.
Additionally, spatially resolved SFHs also show the cores of massive ETGs form earlier and faster than those of LTGs of the same mass, driven by the higher central stellar mass surface densities of ETGs. In fact, local stellar ages and metallicities correlate strongly with the local stellar mass density (e.g., Neumann et al. 2021; Zibetti & Gallazzi 2022) and the local velocity dispersion (e.g., Ferreras et al. 2025), both of which are tracers of the local gravitational potential.
In this sense, the older, more chemically enriched, and more concentrated stellar populations that we find in ETGs’ cores, together with their steeper metallicity and stellar surface density gradients, are consistent with an earlier stellar mass assembly with higher efficiency (higher SFRs) of their inner regions. The higher gas densities in their cores that lead to higher star formation efficiencies would naturally be a consequence of the shape of the galaxies’ local gravitational potentials at the time.
8.3.2. Different evolutionary stages across the STDMR
In the intermediate-mass regime, galaxies in the upper part of the STDMR tend to show overall flat age profiles and steep negative metallicity gradients compared to galaxies in the bottom part of the STDMR, which have both negative age and metallicity profiles. However, note that just separating the upper and lower STDMR does not fully capture the behavior of stellar population properties across the relation. In Fig. 1, we clearly observe how the direction of maximal increase of age (in the outskirts) and metallicity (in the inner regions) is not fully perpendicular to the mean STDMR (i.e., it is not a 45 degree angle). In fact, when looking at individual age profiles in the left column of Fig. 6, some galaxies in the upper STDMR have similar negative age profiles to galaxies below the STDMR. Actually, morphology better disentangles the different profiles given that the direction of maximal increase of morphology across the STDMR is neither parallel nor perpendicular (SD24), instead, it is quite similar to the one observed for stellar population properties.
In this work, by definition, galaxies above the STDMR have lower total masses (within 3 Re) than galaxies below the STDMR for a given M★. These total masses are tracers of the underlying global gravitational potential. As galaxies start to transition away from being dominated by the stellar component at r > Re (e.g., Ferreras et al. 2005), SD24 discusses how these total dynamical masses could be tracing the mass of host dark matter halos of the galaxies (see Section 1). In the context of the SHMR, this complex behavior of galaxy properties across the STDMR may be related to the underlying properties their host halos. Many theoretical models predict that SHMR’s scatter is connected to the formation time or concentration of the halos (e.g., Tojeiro et al. 2017; Matthee et al. 2017; Zehavi et al. 2018; Artale et al. 2018). For given halo mass, higher stellar mass galaxies are hosted by earlier formed or more concentrated halos. In fact, the M★/Mh ratio has been used as a proxy of halo formation time at fixed Mh (e.g., Lim et al. 2016; Tojeiro et al. 2017). In some sense, this is a reflection that higher density regions of the large-scale structure collapse at earlier cosmic times in the ΛCDM cosmology. Additionally, by applying machine learning algorithms to SDSS galaxies and semi-analytical models, recent findings indicate that stellar populations’ ages and the M★/Mh ratios of central galaxies are the most significant features for inferring halo formation times (Lyu et al. 2024). Thus, galaxies in the upper STDMR (i.e., with higher stellar masses at fixed Mtot) are possibly hosted by halos that collapsed earlier. Focusing on the majority of galaxies in the upper STDMR (with flat age profiles), they could have experienced a rapid intense formation in the early Universe driven by an earlier formation of their host halos. These galaxies have an overall old and metal-rich stellar population in their cores, together with steep metallicity gradients indicating that they could have had a high star formation efficiency at early times, i.e., more efficiently retained their gas during this early star formation phase. This is likely driven by higher gas densities due to deeper central gravitational potential resulting in higher surface stellar mass densities and an earlier stellar mass assembly. Thus, these deeper central potential wells could be a reflection of more concentrated halos. In fact, at fixed Mh, older and more concentrated halos are predicted to bind the baryonic content (i.e., stellar and gaseous components) of centrals more strongly (e.g., Wechsler et al. 2002).
Moreover, the overall old stellar population of these upper STDMR galaxies indicates that they shut down their star formation early on and kept it off during their later evolution. Their flat age profiles and flattening of the metallicity profiles at r > Re is consistent with their growth in the outer parts being driven by accretion of low-mass quenched satellites and dry minor mergers. In this scenario, the earlier formation of the halos could be connected to an earlier onset of quenching in these galaxies. A schematic illustration of these scenarios is presented in Figure 7.
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An earlier onset of quenching could be the result of a combination of the earlier halo assembly and an earlier onset of black hole feedback. In fact, state-of-the-art zoomed-in hydrodynamical simulations (based on the EAGLE galaxy formation model; Schaye et al. 2015) predict that halo assembly time can influence the evolution of the stellar and gas content of galaxies (Davies et al. 2021). By “genetically” modifying the assembly history of a halo (of a given mass) –essentially shifting it earlier or later in time by changing the halo’s initial conditions– its hosted galaxy ends up with different present-day properties. In these simulations, while an earlier formed halo would host a passive galaxy, which has lowered its rotational support, has a lower gas fraction, and has suffered strong morphological transformation from being disk-like to spheroidal, a later formed halo would host a galaxy that remains star-forming, disk-like and gas-rich. A combination of halo assembly and black hole feedback is responsible for these differences in the simulations, with earlier formed halos fostering the growth of more massive central black holes, which inject more energy into the halos, facilitating galaxy quenching.
In light of these simulations, our findings could be naturally explained by different galaxy evolutionary stages reflecting different halo assembly histories at fixed halo mass. Earlier formed halos would host more massive galaxies that assembled the bulk of their inner stellar component quickly and efficiently and early on and quenched earlier, thus ending up with older and more metal-rich stellar populations today, very steep metallicity gradients, and low SFRs. Moreover, this early quenching on more massive galaxies at fixed total/halo mass would naturally lead to a more accentuated age difference in the galaxies’ outskirts, where galaxies in the upper STDMR no longer form new stars, in contrast to the more extended SFHs of lower STDMR galaxies. Moreover, the imprint of the rapid chemical enrichment of these more massive galaxies would be preserved in the inner regions, although the accretion of pristine gas and wet, metal-poor minor mergers would dilute the ISM, resulting in younger and more metal-poor stellar populations in their outskirts.
Note that in these simulations, in addition to the galaxies’ present SFRs, an earlier halo formation affects their morphology and level of rotational support. As we mentioned before, in addition to morphology, the scatter of STDMR is connected to the stellar apparent angular momentum and present-day SFRs (SD24). Galaxies in the upper STDMR show earlier type morphologies and lower SFRs, and they are dispersion dominated in comparison to galaxies in the bottom part of the STDMR. Thus, an earlier halo formation could also be connected to a morphological and dynamical transformation, explaining why galaxies in the upper STDMR are more dispersion-dominated with typically earlier type morphologies. However, we advise caution, as this connection between halo assembly and black hole feedback in numerical simulations is highly sensitive to the back-hole feedback model employed. Ill-defined numerical implementations and prescriptions of baryonic physics, such as black hole feedback, can drastically change the predictions of how galaxy properties are connected to the scatter of the SHMR (e.g., Porras-Valverde et al. 2024; Pei et al. 2024; Liu et al. 2025). Additionally, the connection between halo formation time and the scatter of the SHMR is model dependent Oyarzún et al. (see Sect. 5.2.2. of 2022). Semi-empirical models (Behroozi et al. 2019) show that the correlation between halo assembly time and the scatter of the SHMR is strongest at the high-mass end, as it is driven by accreted stellar populations (Bradshaw et al. 2020). While in large-scale hydrodynamical simulations, the stochasticity of late mergers can instead weaken this connection for high halo masses (Matthee et al. 2017). Hence, further observational tests and constraints on secondary halo properties are crucial in order to shed light on this scenario. Although observations of secondary halo properties such as halo formation time are not generally available for large galaxy samples, recent works have estimated halo formation times for SDSS galaxies using semi-analytical models and machine learning techniques (Lyu et al. 2024). On the other hand, an observational alternative to test this scenario consists of using the large-scale environment of galaxies as a tracer of the formation time of dark matter halos. In the framework of the standard cosmological model, the well-known correlation between halo concentration and formation time reflects that higher density regions in the large-scale structure collapse at earlier cosmic times (e.g., Lemson & Kauffmann 1999). In fact, Oyarzún et al. (2024) used the number density of galaxies on large scales (10 Mpc) as a proxy of halo formation time. At fixed Mh, they found that more massive central SDSS galaxies are older and also have higher galaxy number densities than less massive centrals (for Mh > 1012 M⊙). According to an analytical model based on dark matter-only simulations, they found that stellar mass and large-scale density variations at fixed halo masses are consistent with differences in halo formation time.
Finally, we note that although the assumption that total enclosed mass within 3 Re acts as a proxy for halo mass requires further observational testing, recent findings point to its plausibility (see SD24 for a detailed discussion). Arjona-Gálvez et al. (2025) showed that “total” masses in the zoomed-in hydrodynamical simulations AURIGA (Grand et al. 2017), HESTIA (Libeskind et al. 2020), and NIHAO (Wang et al. 2015) correlate with M200 (at fixed M★). In this case, total masses are computed within R1 (Trujillo et al. 2020) for M★ ≳ 109 M⊙. R1 is a physically motivated definition of galaxy size based on a stellar mass-density threshold –defined in order to probe the full optical extent of galaxies– being comparable to three half-mass radii for M★ ∼ 109 M⊙ galaxies, and extending to larger radii for larger stellar masses. Hence, we highlight the remarkably good agreement across different simulation suites. Moreover, Mercado et al. (2025) recently found that in the FIREBox cosmological simulations (Feldmann et al. 2023) halo mass is the most important predictor of the inner dark matter content of galaxies (within one half-mass radius).
9. Summary and conclusions
We investigated how spatially resolved stellar populations of CALIFA galaxies behave across the stellar-to-total dynamical mass relation. We explored how average ages and metallicities across the STDMR vary with galactocentric distance by measuring them in different radial annuli. Then, we projected the STDMR to look into scaling relations of these properties as a function of stellar and total mass (both in the inner and outer regions of the galaxies). We also looked at the dependence of their stellar population profiles on total mass and morphology. Finally, we show stellar population gradients across the STDMR as follows:
(i) We observe that the scatter of the STDMR is connected to galaxy ages and metallicities measured at different radial annuli (Fig. 1). These observables depend on both stellar and total mass, although the strength and significance of these correlations varies with galactocentric distance. While the dependence of age on total mass becomes more prominent in the outer regions of galaxies (r > 1 Re), the one of metallicity is only significant in the inner regions (r < 0.5 Re).
(ii) By separately studying the dependence of age and metallicity on stellar mass and total mass, respectively, we find that galaxies with higher M★ are older and have more metal-rich stellar populations than the ones with lower M★, at fixed total mass (Fig. 5); and at fixed stellar mass, galaxies have older and slightly more metal-rich stellar populations with decreasing total mass (Fig. 4). These trends are more noticeable in the intermediate-mass regime (M★/M⊙ ∼ 1010.5 − 1011).
(iii) Focusing on a narrow range of intermediate stellar mass, for which we can cover the full range of total mass with good statistical representation, we find that galaxies with different total masses have different stellar population profiles, especially in the case of age (left column of Fig. 6). At fixed stellar mass, galaxies with lower total masses have generally relatively flat age profiles and steep negative metallicity profiles. Whereas galaxies with higher total masses have both negative age and [M/H] profiles, the [M/H] ones are less steep and have a slightly lower normalization in the inner regions.
(iv) In addition to different total masses, these galaxies have different morphological types (right column of Fig. 6). The steepness and normalization of the profiles is connected to morphology, with earlier types having relatively flat age profiles with overall old stellar populations and quite steep negative metallicities. In contrast, later types have less steep negative metallicity profiles and negative age gradients.
(v) These radial variations translate to a connection between the STDMR and age and [M/H] gradients (Fig. 2). At fixed Mtot, global gradients show that galaxies with larger M★ have flatter or slightly positive age gradients and more steeper negative [M/H] gradients. Galaxies with smaller M★ have mild negative age gradients and less steep metallicity ones, with a slighly lower normalization.
(vi) Interestingly, we find that the different radial dependence on total mass of age and [M/H] can be explained by the connection between the scatter of the STDMR and morphology, given the different stellar population profiles and gradients of ETGs and LTGs (Fig. 6).
(vii) Under the assumption that total dynamical mass can trace the halo masses of the galaxies, we connected the STDMR and the stellar-to-halo mass relation. We interpret our findings in the context of halo evolution, with dark matter halos forming at different cosmic times naturally modulating the observed trends across the STDMR. At fixed halo/total mass, earlier formed halos would host more “evolved” galaxies. They have higher M★ and older, quenched, earlier type galaxies that assembled their stellar population earlier on, resulting in steep negative [M/H] gradients and relatively flat age ones, with overall old stellar populations. On the contrary, later formed halos, would host fewer evolved galaxies. They would have lower M★ and younger, star-forming, later type galaxies that assembled the bulk of their stars with more prolonged SFHs, leading to less steep negative metallicity gradients and negative age profiles.
Our results indicate that, at given stellar mass, dark matter halos play a key role modulating a wide range of baryonic properties of galaxies while leaving an imprint in the spatial distribution of their stellar populations. To further test the role of total dynamical mass as a tracer of halo mass observationally, we need to derive total dynamical masses within larger apertures and compare them with direct halo mass measurements, while also using larger statistics. This will be possible in the near future thanks to IFS instruments such as WEAVE. Its large aperture will make it possible to spectroscopically cover the baryonic extent of nearby galaxies in order to derive their total enclosed masses as well as different stellar and gas properties. Moreover, upcoming surveys such as WEAVE-Apertif (Hess et al. 2020) will provide not only larger statistics, but also direct halo mass measurements through galaxy rotation curves of cold HI gas. This will allow us to fully assess the role of total dynamical mass as a proxy of halo mass in detail. Moreover, to confirm our proposed scenario and better understand how secondary halo properties (e.g., halo formation time) affect galaxy formation, the large-scale environment of galaxies can be used as an observational window to trace halo evolution. Upcoming spectroscopic facilities such as 4MOST will be key to tracing the detailed characterizations of large-scale environment at high-z in order to investigate baryonic galaxy properties at these earlier times both in terms of their host halos and their cosmic web environment.
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1 Observationally, a central galaxy is typically defined as the most massive or luminous one in a group or cluster, while in simulations it is the one at the center of potential of its host’s dark matter halo.


2 Dynamical modeling of IFS data typically fits the stellar kinematics by either solving the Jeans equations of stellar dynamics (Jeans 1922; Cappellari 2008, 2020) or by using the Schwarzschild numerical orbital-superposition method (Schwarzschild 1979; van den Bosch et al. 2008; Thater et al. 2022). See Section 3.4 of Cappellari (2016) for a review.


3 Based on the galaxies in common with the group and cluster catalog from Yang et al. (2007).


4 In another words, for 42% of our original sample, at least 70% of spaxels with stellar population measurements are available in the outermost annulus.


5 We selected 0.2 Re as inner region, given that it is more robust than the very central region both from a statistical and an observational point of view (0.2 Re contains more spaxels, and it is less sensitive to the residual PSF mismatches between photometry and IFS).


6 This approach builds on a set of operators (e.g., +, −, ×, /), which are combined with the input variables to form initial equations. These expressions are evaluated, and those with the highest accuracy are retained for subsequent generations. Then, mutations and crossovers are applied to discover and refine optimal equations




Appendix A:  Data and adaptative smoothing illustration
In this section, we illustrate the adaptive smoothing scheme for an example galaxy of our CALIFA sample. In Fig. A.1 we show synthesized g-band images of NGC0234 derived from both the original datacube (left panel) and after applying the adaptive smoothing (right panel). The contours indicate the region of the galaxy where no smoothing is effectively applied. We highlight how the spatial resolution is remarkably well preserved. Moreover, we note that the smoothing typically is applied in the outer parts of the galaxies due to the higher S/N in their central regions (within 1 Re) which are effectively not smoothed.
	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Synthesized g-band images of NGC0234 derived from both the original datacube (left panel) and after applying the adaptive smoothing to the datacube (right panel). The white contours in the left panel indicate the region in which no smoothing is applied due to the higher S/N, i.e., effectively the central region.




Appendix B:  Model-free alternative
In order to test the robustness of our bayesian fitting framework, we measure the D4000n break, which is mainly sensitive to age, to have a model-independent first-order estimation of age.
Fig. B.1, similarly to Fig. 1, shows the STDMR color-coded with median D4000n. Each panel corresponds to the different radial annulus defined in section 4.1 (with increasing galactocentric distance from left to right), where the D4000n is measured. The trends are in remarkably good agreement with the ones derived for age with our bayesian framework (Fig. 1). Moreover, the partial correlation coefficient strengths also indicate a primary dependence on stellar mass and a second one on total dynamical mass. Given that this method is model independent and the very good agreement between these two approaches, we are confident in our results obtained with our stellar population analysis.
	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Stellar-to-total dynamical mass relation for our CALIFA galaxies in terms of the age-sensitive D4000n break measured at different annuli. Each panel corresponds to a different annuli with increasing galactocentric distance from left to right (see text). Galaxies are shown as circles colored-coded by the median D4000n measured within their corresponding annuli. Partial correlation coefficient strengths are shown in the bottom right corner (solid black lines) between the D4000n and M★ (vertical) and Mtot (horizontal). Grey solid lines have a length which corresponds to a correlation coefficient of 0.6 for reference. The direction of maximal increase of the stellar population parameters (see text) is indicated as a blue solid line.




Appendix C:  Mean STDMR through symbolic regression
To compute the mean STDMR, we use open-source and publicly available PySR symbolic regression tool (Cranmer et al. 2020) based on genetic programming6. In a nutshell, PySR is a machine learning task that aims to find an interpretable symbolic expression, approximating the relation between input and output parameters through analytical mathematical formulas. In this sense, the advantage of employing symbolic regression instead other machine learning regression models is that it yields analytical formulas that facilitate the interpretation of the underlying physics and can be easily generalized. We note that symbolic regression has already been used in several astrophysical studies (e.g., Graham et al. 2012; Arjona & Nesseris 2020; Cranmer et al. 2020; Bernal et al. 2021; Villaescusa-Navarro et al. 2021; Delgado et al. 2022; Bartlett et al. 2024; Orjuela-Quintana et al. 2023; Shao et al. 2022, 2023; Wong & Cranmer 2022), including some using PySR (e.g., Matchev et al. 2022; Shao et al. 2022; Wadekar et al. 2023a,b).
By default PySR selects the best-fitting models with compromise between accuracy and complexity to avoid data over-fitting and complex non interpretable equations. After testing, we selected the default least-squares loss and employed basic mathematical operators (+, −, ×, /, pow) together with low-order polynomials (x2, x3, x4) and 1/x (we do not include exponentials and logarithms to avoid overly complex equations).
Genetic algorithms do not tend to converge, and we are applying PySR to real noisy data. Yet, after several iterations we observed convergence on similar functional forms. Therefore we performed 10 runs of with a larger number of iterations (5000), out of which we selected most repeated functional form with less complexity of the ones with similar low losses.

Appendix D:  Gradients as a function of stellar mass
In other to facilitate comparisons with other works in the literature, in this section we also look at gradients across projections of the STDMR, and also as a function of morphology.
Fig. D.1 and D.2 show age and [M/H] gradients, respectively, as a function of stellar mass. Inner (left column), outer (middle column) and global (right column) gradients are color-coded with morphology (top row) and the M★/Mtot ratio (bottom row).
	[image: Thumbnail: Fig. D.1. Refer to the following caption and surrounding text.]	Fig. D.1. Age gradients as a function of stellar mass. Inner (left column), outer (middle column) and global (right column) gradients (as defined in section 4.2) for individual galaxies (circles) are color-coded with morphology (top row) and the M★/Mtot ratio (bottom row). For reference, the grey horizontal dashed line corresponds to zero.



	[image: Thumbnail: Fig. D.2. Refer to the following caption and surrounding text.]	Fig. D.2. Metallicity gradients as a function of stellar mass. Inner (left column), outer (middle column) and global (right column) gradients (as defined in section 4.2) for individual galaxies (circles) are color-coded with morphology (top row) and the M★/Mtot ratio (bottom row). For reference, the grey horizontal dashed line corresponds to zero.



D.1. Age –
In Fig. D.1, we clearly observe that the inner gradients of early- and late-type galaxies follow different sequences with stellar mass. While late types tend to follow negative gradients, that become steeper with increasing stellar mass, ETGs present positive, flat gradients or negative age gradients. For the outer gradients, we see a similar behavior, but with more scatter and less difference between these morphological types, as there are more LTGs with positive gradients. In contrast, global gradients show again a clear difference between the groups, although with less scatter.
Furthermore, we see here again that morphology is connected to the M★/Mtot ratio of the galaxies, with ETGs having higher stellar-to-total mass ratios than LTGs. We observe that intermediate-mass galaxies with positive gradients tend to have lower total masses at fixed stellar mass, while galaxies with negative gradients have higher total masses.
D.2. [M/H] –
In Fig. D.2 we see a different behavior than for age gradients. Now, the gradients of ETGs and LTGs generally follow the same regions in the ∇[M/H] − M★ plane.
Inner gradients of LTGs and ETGs follow the same scaling relation with stellar mass, being generally negative although ETGs tend to have steeper gradients. Although some less massive (M★ < 1010 M⊙) LTGs show mildly positive ones. The behavior for global gradients is quite similar, although with less scatter. Yet, the outer gradients exhibit a greater scatter and the relation is less clear.
Consistently with Fig. 2, we do not observe any strong trend with the M★/Mtot ratio, as it mainly correlates with stellar mass. Yet, the outer gradients of intermediate-mass and massive galaxies tend to be more negative if they have lower total masses at fixed stellar mass.
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Partial correlation coefficients for age and metallicity measured different radial annuli (r/Re).
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Table 2. 
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Stellar-to-total dynamical mass relation for our CALIFA galaxies in terms of stellar population properties measured at different annuli. Each column corresponds to a different annulus with increasing galactocentric distance from left to right (see text). Galaxies are shown as circles color-coded by median ages (upper rows) and metallicities (bottom rows), measured within their corresponding annuli. Partial correlation-coefficient strengths are shown in the bottom right corner (solid black or green lines) between the stellar population parameters and M★ (vertical) and Mtot (horizontal). Black (green) lines correspond to statistically (not) significant partial correlation coefficients. Solid gray lines have a length corresponding to a correlation coefficient of 0.6 for reference. The direction of maximal increase of the stellar population parameters (see main text) is indicated as a solid blue line when both partial correlation coefficients are significant, while it is red if at least one of the two is not significant.
In the text



	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Stellar population gradients across stellar-to-total dynamical mass relation. Galaxies are shown as circles color-coded by age gradient, ∇logAge, (upper panels), and metallicity gradient, ∇[M/H], (lower panels). Inner gradient (left panels), outer gradient (middle panels), and global gradient (right panels). Partial correlation coefficient strengths are shown in the bottom right corner (solid black or green lines) between the ∇logAge/∇[M/H] and M★ (vertical) and Mtot (horizontal). Black (green) lines correspond to statistically (not) significant partial correlation coefficients. Solid gray lines have a length that corresponds to a correlation coefficient of 0.6 for reference. The direction of maximal increase of the stellar population parameters (see text) is indicated as a solid blue line when both partial correlation coefficients are significant, while a red line is used if at least one of the two is not significant.
In the text



	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Mean stellar-to-total dynamical mass relation for CALIFA. Galaxies are divided according to the position of the mean STDMR (solid black line). Galaxies above the mean relation are shown as red circles, and the ones below it are shown with blue circles.
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	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Scaling relations between age/[M/H] and stellar mass for galaxies with different positions with respect to mean STDMR. Scaling relations with age are shown in the upper panels and the ones with [M/H] are given in the bottom ones. Ages and [M/H] are measured within the inner (r/Re ≤ 1) and within outer regions (1 < r/Re ≤ 1.5) of the galaxies (left and right panels, respectively). For individual galaxies, median ages and [M/H] (computed within the corresponding annuli) are plotted as a function of stellar mass color-coded by their vertical offset with respect to the mean STDMR (in the STDMR plane). Median ages and [M/H] of the galaxies above and below the STDMR (see Fig. 3) are indicated with solid lines: red for galaxies above the mean STDMR and blue for the ones below.
In the text



	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Scaling relations between age/[M/H] and total mass for galaxies at different radial annuli, with different positions with respect to the mean STDMR. Scaling relations with age are shown in the upper panels, and the ones with [M/H] in the bottom ones. Ages and [M/H] were measured within the inner (r/Re ≤ 1) and within outer regions (1 < r/Re ≤ 1.5) of the galaxies (left and right panels, respectively). For individual galaxies, median ages and [M/H] (computed within the corresponding annuli) are plotted as a function of total mass and color-coded by their vertical offset with respect to the mean STDMR (in the STDMR plane). Median ages and [M/H] of the galaxies above and below the STDMR are indicated with solid lines: red for galaxies above the mean STDMR and blue for the ones below it (see Fig. 3). To guide the eye, a halo mass conversion is reported in the upper axis (see text).
In the text



	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Dependence on total mass and morphology of stellar population profiles in narrow stellar mass bin, log M★/M⊙ ϵ (10.6, 11.1]. Age (upper panels), [M/H] (middle panels), and μ★ (bottom panels) profiles are plotted as a function of galactocentric distance. Left column: Dependence on total mass. Profiles of individual galaxies are indicated with dashed lines color-coded according to their position with respect to the mean STDMR (red for galaxies above the mean relation, and blue for the ones below it). Median profiles of galaxies above and below the mean STDMR are shown as red and blue solid lines, respectively. By construction, galaxies above the relation (red) have lower total masses than galaxies below (blue). The caption indicates the median total mass and number of galaxies for both galaxy subsamples. Right column: Dependence on morphology. Median profiles of different morphological types are shown with different colors, and shaded regions indicate the 16th and 84th percentiles of the corresponding distributions. The caption indicates the median stellar-to-total mass of each galaxy subsample. For reference, 1 Re is indicated with a vertical dashed gray line in each panel.
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	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Illustration of proposed evolutionary scenarios corresponding to galaxies in upper STDMR (upper row) and lower STDMR (lower row). The sequence evolves from left to right, ending with the different present-day galaxy properties (on the right).
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	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Synthesized g-band images of NGC0234 derived from both the original datacube (left panel) and after applying the adaptive smoothing to the datacube (right panel). The white contours in the left panel indicate the region in which no smoothing is applied due to the higher S/N, i.e., effectively the central region.
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	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Stellar-to-total dynamical mass relation for our CALIFA galaxies in terms of the age-sensitive D4000n break measured at different annuli. Each panel corresponds to a different annuli with increasing galactocentric distance from left to right (see text). Galaxies are shown as circles colored-coded by the median D4000n measured within their corresponding annuli. Partial correlation coefficient strengths are shown in the bottom right corner (solid black lines) between the D4000n and M★ (vertical) and Mtot (horizontal). Grey solid lines have a length which corresponds to a correlation coefficient of 0.6 for reference. The direction of maximal increase of the stellar population parameters (see text) is indicated as a blue solid line.
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	[image: Thumbnail: Fig. D.1. Refer to the following caption and surrounding text.]	Fig. D.1. Age gradients as a function of stellar mass. Inner (left column), outer (middle column) and global (right column) gradients (as defined in section 4.2) for individual galaxies (circles) are color-coded with morphology (top row) and the M★/Mtot ratio (bottom row). For reference, the grey horizontal dashed line corresponds to zero.
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	[image: Thumbnail: Fig. D.2. Refer to the following caption and surrounding text.]	Fig. D.2. Metallicity gradients as a function of stellar mass. Inner (left column), outer (middle column) and global (right column) gradients (as defined in section 4.2) for individual galaxies (circles) are color-coded with morphology (top row) and the M★/Mtot ratio (bottom row). For reference, the grey horizontal dashed line corresponds to zero.
In the text





    
      Fig. 1. 

      
        [image: Fig. 1. Refer to the following caption and surrounding text.]
      

      
        Stellar-to-total dynamical mass relation for our CALIFA galaxies in terms of stellar population properties measured at different annuli. Each column corresponds to a different annulus with increasing galactocentric distance from left to right (see text). Galaxies are shown as circles color-coded by median ages (upper rows) and metallicities (bottom rows), measured within their corresponding annuli. Partial correlation-coefficient strengths are shown in the bottom right corner (solid black or green lines) between the stellar population parameters and M★ (vertical) and Mtot (horizontal). Black (green) lines correspond to statistically (not) significant partial correlation coefficients. Solid gray lines have a length corresponding to a correlation coefficient of 0.6 for reference. The direction of maximal increase of the stellar population parameters (see main text) is indicated as a solid blue line when both partial correlation coefficients are significant, while it is red if at least one of the two is not significant.

      

    

  
    
      Table 1. 

      Partial correlation coefficients for age and metallicity measured different radial annuli (r/Re).

      
        


	
	Age partial correlations
	Metallicity partial correlations



	
	




	
	ρAge − M*
	ρAge − Mtot
	ρMet − M*
	ρMet − Mtot





	r/Re < 0.5
	[image: Mathematical equation: $ 0.474^{+0.086}_{-0.104} $]***
	[image: Mathematical equation: $ -0.021^{-0.119}_{+0.079} $]ns
	[image: Mathematical equation: $ 0.560^{+0.080}_{-0.090} $]***
	[image: Mathematical equation: $ -0.159^{-0.111}_{+0.119} $]*



	0.5 ≤ r/Re < 1
	[image: Mathematical equation: $ 0.560^{+0.079}_{-0.090} $]***
	[image: Mathematical equation: $ -0.138^{-0.122}_{+0.128} $]*
	[image: Mathematical equation: $ 0.411^{+0.099}_{-0.110} $]***
	[image: Mathematical equation: $ -0.125^{-0.115}_{+0.125} $]*



	1 ≤ r/Re < 1.5
	[image: Mathematical equation: $ 0.611^{+0.076}_{-0.094} $]***
	[image: Mathematical equation: $ -0.275^{-0.115}_{+0.125} $]***
	[image: Mathematical equation: $ 0.326^{+0.114}_{-0.126} $]***
	[image: Mathematical equation: $ -0.055^{-0.135}_{+0.135} $]ns



	1.5 ≤ r/Re < 2
	[image: Mathematical equation: $ 0.450^{+0.150}_{-0.140} $]***
	[image: Mathematical equation: $ -0.227^{-0.173}_{+0.187} $]*
	[image: Mathematical equation: $ 0.152^{+0.178}_{-0.112} $]ns
	[image: Mathematical equation: $ 0.118^{+0.182}_{-0.048} $]ns





      

      
Notes. Partial correlation coefficients of age or metallicity and stellar and total mass. Quoted uncertainties correspond to the 95% confidence intervals, and significance levels are indicated according to the associated p-values: * * *p < 0.001, **p < 0.01, *p < 0.05, nsnot significant.



    

  
    
      Fig. 2. 

      
        [image: Fig. 2. Refer to the following caption and surrounding text.]
      

      
        Stellar population gradients across stellar-to-total dynamical mass relation. Galaxies are shown as circles color-coded by age gradient, ∇logAge, (upper panels), and metallicity gradient, ∇[M/H], (lower panels). Inner gradient (left panels), outer gradient (middle panels), and global gradient (right panels). Partial correlation coefficient strengths are shown in the bottom right corner (solid black or green lines) between the ∇logAge/∇[M/H] and M★ (vertical) and Mtot (horizontal). Black (green) lines correspond to statistically (not) significant partial correlation coefficients. Solid gray lines have a length that corresponds to a correlation coefficient of 0.6 for reference. The direction of maximal increase of the stellar population parameters (see text) is indicated as a solid blue line when both partial correlation coefficients are significant, while a red line is used if at least one of the two is not significant.

      

    

  
    
      Table 2. 

      Partial correlation coefficients for inner, outer, and global age and metallicity gradients.

      
        


	
	∇Age partial correlations
	∇[M/H] partial correlations



	
	




	
	ρ∇Age − M*
	ρ∇Age − Mtot
	ρ∇Met − M*
	ρ∇Met − Mtot





	Inner
	[image: Mathematical equation: $ 0.324^{-0.114}_{+0.107} $]***
	[image: Mathematical equation: $ -0.212^{+0.122}_{-0.118} $]***
	[image: Mathematical equation: $ -0.130^{+0.130}_{-0.112} $]*
	[image: Mathematical equation: $ 0.056^{+0.126}_{-0.124} $]ns



	Outer
	[image: Mathematical equation: $ 0.301^{-0.141}_{+0.130} $]***
	[image: Mathematical equation: $ -0.246^{+0.146}_{-0.134} $]***
	[image: Mathematical equation: $ -0.236^{+0.146}_{-0.134} $]**
	[image: Mathematical equation: $ 0.214^{-0.144}_{+0.136} $]**



	Global
	[image: Mathematical equation: $ 0.423^{-0.133}_{+0.117} $]***
	[image: Mathematical equation: $ -0.358^{+0.138}_{-0.122} $]***
	[image: Mathematical equation: $ -0.253^{+0.143}_{-0.138} $]***
	[image: Mathematical equation: $ 0.106^{-0.147}_{0.143} $]ns





      

      
Notes. Partial correlation coefficients of age or metallicity gradients and stellar and total mass. Quoted uncertainties correspond to the 95% confidence intervals, and significance levels are indicated according to the associated p-values: * * *p < 0.001, **p < 0.01, *p < 0.05, nsnot significant.



    

  
    
      Fig. 3. 

      
        [image: Fig. 3. Refer to the following caption and surrounding text.]
      

      
        Mean stellar-to-total dynamical mass relation for CALIFA. Galaxies are divided according to the position of the mean STDMR (solid black line). Galaxies above the mean relation are shown as red circles, and the ones below it are shown with blue circles.

      

    

  
    
      Fig. 4. 

      
        [image: Fig. 4. Refer to the following caption and surrounding text.]
      

      
        Scaling relations between age/[M/H] and stellar mass for galaxies with different positions with respect to mean STDMR. Scaling relations with age are shown in the upper panels and the ones with [M/H] are given in the bottom ones. Ages and [M/H] are measured within the inner (r/Re ≤ 1) and within outer regions (1 < r/Re ≤ 1.5) of the galaxies (left and right panels, respectively). For individual galaxies, median ages and [M/H] (computed within the corresponding annuli) are plotted as a function of stellar mass color-coded by their vertical offset with respect to the mean STDMR (in the STDMR plane). Median ages and [M/H] of the galaxies above and below the STDMR (see Fig. 3) are indicated with solid lines: red for galaxies above the mean STDMR and blue for the ones below.

      

    

  
    
      Fig. 5. 

      
        [image: Fig. 5. Refer to the following caption and surrounding text.]
      

      
        Scaling relations between age/[M/H] and total mass for galaxies at different radial annuli, with different positions with respect to the mean STDMR. Scaling relations with age are shown in the upper panels, and the ones with [M/H] in the bottom ones. Ages and [M/H] were measured within the inner (r/Re ≤ 1) and within outer regions (1 < r/Re ≤ 1.5) of the galaxies (left and right panels, respectively). For individual galaxies, median ages and [M/H] (computed within the corresponding annuli) are plotted as a function of total mass and color-coded by their vertical offset with respect to the mean STDMR (in the STDMR plane). Median ages and [M/H] of the galaxies above and below the STDMR are indicated with solid lines: red for galaxies above the mean STDMR and blue for the ones below it (see Fig. 3). To guide the eye, a halo mass conversion is reported in the upper axis (see text).

      

    

  
    
      Fig. 6. 

      
        [image: Fig. 6. Refer to the following caption and surrounding text.]
      

      
        Dependence on total mass and morphology of stellar population profiles in narrow stellar mass bin, log M★/M⊙ ϵ (10.6, 11.1]. Age (upper panels), [M/H] (middle panels), and μ★ (bottom panels) profiles are plotted as a function of galactocentric distance. Left column: Dependence on total mass. Profiles of individual galaxies are indicated with dashed lines color-coded according to their position with respect to the mean STDMR (red for galaxies above the mean relation, and blue for the ones below it). Median profiles of galaxies above and below the mean STDMR are shown as red and blue solid lines, respectively. By construction, galaxies above the relation (red) have lower total masses than galaxies below (blue). The caption indicates the median total mass and number of galaxies for both galaxy subsamples. Right column: Dependence on morphology. Median profiles of different morphological types are shown with different colors, and shaded regions indicate the 16th and 84th percentiles of the corresponding distributions. The caption indicates the median stellar-to-total mass of each galaxy subsample. For reference, 1 Re is indicated with a vertical dashed gray line in each panel.

      

    

  
    
      Fig. 7. 

      
        [image: Fig. 7. Refer to the following caption and surrounding text.]
      

      
        Illustration of proposed evolutionary scenarios corresponding to galaxies in upper STDMR (upper row) and lower STDMR (lower row). The sequence evolves from left to right, ending with the different present-day galaxy properties (on the right).

      

    

  
    
      Fig. A.1. 

      
        [image: Fig. A.1. Refer to the following caption and surrounding text.]
      

      
        Synthesized g-band images of NGC0234 derived from both the original datacube (left panel) and after applying the adaptive smoothing to the datacube (right panel). The white contours in the left panel indicate the region in which no smoothing is applied due to the higher S/N, i.e., effectively the central region.

      

    

  
    
      Fig. B.1. 

      
        [image: Fig. B.1. Refer to the following caption and surrounding text.]
      

      
        Stellar-to-total dynamical mass relation for our CALIFA galaxies in terms of the age-sensitive D4000n break measured at different annuli. Each panel corresponds to a different annuli with increasing galactocentric distance from left to right (see text). Galaxies are shown as circles colored-coded by the median D4000n measured within their corresponding annuli. Partial correlation coefficient strengths are shown in the bottom right corner (solid black lines) between the D4000n and M★ (vertical) and Mtot (horizontal). Grey solid lines have a length which corresponds to a correlation coefficient of 0.6 for reference. The direction of maximal increase of the stellar population parameters (see text) is indicated as a blue solid line.

      

    

  
    
      Fig. D.1. 

      
        [image: Fig. D.1. Refer to the following caption and surrounding text.]
      

      
        Age gradients as a function of stellar mass. Inner (left column), outer (middle column) and global (right column) gradients (as defined in section 4.2) for individual galaxies (circles) are color-coded with morphology (top row) and the M★/Mtot ratio (bottom row). For reference, the grey horizontal dashed line corresponds to zero.

      

    

  
    
      Fig. D.2. 

      
        [image: Fig. D.2. Refer to the following caption and surrounding text.]
      

      
        Metallicity gradients as a function of stellar mass. Inner (left column), outer (middle column) and global (right column) gradients (as defined in section 4.2) for individual galaxies (circles) are color-coded with morphology (top row) and the M★/Mtot ratio (bottom row). For reference, the grey horizontal dashed line corresponds to zero.
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