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Abstract

I review the spatially resolved spectroscopic properties of low-redshift
star-forming galaxies (and their retired counterparts) using results from the
most recent optical integral field spectroscopy galaxy surveys. First, I briefly
summarize the global spectroscopic properties of these galaxies, discussing
the main ionization processes and the global relations described by the
star-formation rates, gas-phase oxygen abundances, and average properties
of their stellar populations (age and metallicity) in comparison with the
stellar mass. Second, I present the local distribution of the ionizing pro-
cesses down to kiloparsec scales, and I show how the global scaling relations
found using integrated parameters (like the star-formation main sequence,
mass–metallicity relation, and Schmidt–Kennicutt law) have local/resolved
counterparts, with the global ones being, for the most part, just integrated/
average versions of the local ones. I discuss the local/resolved star-formation
histories (SFHs) and chemical-enrichment histories and their implications
on the inside-out growth of galaxies. Third, I present the radial distributions
of the surface densities of the properties explored globally and how they
depend on the integrated galaxy properties.

In conclusion, I find that the evolution of galaxies is mostly governed by
local processes but clearly affected by global ones:
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� Many global scaling relations present resolved counterparts (verified down to kiloparsec
scales) that can explain them as well as the observed radial gradients in galaxies.

� These relations are consequences of the local SFHs, the narrow range of the depletion times,
and a local metal enrichment.

� Deviations from these relations are due to dynamical and mixing processes, local exchange
of gas (inflows, outflows, and fountains), depletion time differences, and/or differences in
the resolved SFHs.

� Ionization happens at local scales that may be driven by different physical processes, and it
cannot be clearly understood using purely integrated quantities. The dominant ionization
in galaxies has a stellar origin.
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1. INTRODUCTION

The formation of stars from gas is one of the physical processes that contributes more deeply
to shape our Universe. Without the ignition of the thermonuclear reactions that power stars, it
would be impossible to conceive our physical world.There would be no chemical elements besides
hydrogen and helium (and traces of lithium), no complex chemical compounds, no rocky planets,
and no life. Therefore, the study of the conditions required to form stars is of key importance to
understanding our existence. The birth of stars is governed by detailed physical laws, and given
some particular conditions of gas density, pressure, and metallicity, their ignition is triggered (e.g.,
Bonnell et al. 1998). However, when large stellar populations are considered (M∗ ∼ 104 M�), star
formation (SF) is regulated by statistical laws that correlate with the main observed properties,
like the neutral gas density and the star-formation rate (SFR), averaged over hundreds of parsecs
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forming stars
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distributed among and
beyond stars

or kiloparsecs scales across the galaxies (e.g., Kennicutt 1998b). In this context it is relevant to un-
derstand whether these laws are the same for all galaxy types or depend on either local (kiloparsec
scales or the scale of molecular clouds) or global properties of the galaxies in which SF happens.

All galaxies formed stars in early cosmological times, and in general the SFR was higher in the
past both in individual galaxies (e.g.,Heavens et al. 2004, Speagle et al. 2014) and averaged over the
entire population (e.g.,Madau&Dickinson 2014).However, at low redshift and at least up to z∼ 1,
galaxies present a clear bimodality regarding their SFRs: (a) those that are more actively forming
stars [defined broadly as star-forming galaxies (SFGs)], and (b) those that present little or no star-
forming activity [defined broadly as passive, quenched, or retired galaxies (RGs); e.g., Stasińska
et al. (2008)]. These two groups are well separated in different diagrams that compare either the
current SFR or proxies of the age of the stellar population with the integrated stellar mass or
absolute magnitude, like the SFR versus mass diagram (SFR–M∗, e.g., Renzini & Peng 2015), the
color–magnitude diagram (e.g., Bell et al. 2004), or the D4000–mass diagram (e.g., Blanton &
Moustakas 2009; where D4000 is an age tracer). In addition, this bimodality is strongly correlated
with the morphological, structural, and dynamical properties of the galaxies (e.g., Drory & Fisher
2007, Blanton & Moustakas 2009, Graham et al. 2018). In general, SFGs are late-type galaxies
(LTGs) and disk dominated (e.g., Brinchmann et al. 2004), whereas RGs are usually early type and
bulge dominated (e.g., Drory & Fisher 2007). Additionally, we know that the masses of early-type
galaxies at low redshift have grown by at least a factor of two in the past ∼8 Gyr (e.g., Bell et al.
2006); however, they show little or no significant SF during the same time period (e.g., López
Fernández et al. 2018, Sánchez et al. 2019a). This implies that there should be a population of
galaxies transitioning from SFGs to RGs. This event may last only a few gigayears, and it involves
profound morphological and structural transformation of those galaxies, as well as dramatic aging
of their average stellar populations. Broadly speaking, this process is known as quenching or rapid
halting of SF activity (e.g., Casado et al. 2015, Saintonge et al. 2016). Beside that dramatic process,
current SFGs have steadily decreased their SFRs along the same time period, showing slightly
older stellar populations on average—it is a smooth process generally known as aging (e.g.,Casado
et al. 2015).

Our understanding of nearby galaxies and their evolution has deeply improved since the advent
of large imaging surveys with the addition of single-fiber spectroscopy for a lower number of ob-
jects [e.g., Sloan Digital Sky Survey (SDSS), York et al. (2000); Galaxy and Mass Assembly survey
(GAMA), Driver et al. (2009)]. These surveys provide us with multiband imaging and photometry
of millions of galaxies and spectroscopy for hundreds of thousands of them.The main results pro-
duced by these massive data sets were reviewed by Blanton &Moustakas (2009), who described in
detail the physical properties of these galaxies, including their global distributions in luminosity,
stellar population, and molecular and atomic gas and their corresponding mass/luminosity func-
tions, for different environments. Despite the huge amount of information and the step forward
introduced by these surveys, they posed a severe limitation: They do not provide resolved spectro-
scopic information.Galaxies have long been known to be spatially extended objects, with observed
properties that vary across their optical extent (e.g., Hubble 1926, 1936).Many of these properties
vary systematically as a function of position relative to the galaxy center, and radial gradients have
been studied for decades in both the gas and stellar population content (e.g., Pagel & Edmunds
1981, Peletier 1989). Therefore, characterizing galaxies by single-aperture spectra or spatially re-
solved multiband photometry imposes severe limitations in both describing their properties and
understanding the evolution that shaped them.

This is particularly important in (a) the study of the variation of the physical properties
of the interstellar medium (ISM), (b) the detailed understanding of the composition of the
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stellar populations across the optical extension of galaxies, and (c) the analysis of the kinematic
properties and dynamical state of galaxies. Properly addressing these issues requires spatially
resolved spectroscopic information that includes a substantial fraction of the optical extension of
galaxies for a large, well-defined, statistically significant sample that covers the widest range
of galaxy populations in different properties (e.g., masses, colors, morphologies, etc.). The advent
of wide-field and multiplexed integral field units (IFUs) in the past decade has allowed us to
perform these studies in an efficient way, making it possible to observe large samples of galaxies
and leading to the first generation of optical integral field spectroscopy (IFS) galaxy surveys
(IFS-GSs).

In this review, I summarize our current knowledge of the spatially resolved spectroscopic
properties of low-redshift galaxies on the basis of the results of the most recent IFS-GS. I focus
on SFGs, although I also present the properties of their retired counterparts, as a necessity to
discuss our knowledge about what triggers and halts SF. This review is therefore focused on the
cycle of birth, evolution, and death of stars from a statistical point of view. I summarize the main
results on the distributions of stellar populations and properties of the ionized ISM and their
interconnections. First, I present the main global properties of galaxies and focus on those aspects
to later present the spatial distributions of the same properties. Finally, I present the local scaling
laws that we think rule the SF and enrichment processes in galaxies. I do not address in this review
the morphological and photometric properties of galaxies or any results that could be derived
using only photometric or integrated spectroscopic data (see Blanton & Moustakas 2009 for a
review on the topic). The kinematic properties and the dynamical stage of galaxies are also not
addressed (see Cappellari 2016 for a review on this topic). For a more detailed exploration of the
emission-line properties of galaxies, I refer the reader to the recent review by Kewley et al. (2019).

2. DATA

The results shown in this review are extracted from the most recently published analysis on IFS-
GS data. Instead of using published figures, I recreate the results based on a compilation of IFS
data sets that combine data from four different surveys: AMUSING++ (Galbany et al. 2016),
CALIFA (Sánchez et al. 2012a), MaNGA (Bundy et al. 2015), and SAMI (Croom et al. 2012). It is
beyond the scope of this article to review in detail the different IFS-GSs. Nevertheless, I present
a summary of their properties in Appendix A, describing the number of galaxies sampled by each
survey and the differences in spatial and spectral resolution. Despite the big differences in the
nature of these surveys, particularly in terms of the covered area for the sampled galaxies and the
spatial and spectral resolution, all of them provide spatially resolved spectroscopic information for
statistically significant and large samples of galaxies mostly located at z ∼ 0.01–0.06. All together,
the adopted compilation comprises 8,177 galaxies. That is, so far, the largest compilation of IFS
data. A summary of the properties of this compilation is included in Appendix A and distributed
in Supplemental Figures 1–8.1

In this review, I use this full sample to describe global properties when required. To present
the spatially resolved or radial properties, I selected a subset of this sample comprising only those
galaxies/datacubes having stellar masses within 106–1013 M� and redshift ranges of 0.005 < z <

0.05 and fulfilling the following criteria: (a) the IFS data cover at least 1.5 Re of the galaxy; (b) the
galaxy is well resolved [meaning the effective radius (Re) is larger than 5 arcsec, since most of the
IFS-GSs have a typical spatial resolution of FWHM ∼ 2.5 arcsec]; (c) the galaxy is not highly

1Materials in addition to Supplemental Figures 1–8 are also available at http://ifs.astroscu.unam.mx/
ARAA/.
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Spaxel (spatial pixel):
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AGN (active galactic
nucleus): a compact
region in a galaxy’s
center powered by the
gas accretion of a
supermassive black
hole, with a blue and
hard ionizing spectrum

Post–asymptotic
giant branch
(post-AGB): low- and
intermediate-mass
stars in their final
evolution period,
going rapidly from the
AGB toward the white
dwarf phase

HOLMES (hot
low-mass evolved
stars): stars mostly in
the post-AGB or white
dwarf phase

inclined (i.e., ellipticity, ε < 0.75); and (d) the field of view (FoV) of the IFS data covers at least
25 arcsec projected in the sky (i.e., sampling at least 2.5 Re). This subsample comprises 1,494
galaxies with the best compromise between spatial resolution and sampled IFS data (the sharing
among the considered IFS-GSs is listed inTable 1). To homogenize the data set as much as possi-
ble, I make use of the data products provided by the same analysis pipeline, Pipe3D (Sánchez et al.
2016a,b). This pipeline extracts the main spectroscopic properties of the galaxies, integrated-,
radial-, and spaxel-wise, including: (a) the composition and kinematic properties of the stellar
population, providing the star-formation histories (SFH) and chemical-enrichment histories
(ChEHs), and main average/integrated properties (stellar mass, age, [Z/H], dust attenuation),2

together with the velocity and velocity dispersion; (b) the main properties of several emission
lines within the considered wavelength range (flux, velocity, velocity dispersion, and equivalent
width); (c) a set of high-order physical parameters, like the ISM oxygen abundance derived using
different calibrators, the dust attenuation, estimations of molecular gas content, etc. Full details
of the delivered products are provided in some recent articles [e.g., Ibarra-Medel et al. 2016,
2019; Sánchez et al. 2018]. Pipe3D is just one of the different pipeline/tools developed in recent
years with the goal of analyzing IFS data (e.g., PyCASSO, LZIFU, MaNGA DAP; Ho et al. 2016, de
Amorim et al. 2017, Belfiore et al. 2019b, respectively). In most cases, this pipeline produces the
same or very similar results to those published in the reviewed articles (based in many cases on
the tools listed above or similar ones). Cases of significant differences or lacking consensus are
highlighted as much as possible.

3. GLOBAL PROPERTIES OF GALAXIES

Recent reviews dealing with the description of the current knowledge of the integrated/global
properties of galaxies in the near Universe are based mostly on single-aperture spectroscopic data
combined with broad-band imaging photometry (e.g., Blanton&Moustakas 2009). In this section,
I summarize the main integrated properties and relations that are relevant for the main scope of
this review, i.e., the local/resolved properties and relations.

3.1. What Ionizes Gas in Galaxies?

The ISM in galaxies is observed in the optical range by the emission lines produced by either
recombination or radiative de-excitation of collisionally excited levels. To produce emission lines,
the gas should be first ionized by high-energy photons (of at least 13.6 eV) emitted by either stars
(young and old) or active galactic nuclei (AGNs; e.g.,Osterbrock 1989), or generated by the energy
dissipation in a shock front traveling through the ISM (e.g., Veilleux & Osterbrock 1987, Veilleux
et al. 2005). All four different sources of ionization may be present in a single galaxy: (a) regions
ionized by young OB stars residing in Hii regions (Strömgren 1939), associated with star-forming
areas (like spiral arms; e.g., Baldwin et al. 1981); (b) regions ionized by old stars, post-AGB stars,
or HOLMES (e.g., Binette et al. 1994, Flores-Fajardo et al. 2011), associated with retired regions
in galaxies (e.g., Singh et al. 2013, Gomes et al. 2016a); (c) AGN ionization, mostly concentrated
in the central regions (e.g., Husemann et al. 2010, 2014; although the extension depends on the
AGN luminosity); and (d) shock ionization, driven by either AGN or SF outflows (e.g., Heckman
et al. 1990, Bland-Hawthorn 1995, López-Cobá et al. 2017b), or driven by low-density gas (e.g.,
Dopita et al. 1996, Kehrig et al. 2012, Cheung et al. 2016). Because the source of ionization is
always local, and not global, it is always misleading to describe the ionized gas of a galaxy by

2A Salpeter (1955) IMF was also adopted here.
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Figure 1

Distribution showing the classical [Oiii]/Hβ versus [Nii]/Hα diagnostic diagram, known as the BPT
(Baldwin et al. 1981) diagram, where each of the 8,177 galaxies included in the adopted compilation
contributes as a single point. Color-coding indicates the average equivalent width of Hα across the field of
view of each datacube in decimal logarithm scale. Contours represent the density of galaxies, with contours
indicating 95%, 50%, and 10% of the points. In all panels, the solid line represents the location of the
Kewley et al. (2001) boundary line, with the separation between Seyferts and LINERs indicated by a dashed
line. Finally, the dotted line represents the location of the Kauffmann et al. (2003) demarcation line. The full
sample is shown in the upper-left panel, and subsequent panels show a subsample of galaxies segregated by
morphology (from left to right) and stellar mass (from top to bottom), with the covered ranges labeled in the
top- and left-most panels. Abbreviation: BPT, Baldwin–Phillips–Terlevich; LINERS, low-ionization nuclear
emission-line regions.

average or integrated properties. A galaxy is never only an SFG, an RG, an AGN, or an outflow.
A galaxy may present, locally, star-forming and/or post-AGB ionization, and it may host an AGN
and exhibit outflows that are able to ionize the gas via shocks. Therefore, the classification for the
source of ionization in a galaxy should be local and may require spatially resolved information of
the emission-line diagnostics. Furthermore, as postulated by different authors (e.g., Stasińska et al.
2008, Cid Fernandes et al. 2010, Papaderos et al. 2013, Sánchez et al. 2014, Lacerda et al. 2018),
classification may require some knowledge of the properties of the underlying stellar population
and even the spatial distribution of the ionized gas structure (e.g., López-Cobá et al. 2019). Based
on all those results, I present a practical scheme for classifying the ionization in Appendix B.

Figure 1 shows the BPT (Baldwin–Phillips–Terlevich; Baldwin et al. 1981) diagram for the
global [Oiii/Hβ] and [Nii]/Hα line ratios, averaged along the entire FoV of the IFU data for each
galaxy.The plot is color-coded by the average EW(Hα) [i.e., equivalent width (Hα)] of each galaxy.
I present the distribution for the full compilation of galaxies adopted in this review, segregated by
both mass and morphology in the different panels. Thus, each galaxy contributes as a single point
in each panel, and it is characterized by a single pair of the considered line ratios (like in Kauffmann

104 Sánchez



HII regions:
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et al. 2003). In addition, I include the classical demarcation lines that are usually adopted to classify
the main ionizing processes (Kewley et al. 2001, Kauffmann et al. 2003). Line ratios on the left
side of the figure, with high EW(Hα), are usually associated with ionization by young stars, and
therefore are related to SF processes (Hii regions). In contrast, the right side of the figure (above
the considered demarcation lines) is associated with hard ionization that could be due to AGNs
or shocks (high EWs) or ionization by old stars (e.g., post-AGBs, with low EWs).

Although it is clear that ionization has a local nature, there are clear trends between the global
properties of galaxies (e.g., stellar mass, morphology, etc.) and the dominant ionizing source (e.g.,
Kauffmann et al. 2003). This is shown in Figure 1: More massive/early-type galaxies show a
stronger contribution of ionization due to old stars, whereas less massive/later-type galaxies have
a stronger presence of ionization due to young stars. This reflects the known evolution of galax-
ies, because more massive/early-type galaxies formed stars earlier in the cosmological time (e.g.,
Pérez-González et al. 2008, Thomas et al. 2010, González Delgado et al. 2014b), and therefore
they have a larger fraction of old stars (e.g., González Delgado et al. 2016). Finally, AGNs are
more frequently found in massive galaxies, either early-type galaxies (e.g., Kauffmann et al. 2003)
or early spirals (e.g., Schawinski et al. 2010, Sánchez et al. 2018). A more detailed discussion on
the ionization processes in galaxies and the use of emission lines to explore their evolution was
recently presented by Kewley et al. (2019).

3.2. SFR–M∗ Diagram and the Star-Formation Law

SFGs are those in which the main ionizing source is the vast presence of OB stars, directly con-
nected with recent SF due to their short lifetimes (e.g., Pozzetti et al. 2010). On the contrary, RGs
are those with a lack of ionized gas or with gas ionized by old stars and in which there is little (e.g.,
Gomes et al. 2016b) or no SF (e.g., Stasińska et al. 2008, Cid Fernandes et al. 2010). In general,
there are no galaxies (or very few) where the ionization is dominated by shocks induced by outflows
in the considered redshift range (e.g., López-Cobá et al. 2019). An interesting counterexample is
the case of the filamentary or biconical ionized gas detected in weak AGNs and radio galaxies
(already observed using narrow-band images in cD galaxies decades ago, e.g., M87; Jarvis 1990).
Kehrig et al. (2012), using CALIFA data, first proposed that the ionization in these structures (and
indeed across all the optical extensions of these galaxies) is dominated by shocks. Cheung et al.
(2016) proposed them as a new type of objects (named red geysers), and their connection with
radio sources was revisited recently by Roy et al. (2018). However, those galaxies comprise less
than 4% of the total elliptical ones (i.e., less than 1% of the total galaxy population), as shown by
López-Cobá et al. (2020). Finally, AGN ionization may dominate the integrated properties of the
emission lines in galaxies, particularly at the central regions. Thus, some galaxies are classified as
AGNs, although AGN hosts is a better term (e.g., Kauffmann et al. 2003).

When the SFR derived using the dust-corrected Hα luminosity of a galaxy (or any other SFR
estimator like UV or FIR luminosities; e.g., Catalán-Torrecilla et al. 2015) is plotted along the
stellar mass (M∗), the two populations of SFGs and RGs are clearly distinguished [and indeed well
separated by the average value of the EW(Hα), with 3–6 Å being a clear boundary; e.g., Stasińska
et al. 2008]. This is clearly demonstrated in Figure 2, where I present the SFR–M∗ diagram for
the galaxies in the current compilation.

The distribution of SFGs is well characterized by a log-linear, tight relation, observed between
the SFR and M∗. This relation, known as the star-formation main sequence (SFMS) of galaxies,
has been well studied using both single-aperture and IFS data at low redshift (e.g., Brinchmann
et al. 2004, Daddi et al. 2007, Elbaz et al. 2007, Noeske et al. 2007, Catalán-Torrecilla et al. 2015,
Gavazzi et al. 2015, Renzini & Peng 2015, Cano-Díaz et al. 2016, Sánchez et al. 2018). In general,
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Figure 2

SFR–M∗ diagram for all the galaxies included in the integral field spectroscopy compilation presented in this
review (far-left panel), and subsequent panels show different subgroups segregated by morphology, from
more early types to more late types, from left to right. All panels represent the distribution adopting the SFR
estimated based on the dust-corrected integrated Hα luminosity following Sánchez et al. (2018). In each
panel, the contours correspond to the density of points, with each contour including 95%, 50%, and 10% of
the points. In all panels, the decimal logarithm of the equivalent width of Hα is color-coded, following the
same code as that shown in Figure 1. Finally, the green circles in each panel show the location of the
optically selected AGNs (as selected in Sánchez et al. 2018). Abbreviation: SFR, star-formation rate.

the SFMS has a scatter of ∼0.2–0.3 dex in SFR at any redshift, with a slope slightly smaller than
one at low redshift,∼0.8 dex/log(M∗). The SFMS presents a clear evolution in the zero point that
increases with redshift (e.g., Speagle et al. 2014, Rodríguez-Puebla et al. 2016). By con-
trast, RGs are distributed well below the SFMS, following a loose relation with the M∗
(or a cloud), broadly corresponding to the location expected for an EW(Hα) ∼ 1 Å (e.g.,
Stasińska et al. 2008). In between the two groups, there is an area with a much lower num-
ber density of galaxies, known as the green valley (GV). Galaxies in the GV (or GVGs)
are considered in transit between SFGs and RGs, and their limited number has been in-
terpreted as a consequence of a fast process transforming the former to the latter (e.g.,
Bell et al. 2004, Faber et al. 2007, Schiminovich et al. 2007). More recently, AGN hosts
were found located in the GV of the SFR–M∗ diagram (e.g., Torres-Papaqui et al. 2012,
Schawinski et al. 2014, Cano-Díaz et al. 2016, Sánchez et al. 2018), as shown in Figure 2.
Actually, their distribution is spread from the SFMS toward the RGs cloud, covering mostly the
GV, and sharing many properties with GVGs (e.g., Sánchez et al. 2018). This result suggests that
there is a connection (or coevolution) between the AGN activity and the quenching of SF in
galaxies.

The key ingredient of SF is cold gas, from which stars are formed (see, e.g., Kennicutt & Evans
2012,Krumholz et al. 2012). Indeed, Schmidt (1959) already suggested a relation between the SFR
and the interstellar gas volume density. This relation was later observed as a relation between the
surface densities of both quantities, and it is known as the Schmidt–Kennicutt (SK) or SF law
(Kennicutt 1998a). This relation is maintained at kiloparsec scales only for the molecular gas (e.g.,
Kennicutt et al. 2007, Bigiel et al. 2008, Leroy et al. 2013, and references therein). It is beyond the
scope of this review to explore in detail the global SK law and the detailed connection of cold gas
with the SF process. However, for the sake of understanding the local processes described later, I
should indicate that RGs present a clear deficit of both atomic and molecular gas (e.g., Saintonge
et al. 2016, Calette et al. 2018). Thus, the lack of cold gas seems to be the primary reason for
the limited SFR (if any). How this deficit of gas is connected to the presence of an AGN is a
topic of study, with both heating and removal being the main explanations invoked through the
so-called negative feedback (e.g., Silk 1997). Indeed, there are other possible sources of low gas
content, related to gas interactions, harassment, and stripping more related to external processes
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(e.g., Poggianti et al. 2017). Finally some galaxies may have consumed all the available gas in the
surrounding intergalactic medium, but this is far less probable (e.g., Tumlinson et al. 2017).

However, even for the same amount of cold gas, galaxies may present a different star-formation
efficiency, SFE = SFR / Mgas (e.g., Saintonge et al. 2011), or different scaling factors between
the two parameters involved in the SK law (e.g., Elmegreen et al. 2007). Indeed, Colombo et al.
(2018) show that SF is less efficient in more early-type galaxies, aside from the fact that they have
less molecular gas. In summary, the lack of gas is the primary driver for the halting of SF, but a
secondary cause involves a decline in the SFE.

3.3. Gas Phase Mass–Metallicity Relation

Metals are produced as a result of the thermonuclear reactions that make stars shine and during
their supernova explosion phases (when it happens).3 After their deaths (and during their lifetimes
too, e.g., Yates et al. 2012), metals are expelled to the ISM, polluting it and enriching the next
generations of stars.Therefore, themetal content in the ISM is a tracer of the previous generations
of stars, modulated by the gas inflow, outflow, and depletion processes. Oxygen is particularly
interesting, being the most abundant metallic element (and the most frequent element after H
and He; e.g., Peimbert et al. 2007). Being an α element, it is expelled mostly by core-collapsed
supernovae (SNe) generated by the death of short-lived massive stars, and therefore its relative
enrichment is tightly related to last SF events. Consequently, it is both a tracer of the overall
chemical evolution of galaxies, being a by-product of SF, and a local proxy of how different the SF
activity is. It is also modulated by the inflow/outflow of gas in different regions within a galaxy:
Gas infalling toward a galaxy is generally more pristine (less metal rich), and gas that is outflowing
is generally metal rich (polluting the gas halo).

Averaged across the optical extension of a galaxy, the oxygen abundance correlates with the in-
tegrated stellar mass. This relation, known as theMZ-relation orMZR (mass–metallicity relation;
although a more correct name should be theM∗–O/H relation), connects the two main products
of SF integrated along cosmic time. Known for decades (e.g., Vila-Costas & Edmunds 1992), it
was originally expressed also as a luminosity–O/H relation (e.g., Garnett 2002). Tremonti et al.
(2004) made the first systematic exploration of this relation using a statistically large and signifi-
cant sample of galaxies, showing that the two parameters exhibit a tight relation, with a dispersion
lower than ∼0.1 dex, covering more than four orders of magnitude in M∗. More recent analy-
sis reduces this scatter to ∼0.05 dex (e.g., Barrera-Ballesteros et al. 2017). Figure 3 shows the
distribution along theM∗–O/H diagram for the full sample of galaxies considered in this review,
using a particular calibrator. The shape of the MZR is clearly shown. A full exploration of the
differences reported when using different calibrators was discussed by Kewley & Ellison (2008),
and more recently revisited by Barrera-Ballesteros et al. (2017), Sánchez et al. (2017, 2019b), and
Curti et al. (2019). The MZR presents an almost linear regime for M∗ < 1010 M�, flattening in
the range of 1010–1010.5 M�, and reaching a plateau for more massive galaxies. The extension of
the linear regime, i.e., the location of theM∗ knee, and the actual asymptotic value depend on the
adopted calibrator or procedure used to measure the oxygen abundance (e.g., Barrera-Ballesteros
et al. 2017), and the initial mass function (IMF; Salpeter 1955) adopted in the derivation ofM∗.2

However, the shape is almost universal both in the nearby Universe (e.g., Kewley & Ellison 2008;
Sánchez et al. 2017, 2019b) and at different redshifts (e.g., Erb et al. 2006, Erb 2008, Henry et al.
2013, Salim et al. 2015). It is worth noticing here that this relation is not very well explored at
very low masses, and some authors have reported a change in the slope of flattening in the very

3Apart from traces of primordial Li and maybe Be produced in the Big Bang nucleosynthesis.
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Figure 3

Gas-phase MZR for the collection of integral field spectroscopy–observed galaxies considered in this review
with abundances measured at the effective radius (∼4,600 galaxies). All panels correspond to the MZR
derived using the t2 calibrator (defined in Sánchez et al. 2019b). The left-most panel shows the distribution
for all the galaxies, with similar distributions segregated by morphology shown in subsequent panels, from
earlier types to later ones from left to right. Like in Figure 2, the distributions are shown as density
contours, with contours indicating 95%, 50%, and 10% of the points. Finally, the color indicates the mean
value of the EW(Hα) for all galaxies contributing to each point in the distribution, following the same code
as that shown in Figure 1. Abbreviation: MZR, mass–metallicity relation.

low-mass regime (∼106−8 M�), which should be confirmed in future explorations (e.g., Blanc et al.
2019, Sánchez et al. 2019b).

At low stellar masses the linear relation between the two parameters is interpreted as a direct
consequence of the SFH in galaxies, which is dominated at this regime by a consistent growth of
both parameters as integrals of the SFR (modulated by the effective yield in the case of O/H).This
regime of the relation indicates that the evolution does not depart toomuch from that predicted by
a closed-box model (e.g., Pilyugin et al. 2007). However, I should note here that a pure closed-box
model is known to be unable to reproduce the metallicity distribution of stars even in the Solar
Neighborhood (e.g., Pagel & Patchett 1975); this is long-standing result known as the G-dwarf
problem (e.g., McWilliam 1997). This is just one of a plethora of observations that the simple
closed-box model is unable to reproduce. Furthermore, open models, including both inflows and
outflows, can of course reproduce the observed linear trend too, if they compensate for each other
(e.g.,Trayford&Schaye 2019).However, it is the simplestmodel that reproduces the linear regime
of the MZR.

Larger discrepancies are found in the asymptotic regime, in which an increase in the stellarmass
does not produce a significant increase in the oxygen abundance. Tremonti et al. (2004) already
interpreted this flattening as a result of galactic outflows that regulate the oxygen abundance (by
removing metal-rich gas from galaxies). Different studies support this interpretation (e.g., Davé
et al. 2011,Lilly et al. 2013,Belfiore et al. 2016,Weinberg et al. 2017).An alternative interpretation
is that gas inflow can produce a similar shape for the MZR (e.g., Sánchez Almeida et al. 2014),
with the asymptotic value being a natural consequence of the maximum amount of oxygen that
can be produced by stars, i.e., the yield. Pilyugin et al. (2007) already showed that the observed
asymptotic value is compatible with the yield predicted by a closed-box model for a gas fraction
fgas ∼ 5–10%, assuming a value of the oxygen abundance derived using calibrators anchored to the
direct method. However, recent studies indicate that gas outflows are still required to reproduce
the observed shape (e.g., Barrera-Ballesteros et al. 2018). I should stress here that the dominant
process driving the outflows must be different in different stellar mass regimes: SFR-driven ones
would be far more important at low stellar masses, whereas AGN-driven ones should dominate
the high stellar mass range.
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More controversial is the presence of a secondary relation between the MZR and the SFR
(once removed, the primary relation is between O/H and M∗). In most cases it is described as a
trend in which galaxies with larger SFRs at a fixed mass present a lower metallicity. Ellison et al.
(2008) first reported the existence of this secondary relation, which was later proposed as (a) a
modification of the stellar mass by a parameter that includes both this mass and the SFR (known as
the fundamental mass–metallicity relation or FMR; e.g., Mannucci et al. 2010), (b) a fundamental
plane involving the three parameters (known as the mass–metallicity–SFR fundamental plane;
e.g., Lara-López et al. 2010), or (c) a dependence of the residuals of the primary relation with the
SFR or the sSFR (specific SFR; e.g., Salim et al. 2014). Both galaxy inflows and outflows have
been proposed to explain the secondary relation (e.g., Sánchez Almeida & Sánchez-Menguiano
2019). The existence of this secondary relation has been questioned by studies based on IFS data
(e.g., Sánchez et al. 2013, 2018, 2019b; Barrera-Ballesteros et al. 2017), contrary to most of the
previous studies based on single-aperture spectroscopic surveys (e.g., the Sloan Digital Sky Survey
or SDSS). In some cases, the existence or not of the FMRdepends on the interpretation of the data,
as shown by the reanalysis of the IFS data presented by Salim et al. (2014) and Cresci et al. (2019).
For most of the studies that claim that there is no FMR, the main parameter used to determine its
presence or absence is the significant reduction of the global dispersion of the residual with respect
to the average relation when introducing the secondary relation (e.g., figure 9 of Sánchez et al.
2019b). However, for those claiming there is an FMR, the main argument is the difference in the
shape of the MZR for different ranges of SFR.4 It is beyond the scope of this review to enter into
this discussion, which has been addressed in more detail recently byMaiolino &Mannucci (2019).
Nevertheless, following Barrera-Ballesteros et al. (2017), I note that with the current compilation
of data no decrease is appreciated in the dispersion around the MZR when introducing a possible
secondary relation with the SFR.

3.4. Age and Metallicity Distributions in Galaxies

Galaxies present a clear bimodal distribution in many different properties that are likely physically
connected. In particular, they present a clear bimodality in the SFR–M∗ diagram discussed in
Section 3.2, which is directly connected with the morphological segregation between early- and
LTGs already introduced by Hubble (1926). This bimodality has been more frequently explored
using color–magnitude diagrams (CMDs; e.g., Strateva et al. 2001, Bell et al. 2003, Blanton
et al. 2003), with early-type galaxies/RGs located along a well-defined region known as the red
sequence, and LTGs/SFGs distributed in the so-called blue cloud (as nicely reviewed by Blanton
& Moustakas 2009). A more physically motivated version of the CMD is the light-weighted
age–M∗ diagram, in which galaxies clearly show a sharp bimodal distribution [e.g., Gallazzi et al.
2005, 2008; Sánchez et al. 2018]. This diagram shows that early-type galaxies (E/S0) are strongly
dominated by a very old stellar population of ∼10 Gyr having a narrow distribution of ages. This
is a direct consequence of a SFH dominated by a strong burst at early cosmological times (e.g.,
Panter et al. 2003, Thomas et al. 2005, García-Benito et al. 2017), which is frequently modeled
with a single burst of SF. On the contrary, late-type spirals (Sc/Sd) contain a considerable fraction
of old stars, of similar or slightly lower ages, but with a substantial amount of stars younger than
1 Gyr, and a much wider range of stellar ages. Again, this indicates a smoother evolution (e.g.,
López Fernández et al. 2016, García-Benito et al. 2017, Sánchez et al. 2019a) and a wider variety
of SFHs (e.g., Ibarra-Medel et al. 2016). As expected, early-type spirals (Sa/Sb) present mixed
behavior. Their oldest populations have ages similar to those of the early-type galaxies. However,

4See Curti et al. (2019) for a counterexample.
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they contain a considerable fraction of young stellar populations too, with ages similar to those
of the late-type spirals.

Contrary to the global stellar age, stellar metallicity ([Z/H]∗) does not show any clear evidence
of a bimodal distribution, showing a smooth relationwithM∗ (e.g.,Gallazzi et al. 2005,Panter et al.
2008,Vale Asari et al. 2009,González Delgado et al. 2014a, Sánchez et al. 2018). Stellar metallicity
is a by-product of the SF process. However, contrary to the gas phase abundance, which increases
with each generation of new massive stars that form (and die), modulated by inflows and outflows,
stellar metallicity traces the metal content in the surviving stars (i.e., those of intermediate and low
mass). Therefore, its interpretation and the relation with the stellar mass is less evident than that
of the oxygen abundance. By contrast, the derivation of the stellar metallicity depends strongly
on the data used (photometry/spectroscopy, wavelength range, etc.) and the method adopted to
explore the stellar populations: full fossil records, SFHs, and ChEHs adopted or not, comparison
with single stellar populations (SSPs), inclusion or not of the [α/Fe] relative abundances, etc. (e.g.,
Walcher et al. 2011, Conroy 2013). Despite these caveats the lack of bimodality indicates that the
quenching process does not affect the metal enrichment significantly, which, in any case, is frozen
to the average metallicity from former SF processes.

4. RESOLVED PROPERTIES OF GALAXIES

In the previous sections, I have summarized themain properties of galaxies derived from integrated
or aperture-limited spectroscopic surveys. In the current section, I review how these properties
are extended to local scales (i.e., ∼1 kpc), as uncovered by more recent IFS-GSs.

4.1. Ionized Gas Across the Optical Extension of Galaxies

As indicated in Section 3.1, the ionization in galaxies is produced by local processes5 that may be
different in different locations within each galaxy (e.g., Sharp & Bland-Hawthorn 2010). Averaged
across a large aperture, the properties of the ionized gas reveal either the dominant physical
process or a mixture of all of them (e.g., Kauffmann et al. 2003). This is illustrated in Figure 4,
where two composite images are shown, one constructed based on the g, r, and i-band continuum
images and the other one based on the [Oiii], Hα, and [Nii] emission-line maps, extracted from
theMUSE (Multi Unit Spectroscopic Explorer) observations of the galaxy IC1657 corresponding
to the AMUSING (All-weather MUse Supernova Integral field Nearby Galaxies survey; PI: J.
Anderson) (e.g., Sánchez-Menguiano et al. 2018) project. Figure 4c shows the classical BPT
diagnostic diagram (already discussed in Section 3.1 and shown in Figure 1). In this case, each
dot in the BPT diagram corresponds to a pixel in the RGB emission-line image (Figure 4b). This
allows us to easily identify the location within a galaxy at which different ionization happens. A
clear biconical ionized gas structure is seen in the center of this galaxy, highlighted as pink colors,
indicating strong [Nii]/Hα and [Oiii]/Hβ line ratios (as seen in the BPT diagram). This structure
is a clear signature of shock ionization induced most probably by an outflow driven by a strong
nuclear SF event (e.g., López-Cobá et al. 2017b, 2019, 2020). In addition to this structure, it is easy
to identify, in the emission-line image, the star-forming regions across the inclined disk (clumpy
ionized greenish structures). They present a clear gradient in their line ratios, with green colors
toward the center and bluish colors in the outer part (in the emission-line image). This change in
the line ratios is frequently interpreted as a signature of the oxygen abundance gradient observed

5All sources of ionizing photons are local, not global. A galaxy does not have a single source of ionization.
Integrated/average line ratios do not provide full information about the ionization conditions in galaxies.

110 Sánchez



25

0

–25Δ 
D

EC
 (a

rc
se

c)

Δ RA (arcsec) Δ RA (arcsec) log[NII]/Hα
25 0 25 0 –1.0 –0.5 0.0

log[O
III]/Hβ

–1.0

1.0

0.0

a b c

Figure 4

Galaxy IC1657 observed with MUSE (PI: R. Bacon): (a) The continuum image, created using g- (blue),
r- (green), and i-band (red) images extracted from a MUSE datacube by convolving the individual spectra
with each filter response; (b) the emission-line image created using the [Oiii] (blue), Hα (green), and [Nii]
(red) emission-line maps extracted from the same datacube using the Pipe3D pipeline; and (c) the classical
Baldwin–Phillips–Terlevich diagnostic diagram involving the [Oiii]/Hβ and [Nii]/Hα line ratios. Each point
in panel c corresponds to a single pixel (spaxel) in the other two maps, represented with the same colors as
those shown in the emission-line image (panel b). The solid and dashed lines represent the locations of the
Kewley et al. (2001) and Kauffmann et al. (2003) demarcation lines, respectively. Abbreviations: DEC,
declination; MUSE, Multi Unit Spectroscopic Explorer; PI, primary investigator; RA, right ascension.
Images provided by C. López-Cobá.

in disk galaxies (e.g., Searle 1971, Vila-Costas & Edmunds 1992, Sánchez et al. 2014). This
object is used to illustrate that different ionization sources could be present at different locations
within each galaxy. Similar figures to this one for other galaxies are included in Supplemental
Figures 1–8.1 In general, all sources of ionization described in Section 3.1 may be present
simultaneously (or not) in different galaxies.

Despite the different ionization sources thatmay be present in a single galaxy, there are patterns
within galaxy types, similar to those described for the integrated/average properties. Figure 5
shows the distribution of individual ionized regions for the subsample of well-resolved galaxies
described in Section 2.The adopted procedure to generate these distributions guarantees that they
are not dominated by galaxies with a larger number of sampled regions (spaxels): The distribution
is generated first for each galaxy, normalizing its integral to one, and then the average for all
galaxies is derived (volume corrections are not feasible, because the sample is a compilation). The
position of individual regions depends on the mass and morphology of the host galaxy; regions
belonging to more massive and early-type galaxies populate the right-hand side of the figure, with
lower values for the EW(Hα). In contrast, for late and less-massive galaxies, more ionized regions
populate the left-hand side of the diagramwith larger values of the EW(Hα).However, contrary to
what is seen for the integrated properties of galaxies (shown in Figure 1), for the spatially resolved
regions a wider range of parameters is covered in most of the diagrams. This reflects the fact that
the average properties do not represent the full range of ionization conditions found across the
optical extension of individual galaxies (as shown in Figure 4).

The distribution of ionized regions depends not only on the properties of the hosting galaxy
but also on the location within the galaxy. The barycenter of the number density distributions of
ionized regions along the diagram for different galactocentric distances is included in Figure 5.
In doing so, I estimate the same density distribution, but in consecutive radial bins centered at
consecutive galactocentric distances between 0.1 Re and 2.1 Re and a width of 0.2 Re (following
the position angle and ellipticity of each individual galaxy). The size of the circles increases with
the galactocentric distance of the considered ring. For most galaxy types and stellar masses, there
is a clear trend with the radial distance. The ionized regions in the center of galaxies (R < Re) are
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Classical [Oiii]/Hβ versus [Nii]/Hα diagnostic diagram for the spatially resolved distribution of the ionized
gas across the optical extension of the considered sample of galaxies. The average of the logarithm of the
equivalent width of Hα at each location is color-coded, and contours represent the density of spaxels, with
contours indicating 90%, 50%, and 10% of the points. Blue solid circles represent the barycenter of the
number density distribution of ionized regions at different galactocentric distances, represented by the size
of circles, ranging from 0.1 Re (smallest circle) to 2.1 Re (largest circle). In all panels, the solid line represents
the location of the Kewley et al. (2001) boundary lines, with the separation between Seyferts and LINERs
indicated by a dashed line. Finally, the dotted line represents the location of the Kauffmann et al. (2003)
demarcation line. The full sample is shown in the upper-left panel, and subsequent panels show a subsample
of galaxies segregated by morphology (from left to right) and stellar mass (from top to bottom), with the
covered ranges labeled in the top- and left-most panels. Abbreviation: LINERs, low-ionization nuclear
emission-line regions.

mostly located in the upper-right side of the diagram.However, the outer regions are located either
at the upper-left or left side (for most LTGs, apart from the lowest-mass ones) or at the bottom-
left side (for early-type ones). However, there are substantial differences for different galaxy types
and stellar masses. Early-type galaxies lack the left-side branch corresponding to SF regions in
general, and the trend goes just from the upper-right side to the bottom-center. Finally, the lower
the mass is, the narrower is the covered range of parameters, particularly for the [Nii]/Hα ratio,
and the trend is reversed for Sc/Sd galaxies.

The explanation for these distributions has been discussed in different articles. For the center
of most massive and early-type galaxies, the location in the diagram and the low observed values
for the EW(Hα) indicate that the dominant ionization is due to ionizing old stars, post–AGBs,
or HOLMES (Binette et al. 1994, Stasińska et al. 2008, Cid Fernandes et al. 2010). Recent
results have shown that this ionization, observed as a diffuse extended ionization in the central
regions of early-type galaxies by Sarzi et al. (2010) and Gomes et al. (2016b), is ubiquitous in
galaxies of different morphologies at the location of old stellar populations (Singh et al. 2013,
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Papaderos et al. 2013, Sánchez et al. 2014). This result was recently confirmed by Belfiore et al.
(2017b) and Lacerda et al. (2018). The observed trend from the upper-right side toward the
lower-left side of the figure from the center to the outer regions could be explained by a change
in the average age of the ionizing population, in agreement with the predictions by models (e.g.,
Morisset et al. 2016).This result highlights the connection between the observed properties of the
ionized gas and those of the stellar populations, showing that in early-type galaxies there should
be a negative gradient in the average age of the stellar population, as indeed is observed (e.g.,
González Delgado et al. 2014b). Finally, for a few early-type galaxies, in particular the less massive
ones, there is some marginal SF activity (Gomes et al. 2016b,Méndez-Abreu et al. 2019). This SF
could be the residue of a former activity that declines owing to the natural dimming or aging of
the disk (e.g., Casado et al. 2015) or a rejuvenation caused by the capture of pristine gas or caused
by the early-type galaxy capturing a gas-poor, low-mass galaxy (e.g., Husemann et al. 2011).

The connection with the properties of the stellar populations is even more clear for the LTGs.
In those galaxies, there is some ionization due to old stars in the central regions for early-type
spirals, i.e., spirals with bulge (Sa/Sb) at R<Re. This is more clearly appreciated in the average
distribution of these galaxies and for most massive ones (Figure 5, panel labeled S0). For the later-
type spirals (Sc/Sd), galaxies without a prominent bulge, the location of the central ionized regions
in the diagram is not well defined. This is in agreement with the results by Singh et al. (2013), as
indicated previously, because bulges are dominated by older stellar populations. However, the
dominant ionization in these galaxies is SF, and indeed the corresponding line ratios are found in
the regions usually associated with this ionization, i.e., below the Kewley et al. (2001) curve with
large values of the EW(Hα). This is where most of the ionized regions are found, particularly for
galactocentric distances greater than 0.5 Re. In these galaxies, and in particular in those with a
stellar mass larger than 109.5 M�, there is a trend from the bottom-middle toward the upper-left
area of the diagram as we move further away in the disk (from 0.5 to 1.5 Re). This trend can be
easily explained as a consequence of the well-known negative gradient in the gas-phase metallicity
in spiral galaxies, which has been found to be very similar for all galaxies in this mass regime
(Sánchez et al. 2014, Sánchez-Menguiano et al. 2016b). Oxygen abundance presents a positive
trend with the [Nii]/Hα line ratio (e.g., Pettini & Pagel 2004) as a pure effect of the nitrogen-to-
oxygen abundance trend (e.g., Belfiore et al. 2017b). Due to that fact, low-metal SF regions are
located at the left-end of the diagram, whereas high-metal regions are distributed to the center.
There is also a counterintuitive negative trend between [Oiii]/Hβ and O/H, due to cooling effect
of metals (e.g., Evans & Dopita 1985), that produces the shift from the upper toward the lower
ranges of the SF sequence in this diagram as the oxygen abundance increases. Finally, for the less
massive LTGs (<109.5 M�), there is a less clear or inverted trend, reflecting that in this regime
the abundance gradient is less prominent, flat, or even inverted (Belfiore et al. 2017b, Sánchez &
Sánchez-Menguiano 2017).

In summary, the observed distribution reflects the connection between the ionization condi-
tions in star-forming regions and the overall evolution of the underlying stellar population (as
described by Sánchez et al. 2015b). As a consequence of this connection, the location of an Hii
region in a diagnostic diagram is mostly determined by the stellar mass and morphology of its
host galaxy and its galactocentric distance. Indeed, this is the reason why we can use Hii regions
to trace the chemical evolution of spiral galaxies, including that of our own Galaxy (e.g., Mollá &
Díaz 2005, Esteban & García-Rojas 2018, Sánchez-Menguiano et al. 2018, Carigi et al. 2019).

These results show that the ionization through the full optical extension of the general
population of galaxies is dominated by stellar processes (either young or old). However, in some
particular galaxies (e.g., AGNs, galactic outflows hosts, mergers), there are other ionization
processes that can clearly outshine the effect of these stellar ionizing sources. This is particularly
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Local-age
bimodality: areas
within galaxies present
a bimodal distribution
in the �∗–age diagram

true for certain regions within galaxies (i.e., central regions), but it is also evident when the
average/integrated ionization properties are explored (as shown in Figure 1, where AGNs are
identified as blue points above the Kewley curve). However, the frequency of those processes is
so low (at least in the nearby Universe), and in some cases the spatial extension is so confined to
certain regions in galaxies, that they have little influence in the main trends for resolved regions,
as shown in Figure 5. In other words, they are blurred by the overwhelming and ubiquitous
presence of stellar ionization processes.

4.2. Local-Age Bimodality: �∗-Age Bimodality

I show in Section 3.4 that galaxies present a clear bimodal distribution along theM∗–age diagram.
As indicated in that section, this diagram is a more physically driven version of the CMD, used for
decades in astronomy to select star-forming and non-star-forming galaxies (e.g., McIntosh et al.
2014). González Delgado et al. (2014b) first showed the distribution along the �∗–age diagram
for spatially resolved kiloparsec-scale regions of different galaxies, describing a clear trend toward
older populations being located in denser regions of more massive galaxies (and in the central
regions). More recently, Zibetti et al. (2017) demonstrated that this distribution is bimodal: The
distribution of individual regions within galaxies in the �∗–age diagram presents two clear density
peaks clustered around old (∼9 Gyr) and young (∼1–4 Gyr) ages, respectively, mostly related
to retired regions (dominant in early-type galaxies), and star-forming regions (more frequent in
LTGs). In LTGs (particularly in early spirals), the central regions associated with bulges are found
around the old-age peak, whereas their disk and spiral arms are located around the young-age one.
This is a clear indication of an internal/local-age bimodality. This result is found as a statistical
effect when exploring the full sample and also in individual galaxies.

Figure 6 reproduces the results by Zibetti et al. (2017), showing the distribution of individual
spaxels in the �∗–age diagram for the compilation explored in this review. I show the distributions
for all galaxy types and segregated by morphology from earlier to later types. In addition, I show
the density peak along �∗ for different stellar masses. The bimodality uncovered by Zibetti et al.
(2017) is clearly seen, showing a strong morphological dependence (with younger regions located
in LTGs) and a trend with the stellar masses (with younger regions located in less-massive galax-
ies). Intermediate spirals (Sb/Sbc) show a clear bimodal distribution, highlighting the connection
between the two populations with the bulge (old) and the disk (young). Like in the case of theM∗–
age (and CMD), the regions with old stellar populations follow a well-defined region, called the
old sequence (resembling the red sequence in a CMD), with very similar ages (∼6 Gyr) for a wide
range of �∗ values. However, young stellar populations cover a considerable range of values, from
a few hundred-million years to a few gigayears within the same �∗ range. The bimodality implies
an abrupt/short-lived transition, leading to a local quenching of the SF or a sharp change in the
SFHs from the inside out (e.g., Belfiore et al. 2017a, López Fernández et al. 2018). Furthermore,
this distribution indicates that all regions with old stellar populations have very similar SFHs (ow-
ing to the limited range in ages). However, regions with young stellar populations may present a
large variety of SFHs (owing to the spread of ages). This was indeed described by Ibarra-Medel
et al. (2016) and García-Benito et al. (2019).

4.3. Local Star-Formation Main Sequence: �∗–�SFR

I have shown in Section 3.2 that galaxies also present a bimodal distribution in the SFR–
M∗ diagram, with SFGs following a tight correlation (the SFMS) between the two parameters
(σ ∼ 0.2–0.3 dex; once removed themain trend). In 2013, two nearly simultaneous studies, Sánchez
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Figure 6

The distribution of the LW ages of the stellar populations from the stellar mass surface densities, shown as
density contours (encircling 85%, 50%, and 15% of the regions) in solid black lines. The top-left panel
shows the distribution for all galaxies considered in this review, and subsequent panels are segregated by
morphology (from earlier galaxies to later ones, from top left to bottom right). In addition, the trace of peak
densities for different integrated stellar mass bins is shown as colored solid lines, with each color
representing anM∗ bin as indicated in the legend (only densities above 50% are considered in this
derivation). Finally, the light brown solid contours reproduce the distribution of the full population (shown
in the top-left panel). Abbreviation: LW, luminosity-weighted.

et al. (2013) and Wuyts et al. (2013), analyzing completely different samples (at z ∼ 0 and z ∼ 1,
respectively) and using different techniques (IFS and narrow-band HST imaging, respectively),
showed that star-forming regions present a very similar relation between the SFR surface density
(�SFR) and stellar mass surface density (�∗), a relation that holds at kiloparsec scales. This relation
is now known as the resolved SFMS (rSFMS) and has been confirmed by many different authors
using mostly IFS-GS mainly for galaxies in the nearby Universe (e.g., Cano-Díaz et al. 2016,
González Delgado et al. 2016, Maragkoudakis et al. 2017, Abdurro’uf & Akiyama 2017, Hsieh
et al. 2017, Ellison et al. 2018, Hall et al. 2018, Medling et al. 2018, Pan et al. 2018, Cano-Díaz
et al. 2019, Erroz-Ferrer et al. 2019, Vulcani et al. 2019). They all found that this relation is as
tight as the global one, with a dispersion in the range of ∼0.2–0.3 dex (once removed the main
trend), and a slope slightly below one. To our knowledge, there is no formal published compar-
ison between the high-z rSFMS and the low-z ones. However, comparing the best-fitted values
reported byWuyts et al. (2013), and adopting a log-linear relation with those reported by the most
recent analyses at low z, the rSFMS relation presents a weak evolution in the slope (from αz ∼ 1

∼ 0.95 to αz ∼ 0 ∼ 0.78–0.94, respectively) and a very strong evolution in the zero-point (from
�SFR,2z∼1 = 10−6.8 M� year−1 pc−2 to �SFR,2z∼0 = 10−8.5 M� year−1 pc−2, with �SFR, 2 being the
SFR surface density at �∗ = 102 M� pc−2). This evolution is similar to the one reported by the
global SFMS (e.g., Speagle et al. 2014, Rodríguez-Puebla et al. 2016), and it is broadly reproduced
by the most recent analysis of hydrodynamical/cosmological simulations (e.g., Trayford & Schaye
2019).

Figure 7 shows the distribution along the �SFR–�∗ diagram for the individual spaxels in my
compilation, segregated by both morphology and mass. In this particular case, I adopted the
�SFR derived from the dust-corrected Hα emission irrespective of the ionizing source, following
Cano-Díaz et al. (2016, 2019) and Sánchez et al. (2018). This way Hα traces either the SFR, for
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Figure 7

The distribution of the SFR surface densities from the stellar mass surface densities, shown as density
contours. Black and brown contours and colored solid lines have similar meanings to those presented in
Figure 6. SFRs are derived from dust-attenuation-corrected Hα fluxes. Abbreviation: SFR, star-formation
rate.

star-forming areas (SFAs) in each galaxy, or just an upper limit to the SFR for non-star-forming/
retired areas (RAs). The most recent results show that there is a bimodality in the distribution
of areas in this diagram (e.g., Hsieh et al. 2017, Cano-Díaz et al. 2019), with SFAs tracing the
described rSFMS relation and RAs located in a cloud well below that relation. Depending on the
S/N (signal-to-noise ratio) cut applied to the Hα detection (or any other tracer of the SFR), this
second cloud is more-or-less evident. In our particular compilation this cloud is clearly seen only
for earlier-type galaxies (E and S0, and less clearly for Sa), and only as a bump in the distribution
for all galaxy types. As reported by the same authors, the RAs cloud is dominated by regions in
early-type galaxies, whereas the rSFMS is dominated by regions in LTGs, with a clear morpho-
logical evolution (as found by González Delgado et al. 2016). The existence of a dependence of
the rSFMS with the morphology and other properties of galaxies was also discussed by Medling
et al. (2018), Cano-Díaz et al. (2019), and Vulcani et al. (2019). For the bulk population of galaxies,
irrespective of their morphologies, the density peak in the diagram traces the rSFMS at any mass.
Thus, the mass dependence is weaker than the morphological one. Like in the case of the �∗–age
bimodality, this is a consequence of the local evolution, with SFAs associated with regions in the
disk and RAs associated with regions in the bulge (dominated by quenched regions).

It is worth noticing that the applied cuts in the S/N and the detection limits for properties
involved in resolved relations have to be treated with care. Cano-Díaz et al. (2019) explored the
effects of the detection limit in the shape of the rSFMS and in the artificial generation of broken
distributions resembling two-linear regimes (e.g., Erroz-Ferrer et al. 2019). Finally, the results
described above are very similar to those that can be derived using other estimators of the SFR
(like the stellar population analysis; e.g., González Delgado et al. 2016).

Besides the increase of the fraction of RAs, some authors (e.g., González Delgado et al. 2016,
Cano-Díaz et al. 2019) reported a change in the rSFMS itself with the morphology of the host
galaxy. Later spirals (Sc/Sd) present slightly larger �SFR than earlier spirals (Sa/Sb) for a fixed
stellar mass. This is shown in Figure 7, with the rSFMS of Sa (Sc) galaxies being slightly below
(above) that of the full population. This result may indicate that the SFH of SFAs in earlier spirals
presents a sharper decline with cosmological time (shorter timescales) than in later ones, because
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they have a lower�SFR at z∼ 0 than in the past.Thus, they present a faster evolution or aging than
the SFAs of purely disk-dominated galaxies.More recently, Ellison et al. (2020) have demonstrated
that the dispersion across the rSFMS is due to changes in the local SFE. This agrees with the de-
scribed morphological trend, because the SFE does indeed change with galaxy type both globally
and locally (e.g., Colombo et al. 2018). There are probably dynamical effects, like the stabilization
induced by the bulge proposed byMartig et al. (2009), that precludes the SF in earlier spirals. This
effect is a consequence of the removal of stellar mass to the disk that allows the gas disk to be more
stable. As a result, an early-type spiral is more stable than an LTG, but only at a fixed stellar mass.
Thus, increasing the bulge fraction at a given stellar mass decreases the SFE. However, the SFE
does not explain why a region is retired.This seems to bemore directly connected with a lack of gas
(i.e., with the conditions required to form stars) and being driven by global properties, in particu-
lar by the presence of a massive central black hole, as demonstrated by Bluck et al. (2020). In other
words, SF is governed by local processes (autoregulation/local feedback), whereas quenching is
driven by global ones (in agreement with the results presented in González Delgado et al. 2014b).

4.4. Local Mass–Metallicity Relations

In the previous sections, I showed that the stellar populations present a local bimodality in the
M∗–age and SFR–M∗ diagrams, with RAs located in a tight old-sequence region in the top-left
panel of Figure 7 and SFAs following a local rSFMS in the latter panels. These local/resolved
counterparts of global relations and properties have been explored for other parameters like the
MZR. Ryder (1995) already showed that local/spatially resolved oxygen abundance presents a
correlation with the surface brightness in the optical band. This relation suggests the existence
of a local/resolved MZR (rMZR hereafter). Like in the case of the rSFMS, this relation was pro-
posed in two independent studies by Moran et al. (2012) and Rosales-Ortega et al. (2012) using
different techniques. In the first case, classical slit spectroscopy was used to recover the oxygen
abundance along the aperture for a sample of SFGs in combination with SDSS photometry to
estimate �∗. The second study explored the relation among oxygen abundance,�∗, and EW(Hα)
for the SFAs (Hii regions and clusters) detected using IFS (Rosales-Ortega et al. 2010). Both
studies show that there is a relation between �∗ and O/H with a shape that resembles the global
M∗–O/H relation: It presents two regimes, with one, just below �∗ < 102 M� pc−2, having an
almost log-linear increase of the oxygen abundance with �∗, followed by the other flattening to
an asymptotic value at�∗ ∼ 103 M� pc−2. Indeed, Rosales-Ortega et al. (2012) explicitly show that
the global MZR can be recovered from the rMZR by integrating the local one along the optical
extension of each galaxy. Subsequent studies confirmed the existence of this local relation using
larger samples of galaxies and/or SFAs or IFS data with better spatial resolution (e.g., Sánchez
et al. 2013, Barrera-Ballesteros et al. 2016, Erroz-Ferrer et al. 2019), which has been recently re-
produced by hydrodynamical/cosmological simulations (e.g., Trayford & Schaye 2019). In some
cases two-linear relations are proposed for that relation rather than a smooth transition between
the two regimes (e.g., Erroz-Ferrer et al. 2019).

Figure 8 shows the distribution in the �∗–O/H diagram for the individual spaxels of the ex-
plored data set, once more segregated by morphology and stellar mass. In this particular case,
only the SFAs have been selected to derive the oxygen abundance, following the criteria outlined
in Appendix B. For the remaining regions, the adopted oxygen abundance calibrators may not be
valid, as they are anchored to measurements derived for Hii regions or photoionization models
created to describe these SF ionized structures. Like in the case of the global MZR, the shape of
the relation is basically preserved irrespective of the calibrator adopted to estimate the O/H or
the assumptions made to derive the stellar mass density.However, the absolute scale of the oxygen
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Figure 8

The distribution of the gas-phase oxygen abundances from the stellar mass surface densities, shown as
density contours following the nomenclature of Figure 6. The O/H was derived based on the M13
calibrator (Marino et al. 2013).

abundance changes with the calibrator (in agreement with the expectations of the results found
by Kewley & Ellison 2008). Contrary to those found for the age bimodality and the rSFMS, the
distribution of SFAs in the �∗–O/H does not present clear deviations with either the stellar mass
(for M∗ > 109.5 M�) or the morphology (for spiral galaxies) aside from the wide range of values
covered by each group. In other words, all SFAs seems to be distributed along the same rMZR,
with more massive galaxies covering the upper right of the figure and low-mass (and later types,
e.g., Sd) covering the lower-left range. Clear deviations from this global trend are shown for low-
mass galaxies (M∗ < 109.5 M�), and maybe the few star-forming regions in elliptical galaxies (E
and S0). In the first case, the statistic is poor (due to low number of galaxies). However the result
could be interpreted as a consequence of an outside-in chemical enrichment, which I discuss in
the upcoming sections. However, for the ellipticals and S0s, maybe the few galaxies with detected
SF (Gomes et al. 2016b) are the consequence of the capture of metal-poor galaxies rather than an
effect of disk dimming. Indeed, in the case of S0s, the distribution shows two peaks, one follow-
ing the main rMZR trend and another one more similar to the distribution appreciated for pure
ellipticals. Unfortunately, even for the large compilation considered here, the statistic is too low
for SFAs in early-type galaxies.

Recent studies have explored whether the rMZRpresents a possible secondary relation with the
SFR (�SFR), following the concept of the FMR. This secondary relation is commonly interpreted
as the consequence of gas inflows and outflows (as discussed in Section 3.3). The results of these
explorations are not fully conclusive. Some authors claim that there is no secondary relation (e.g.,
Barrera-Ballesteros et al. 2016, 2017), on the basis of the possible dependence of the residuals of the
rMZR with the sSFR and �SFR. Other authors claim that there are secondary trends between the
residuals of the radial distributions of �SFR and O/H (e.g., Sánchez-Menguiano et al. 2019) that at
lowmass are negative and at highmass are positive.Thismay be interpreted as evidence for a local/
resolved FMR (or rFMR; Sánchez Almeida & Sánchez-Menguiano 2019). However, radial mi-
gration and the local effects of spiral arms may produce similar effects (e.g., Sánchez-Menguiano
et al. 2016a, Vogt et al. 2017) without involving the same physics claimed to explain the FMR (i.e.,
a strong effect of outflows and inflows). Finally, there are authors that have reported the existence
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of individual anomalous metallicities regions (AMRs) in galaxies that deviate from the rMZR (e.g.,
Hwang et al. 2019). Like in the case of Sánchez-Menguiano et al. (2019), they consider that gas ac-
cretion is the main cause of these deviations. The AMRs are located mostly in interacting systems
and in the direction of the close companion, which indeed suggests a nonsecular origin, which is
different than the concept of the FMR or rFMR (aimed at describing the quiescent evolution of
SFGs in general). So far, with the current compilation of data, the results by Barrera-Ballesteros
et al. (2016) are reproduced, showing no significant correlation between the residual of the rMZR
and the �SFR (i.e., no general/fundamental secondary relation with the SFR is appreciated).

The global and local relations of the oxygen abundance with bothM∗ and�∗ are consequences
of how α elements (O-like) are produced (i.e., expelled to the ISM mostly by type-II SNe, the
direct by-product of SF). By contrast, non-α elements (Fe-like), are introduced to the ISM by
different mechanisms, involving the production of new stars (the main enrichment process for α

elements, through type-II SNe). The main mechanism for enriching the ISM with these elements
is the death of intermediate mass ones (by the production of type-Ia SNe) and by stellar winds
over their entire lifetimes (e.g., Yates et al. 2012), as already indicated in Section 3.3. Indeed, the
[α/Fe] ratio is strongly related to the shape of the SFHs in galaxies (e.g., de La Rosa et al. 2011).
As the SFH changes for galaxies of different masses (e.g., Panter et al. 2003) and morphologies
(e.g., López Fernández et al. 2018), and from the inside out (e.g., Pérez et al. 2013, Ibarra-Medel
et al. 2016), the dependence of the stellar metallicity with the stellar mass is less obvious than that
of the oxygen abundance. The existence of a global stellar mass–metallicity orM∗–[Z/H] relation
in galaxies, summarized in Section 3.4, highlights the relation between the shape of the SFH and
the stellar mass density (and therefore, the integrated stellar mass, too).

A local counterpart of the M∗–[Z/H] relation has not been broadly explored. To our knowl-
edge, it was presented by González Delgado et al. (2014a), where they showed the distribution
along the �∗–[Z/H] diagram for the azimuthally averaged mass-weighted stellar metallicities
of 300 galaxies extracted from the CALIFA survey. I present in Figure 9 a similar distribution
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Figure 9

The distribution of the LW metallicities of the stellar populations from the stellar mass surface densities
derived from the azimuthally averaged radial distributions described in Section 4.7 for the galaxies
considered in this review, segregated by stellar mass and morphology. The top-left panel includes the
distributions for all the galaxies, with different colors indicating different mass ranges, and subsequent panels
include the same distributions for different morphologies, from earlier (top left) to later types (bottom right).
Abbreviation: LW, luminosity-weighted.
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for the collection of data adopted here. Following González Delgado et al. (2014a), in order
to minimize the scatter introduced by the large uncertainties in the derivation of [Z/H] in
individual spectra, I first derive azimuthal average values in bins of 0.1 Re for each galaxy (i.e.,
I create radial distributions of [Z/H], which I discuss later in Section 4.7.2). Broadly speaking,
the results are consistent with those presented by González Delgado et al. (2014a), with the local
[Z/H] increasing with �∗, in particular for the same stellar mass regime (M∗ > 109.5 M�, once
considered the differences in the adopted IMFs). This agrees with the existence of a negative
stellar metallicity gradient in most massive galaxies (e.g., González Delgado et al. 2014b, Oyarzún
et al. 2019). However, contrary to what happens with the rMZR, the local stellar metallicity–�∗
relation is not the same for all galaxies. It depends strongly on galaxy mass and morphology. In
particular, for low-mass LTGs, the distribution of [Z/H] along �∗ is almost flat or even negative.
This indeed agrees with a flattening of the stellar metallicity gradient observed in this kind of
galaxy (González Delgado et al. 2014b). In addition, the observed differences of the behavior
between the gas phase (oxygen) and stellar metallicities across galaxies implies a change in the
SFHs and, therefore, a differential ChEH for α and non-α elements.

4.5. Local Schmidt–Kennicutt Law

The birth of new stars comprises two different processes. First, the diffuse atomic gas is trans-
formed into highly dense molecular gas. Second, stars are born owing to the dynamical collapse
of self-gravitating portions of those molecular clouds. Schmidt (1959) proposed that the SFR
should depend on the mass of gas included in a volume, assuming that all stars are formed locally
from the original available gas and that there was no interexchange (of stars and gas) with the
near environment (i.e., SFR = Mn

gas). However, the power-scaling factor (n) between both quan-
tities was not defined. Kennicutt et al. (1989) proposed that this scaling factor could be derived
through the gas free-fall time (τ ff), following the equation ρSFR ∝ ρgas/τ ff, by assuming that all gas
collapsed within this time is transformed into stars. Considering that τff ∝ ρ−0.5

gas , they conjectured
that the basic SK law should follow a relation ρSFR ∝ ρ1.5

gas . Empirically, Kennicutt et al. (1989) and
Kennicutt (1998a) demonstrated that indeed the surface density of the SFR follows a relation with
the gas surface density similar to the proposed one.6 This relation was derived originally galaxy
wide, and it is known as the SK law.

As discussed in previous sections, SF, and in particular the collapse ofmolecular clouds, is a local
process that happens at much smaller scales than galaxy size. Spatially resolved observations have
shown that indeed the SK law is verified only for molecular gas (Wong & Blitz 2002, Kennicutt
et al. 2007), a result confirmed for integrated quantities too (e.g., de los Reyes & Kennicutt 2019).
At kiloparsec scales, the SK law shows an almost linear relation (e.g., Bigiel et al. 2008, Leroy et al.
2008). Therefore, the depletion time (τ dep = �gas/�SFR) or SFE (=�SFR/�gas) is almost constant
at these scales (Bolatto et al. 2008, Hughes et al. 2010), with a value of ∼2 Gyr (e.g., Bigiel et al.
2008, Rahman et al. 2012, Leroy et al. 2013). However, these studies are biased toward low-mass
LTGs. It is still not known if these results hold in more massive or more early-type galaxies. The
particular conversion factors to derive the molecular gas and the adopted IMF may play a role in
these results. It is known that there are clear deviations from the SK law (thus variations in τ dep)
at subkiloparsec scales (Schruba et al. 2011, Kruijssen & Longmore 2014, Kruijssen et al. 2019),
in extreme starburst galaxies (e.g., Daddi et al. 2010, Genzel et al. 2010), in the center of galaxies
( Jogee et al. 2005, Leroy et al. 2013, Utomo et al. 2017), in regions near strong spiral arms or
with different local dynamical states (Schruba et al. 2019), and in early-type galaxies (Davies et al.

6In purity, the two relations are the same only if the scale height is constant, which could not be the case.
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2014). The average τ dep within a galaxy presents a clear dependence with sSFR andM∗ (Saintonge
et al. 2017). All these results clearly indicate that the combination of the optical spectroscopic
information provided by IFS-GSs, for a wide variety of galaxies, with estimations of the cold gas
content at similar spatial scales, is crucial to understanding these processes (e.g., Bolatto et al.
2017, Ellison et al. 2020). It is beyond the scope of this review to make a detailed exploration of
the cold gas content in galaxies (atomic or molecular), or to explore the SK law at different scales
(see Kennicutt & Evans 2012 and Bolatto et al. 2013, for detailed reviews on the topic). In this
section, I summarize the most recent results based on the combination of IFS data with molecular
gas at kiloparsec resolutions.

So far the number of galaxies sampled by both IFS-GSs and spatially resolvedmolecular gas ob-
servations is small. Pioneering studies cover mostly early-type galaxies observed by the SAURON
(Spectrographic Areal Unit for Research on Optical Nebulae) and ATLAS3D surveys (e.g., ∼40
galaxies; Alatalo et al. 2013). More recent explorations range from a handful of objects (e.g., Belli
et al. 2017, Stark et al. 2018) to a few tens [like the ∼47 galaxies in the ALMAQUEST (ALMA-
MaNGA QUEnching and STar formation survey) collection; Lin et al. 2017, Ellison et al. 2020],
to a well-defined sample of over one hundred galaxies (EDGE–CALIFA sample; Bolatto et al.
2017). There are a few ongoing surveys, like PHANGS (Physics at High Angular Resolution in
Nearby GalaxieS; Rosolowsky et al. 2019), but they are focused on large galaxies in the Local
Universe that can hardly be a representative sample of the z ∼ 0 population owing to the cosmic
variance and the limited sample volume.

To highlight the urgent need for complementary explorations of the molecular gas on a large
sample of galaxies already covered by IFS-GSs, I present in Figure 10 the spatially resolved distri-
bution in the �SFR–�gas diagram for the sample of galaxies considered in this review. Lacking spa-
tially resolved information for the molecular gas, I adopted the dust-to-gas conversion proposed
by Barrera-Ballesteros et al. (2020) (using data from the EDGE-CALIFA survey) and already used
by Galbany et al. (2017) and Sánchez et al. (2018). It involves an additional scatter of ∼0.3 dex
to the relation, but it is the best proxy so far that I can adopt. Despite these limitations, there is a
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Figure 10

The distribution of the SFR surface densities (derived from the Hα luminosity) from the molecular gas-mass
surface densities (derived from the dust attenuation), shown as density contours. Black and brown contours
and colored solid lines have similar meanings to those presented in Figure 6. Abbreviation: SFR, star-
formation rate.
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clear relation between the two parameters, with a slope near one (α = 1.12± 0.09) and an average
τ dep ∼ 1.7 Gyr, in agreement with published results. The dispersion of the relation, ∼0.1 dex, is
clearly below the expected individual errors, which validates the approach adopted. When this
relation is explored using estimations of the molecular gas based on direct CO observations, the
scatter is as low as∼0.05 dex (e.g., Bolatto et al. 2017, Lin et al. 2019, Ellison et al. 2020). Indeed, it
is possible that the rSFMS and the SFMS are direct consequences of this relation through the tight
�gas–�∗ andMgas–M∗ relations shown by Lin et al. (2019) and Calette et al. (2018), respectively.

Earlier-type galaxies present shallower relations (α ∼ 0.8–0.9) with a larger dispersion, and
larger τ dep (∼10Gyr), than late types that present steeper slopes (α ∼ 1.2–2.7), smaller dispersions,
and lower τ dep (∼0.5 Gyr). Both results agree with the most recent explorations by Colombo et al.
(2018), Utomo et al. (2017), and Lin et al. (2017) using direct estimations of the molecular gas
derived from CO observations, and they agree broadly with the model presented by Belfiore et al.
(2019a). These results indicate that the aging and quenching of the SF is driven by not only the
lack of molecular gas (e.g., Saintonge et al. 2016) but also a decline in the SFE (i.e., increase in
τ dep; e.g., Sánchez et al. 2018). The observed differences imply that most probably there is no
unique τ dep (or SFE) value or single SK law for all galaxies and areas within them (e.g., Ellison
et al. 2020), contrary to the early evidence. In other words, τ dep (SFE) may depend on additional
parameters whose inclusion in the SK law would reduce the scatter in the �SFR ∝ �gas relation
(e.g., Dey et al. 2019, Bluck et al. 2020).

Following this reasoning, it is possible to reconcile the observed differences for high-redshift
starburst galaxies and nearby disks, and even between the observed differences in the central and
outer regions of galaxies.The processes involved entail (a) the inclusion of the orbital or dynamical
time (τ dyn), which connects the gravitational instability (due to bar or spiral arms) with an abrupt
increase of the SFE (Elmegreen 1997, Silk 1997); (b) the gas velocity dispersion as a measurement
of the local pressure that increases owing to the SF feedback (Silk 1997); (c) the stellar velocity
dispersion, in particular in bulges, that stabilizes the molecular clouds, preventing the SF (Martig
et al. 2009); (d) the local gravitational potential traced by �∗ (that would connect the SK law
with the SFMS) (e.g., Saintonge et al. 2011); (e) the gas metallicity that facilitates the cooling; or
( f ) a combination of all of these (e.g., Dey et al. 2019). In summary, the current results indicate
that the SF follows the SK law only at a first order.

Furthermore, considering the SK law, the SF quenching (either global or local) may be related
to a deficit of cold gas. As indicated before, there is a global (and local)Mgas–M∗ (�gas–�∗) relation
for SFGs (and SF regions). This relation is not verified for early-type galaxies that present a deficit
of neutral (at least molecular) gas with respect to their LTG counterparts of the same M∗ (e.g.,
Calette et al. 2018, and references there in). This deficit is considered the primary cause of the
global decline of the SFR observed in these objects (e.g., Saintonge et al. 2011). The same deficit
is observed at local scales, where retired regions present lower �gas than star-forming ones at the
same �∗. With the explored compilation of data, I confirm this trend.

The origin of this deficit is still not clear. Several authors propose that it is originated by AGN
feedback, by either removing gas due to galactic winds or heating gas and preventing it from
collapsing and forming stars (e.g., Sanders & Mirabel 1996, Hopkins et al. 2009). However, the
evidence connecting AGNs and quenching is still circumstantial: (a) It seems to be the only pro-
cess energetic enough to produce this effect (e.g., Croton et al. 2006, Henriques et al. 2019), and
(b) their hosts are located in the GV between SFGs and RGs (e.g., Kauffmann et al. 2003, Sánchez
et al. 2004, Schawinski et al. 2014), as indicated in Section 3.2, sharing many of their properties
with GV galaxies (e.g., Sánchez et al. 2018, Lacerda et al. 2020). However, there are still problems
in this scenario, like the lack of direct evidence (although see Fabian 2012) and themismatch of the
timescales between quenching (∼1–2 Gyr) (e.g., Sánchez et al. 2019a) and the length of an AGN
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lifetime (∼1–100Myr; e.g., Bird et al. 2008). Other authors indicate that the presence of the bulge
itself could stabilize the atomic gas, preventing it from collapsing and forming molecular clouds
or decreasing the SFE (e.g., Martig et al. 2009). In this case, a decline in the general SFE (and
toward the center) could contribute to the halt of the SF (or give support to this halt, as suggested
by Bluck et al. 2020). An additional complication is that the presence of an AGN is directly linked
with the presence of a bulge through the Magorrian et al. (1998) relation (e.g., Kormendy & Ho
2013). Therefore, a clean distinction between the two processes is difficult.

4.6. Spatially Resolved Star-Formation Histories

The analyses adopted in the different publications reviewed in the previous sections exploring the
properties of the stellar populations rely on the assumption that the observed spectra of galaxies
(and regions within galaxies) preserve the imprints of their cosmological evolution and that these
imprints can be used to trace back that evolution. This method is known as the fossil record and
has been reviewed in detail by other authors (e.g., Walcher et al. 2011, Conroy 2013). In partic-
ular, Walcher et al. (2011) explore how the main properties of the stellar populations (luminosity
and mass-weighted ages and metallicities, dust attenuation and masses) can be derived from the
decomposition of the stellar continuum (and its limitations).

In principle, from these analyses, it is possible to recover SFHs and ChEHs. The fossil record
methods have twomain implementations.One adopts a particular shape for the SFHs and ChEHs
(e.g., Gallazzi et al. 2005, Thomas et al. 2010, Bitsakis et al. 2016, Zibetti et al. 2017) and com-
pares the observed spectra with those predicted, tuning/fitting certain parameters that govern the
functional forms considered, e.g., the decay time of an exponential SFH (τ ) or the time delay for
the ignition of SF in the Universe (tdelay). A second approach consists of a nonparametric explo-
ration of the SFHs (and ChEHs) based on their decomposition in single bursts of SF. Each burst
produces an SSP, a set of stars born all at a certain time (and therefore with the same age as they
evolve) from the same gas with a certain metal content (e.g., Panter et al. 2007, Vale Asari et al.
2009, Pérez et al. 2013, Ibarra-Medel et al. 2016, García-Benito et al. 2017). The first approach is
unable to reproduce in detail the full spectral features of the observed spectra, and it is frequently
used to compare broad- (or medium-) band photometry or particular stellar features (like stellar
indices; e.g., Gallazzi et al. 2005, Zibetti et al. 2019). However, the first approach provides SFHs
(and ChEHs) that are more easily interpreted. The latter approach is able to reproduce the details
of the observed spectra; however, the interpretation of the results is frequently less obvious. It
is technically complex and prone to large uncertainties (e.g., Cid Fernandes et al. 2014, Sánchez
et al. 2016b). The results depend strongly on the selected templates of SSPs or the stellar libraries
(e.g., González Delgado et al. 2014b) and on how the errors propagate when nonlinear compo-
nents are considered, like the dust attenuation or the stellar kinematics (Cid Fernandes et al. 2013,
2014). Finally, the latter approach relies on the assumption that the SSPs are eigenvectors, which
is mathematically not right. Therefore, it may present different degeneracies, like those of the
age–metallicity or the metallicity–velocity dispersions (e.g., Sánchez-Blázquez et al. 2011). Fur-
ther issues, involving stellar evolution isochrones, dust extinction curve, the IMF that is assumed,
the stellar template that is adopted, and so on, are discussed in detail by Walcher et al. (2011). I
should clarify that most of these caveats apply to the parametric methods too.

Using the fossil record method, the following was possible: (a) to confirm the downsizing
in galaxies (e.g., Pérez-González et al. 2008; Thomas et al. 2005, 2010); (b) to explore cosmic
evolution of the SFR density in the Universe (e.g., Panter et al. 2007, López Fernández et al.
2018, Sánchez et al. 2019a), reproducing the distribution derived from direct observations (e.g.,
Madau et al. 1998, Madau & Dickinson 2014); and (c) to predict the global ChEH of galaxies
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(e.g., Asari et al. 2007). Most of those results were based on single-aperture spectroscopic data
and/or integrated multiband photometry, and therefore, they trace the evolution of galaxies
as a whole (or they attempt to do so, although they just cover a single aperture per galaxy for
the spectroscopic data set). The advent of IFS-GSs has allowed the exploration of the spatially
resolved SFHs of galaxies, too. The pioneering study by Pérez et al. (2013), using a limited
sample extracted from the CALIFA survey, first demonstrates that the downsizing is spatially
preserved: (a) The central and outer regions of more massive galaxies grow faster than those of
less massive ones; (b) the inner regions of galaxies more massive than �109.5−10 M� assemble
their mass faster than the outer regions, following an inside-out growth. It is worth noticing
that evidence of inside-out growth was already described, mostly for disk galaxies, using direct
imaging explorations on large cosmological surveys (e.g., Barden et al. 2005, van Dokkum et al.
2013). (c) For less-massive galaxies (�108−9 M�) there is a possible transition from the inside out
toward the outside in. Keep in mind that in this context the difference between inside out and
outside in refers to the speed at which SF happens and not to the amount of stellar mass formed.
Low-mass galaxies have a peak in their stellar mass density in their centers; they do not form as
rings. However, they form stars more steadily in the central regions than in the outer ones.

Recent updates of these results, using the full CALIFA sample, including UV photometry
and/or adopting a different inversion method, were presented by González Delgado et al. (2017),
García-Benito et al. (2017), and López Fernández et al. (2018). These results were broadly con-
firmed with the exploration by Ibarra-Medel et al. (2016) using a much larger sample of galaxies
extracted from the MaNGA survey. The main difference between this latter study and the previ-
ous one is that at low stellar masses the outside-in does not seem to be universal (note that this
mass regime was not well covered by the original CALIFA sample). In this later work, the diver-
sity of spatially resolved SFHs (rSFHs, hereafter) was studied, finding that more massive galaxies
present very similar rSFHs at the different spatial regimes explored. However, as the integrated
mass decreases, galaxies present a much greater variety of rSFHs (which implies a larger disper-
sion in their average properties, like age and metallicity). However, on average, low-mass galaxies
follow outside-in rSFHs, in agreement with the distributions found in the�∗–O/H and�∗–[Z/H]
diagrams (Section 4.4). The validity and limitations of this method and the results reported were
explored through the analysis of postprocessed cosmological hydrodynamics simulations, where
the rSFHs are well known (Ibarra-Medel et al. 2019).

I reproduce these results in Figure 11, which shows the average evolution of the stellar mass
density at different look-back times and for different radial bins, �∗ (r, t) for the sample of galax-
ies explored here. Different panels show the distributions segregated by mass and morphology.
Following Pérez et al. (2013) and Ibarra-Medel et al. (2016), the radial bins are selected normal-
ized to the current (z = 0) observed effective radius. The figure shows that more massive galaxies
indeed present larger values of �∗ (r, t) than do less massive ones at any radius and cosmological
time (i.e., the local downsizing/resolved downsizing). This segregation is also seen for different
morphologies, with earlier-type galaxies having larger �∗ (r, t) than LTGs not only at any r and t
but also at any stellar mass bin. Thus, the local downsizing depends not only on the mass but also
on the morphology. This result was published by García-Benito et al. (2017), who show that the
local downsizing and inside-out growth have a trend with �∗,cen (the stellar mass density in the
center, ∼1 kpc, of galaxies). Indeed, their results suggest that the diversity in the rSFHs found by
Ibarra-Medel et al. (2016) for low-mass galaxies has a clear dependence with this parameter.

García-Benito et al. (2017) reported two additional results: (a) The scale-length of galaxies
in mass is smaller (on average) than the corresponding parameter in light (characterized by r50).
This result was already shown by González Delgado et al. (2014b). Although I do not show a
similar plot, this result is clearly reproduced with the sample explored in this review. (b) The
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Figure 11

The distribution of the cumulative stellar mass surface densities at different galactocentric distances (labeled
with different colors) along the look-back time for all galaxies considered in this review with spatially
resolved information (top-left panel) and for galaxies of different morphology (subsequent panels from left to
right) and/or stellar masses (from top to bottom).

local downsizing (understood as the speed of mass assembly) with morphology may be broken for
Es/S0s, which seem to form their outer regions at a slower rate than Sas. A possible explanation
is that in early-type galaxies, captures/minor mergers affect the mass-assembling history in the
outer regions, resembling a change in the local downsizing, as proposed by Oyarzún et al. (2019).
Further explorations, and in particular deep comparisons with mock/simulated galaxies (following
Ibarra-Medel et al. 2019), are required to fully understand all these results.

4.7. Radial Gradients of Galaxy Properties

It is clear that the properties of the stellar populations and ionized gas change along the optical
extensions of galaxies, showing patterns and relations that reassemble well-known ones derived
for integrated properties. In many cases, the explored physical parameter (�SFR, age, [Z/H], O/H,
or �gas) presents clear dependencies with �∗. As this parameter presents a clear radial trend in
galaxies (e.g., González Delgado et al. 2014b), many of the analyzed parameters are expected to
present radial trends too (e.g., Barrera-Ballesteros et al. 2016). Besides these radial trends, due
to the different substructures observed in LTGs, like spiral arms and bars, azimuthal or local de-
viations from the pure radial distribution are expected (e.g., Sánchez-Menguiano et al. 2016a).
Despite the reduction of one dimension, and the decrease of information, radial gradients provide
a simple way to visualize trends in galaxies as well. In this section, I review the most recent results
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regarding the radial distribution of the spectroscopic properties of galaxies and their relation with
the observed patterns described in previous sections.

Throughout this review, all radial distributions are shown with distances normalized to the
effective radius of each galaxy (Re, already used in Figure 5). I adopt this scheme instead of repre-
senting them in physical scales to facilitate comparisons among galaxies covering a wide range of
sizes possible. This method was introduced by Sánchez et al. (2012b) and nowadays is commonly
used (e.g., González Delgado et al. 2014b, 2015, 2016; Sánchez-Menguiano et al. 2016b, 2018;
Belfiore et al. 2017b), because it uncovers patterns not clearly seen when using physical sizes (e.g.,
Pérez et al. 2013, Ibarra-Medel et al. 2016). Furthermore, the effective radius has been proved to
be really effective, with most of the physical parameters sampled at this distance being represen-
tative of the average values across the optical extension of galaxies (e.g., Moustakas & Kennicutt
2006, Sánchez et al. 2013, González Delgado et al. 2014b).

4.7.1. Stellar mass density gradients. It is well known that the radial distribution of the az-
imuthal averaged surface brightness profiles (SBPs) presents an almost monotonic decrease for
almost all galaxy types of any stellar mass. In the case of disk-dominated spiral-like galaxies, this
profile is well characterized, as a first order, by an exponential function of the radius (Freeman
1970) or a double exponential profile (e.g., Courteau et al. 1996). However, the SBP of early-type
galaxies (or the bulge of LTGs) is better represented by a sharper profile, well described by an
exponential of the 1/4th power of the radius (de Vaucouleurs 1959), or a more general profile
known as the Sérsic profile (Sérsic 1968), for which the adopted functional form is an exponential
of the 1/ns power of radius, where ns is known the Sérsic index (see the sidebar titled Functional
Forms for Flux Intensity Radial Profiles).

In general, early-type spirals (Sa/Sb) require a combination of a single or a double exponen-
tial plus one of the functional forms described to characterize the bulge. The description of other
structural components, like a bar, requires the inclusion of further functional forms (e.g.,Méndez-
Abreu et al. 2017, and references therein). Irregular or interacting galaxies show much more
complex radial profiles, and in many cases their characterization requires a full analysis of the
two-dimensional distribution using more complicated functional forms (e.g., Peng et al. 2010,
Méndez-Abreu et al. 2017).

The radial decline of the SBP is nowadays accepted to be a consequence of an almostmonotonic
decline in the stellar mass density (�∗), via a conversion through the M/L ratio (e.g., Bakos et al.
2008). In general, theM/L ratio presents a log-linear relation with optical colors, which is a simple
consequence of the color–age relation in stellar populations (e.g., Bell & de Jong 2001, Zibetti
et al. 2009). As galaxies contain older stellar populations in their central regions (e.g., González
Delgado et al. 2014b), the M/L ratio enhances the radial decline of �∗ with respect to that of the
SBP. For this reason, the Re in light is larger, in general, than the one derived in mass (as indicated
in the previous section). The advent of IFS-GSs has allowed exploration of the spatially resolved
distribution of the stellar population content, providing more accurate M/L ratios at kiloparsec

FUNCTIONAL FORMS FOR FLUX INTENSITY RADIAL PROFILES

� Freeman: ln I(R) = ln I0 − kR
� de Vaucouleurs: ln I(R) = ln I0 − kR1/4

� Sérsic: ln I(R) = ln I0 − kR1/ns , where I(R) is the flux intensity at radius R; I0 is the central flux intensity; k is a
scaling parameter; and ns is the Sérsic index.
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Figure 12

Azimuthally averaged radial distributions of the stellar mass surface density for the galaxies considered in
this review, segregated by stellar mass and morphology (as indicated in the legend). The top-left panel
includes the radial distributions for all the galaxies, with different colors indicating different mass ranges, and
the subsequent panels include the same distributions for different morphologies, from earlier (top left) to
LTGs (bottom right).

scales (e.g., García-Benito et al. 2019). This improves the derivations based on colors (e.g., Bell &
de Jong 2001) adopted in previous studies (e.g., Bakos et al. 2008). These new data sets facilitate
the systematic exploration of the radial distributions of�∗ in galaxies of different morphology and
stellar mass.

Figure 12 shows the radial distribution of �∗ for the current adopted compilation. As stated
beforehand, all galaxies, irrespective of their morphology and mass, present a decline of �∗ with
radius. The central (�∗,cen) and effective (�∗,Re ) stellar mass densities increase with the integrated
mass andmorphology (from late to early types) for galaxies later than S0s (e.g.,García-Benito et al.
2017). González Delgado et al. (2014b) already showed that elliptical galaxies are more compact,
with a steeper radial decrease of �∗, particularly the more massive ones.Note that when the radial
distribution of �∗ is not normalized by Re, the picture changes, because there is a correlation
betweenM∗ and Re (e.g., Cappellari 2016, van de Sande et al. 2019).

González Delgado et al. (2014b) showed that galaxies, in general, present two regimes in
the radial distribution of �∗, one at R < 0.5Re, (with a slope α between ∼−0.5 dex/Re and
∼−1.5 dex/Re), and another one at R > 0.5 Re (with an almost constant slope of α ∼ −0.5 dex/Re).
The first regime corresponds (broadly) to the bulge, whereas the second regime corresponds to
the disk (for LTGs). Finally, the radial profile is steeper (∼−1.5 dex/Re) for more massive galaxies
and shallower for less massive ones (∼−0.5 dex/Re). All these trends are qualitatively illustrated
in Figure 12. They agree with the explorations of the rSFHs reviewed in previous sections: The
stellar mass assembles faster and with stronger intensities (higher SFRs) in the inner regions of
more massive/early-type galaxies than it does in the outer regions of less massive LTGs.

4.7.2. Stellar age and metallicity gradients. Pioneering works on the radial gradients of
colors and stellar indices were already performed four decades ago (e.g., Faber 1977). Radial
changes in both properties were interpreted as physical variations in the average ages (and
metallicities) of the stellar populations. The combination of better quality long-slit spectroscopy
with broad-band imaging, focused on the study of elliptical galaxies (e.g., Peletier et al. 1990,
González 1994), shows that these galaxies present a shallow gradient in age and a clear negative
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Azimuthally averaged radial distributions of the LW stellar ages for the galaxies in this review, segregated
by stellar mass and morphology; colors and symbols have the same meanings as those in Figure 12.
Abbreviation: LW, luminosity-weighted.

gradient in metallicity. These early results were revisited based on the analysis of larger samples of
galaxies, using multi-broad-band photometry and long-slit and even IFS data (e.g., Mehlert et al.
2003; Sánchez-Blázquez et al. 2007; Rawle et al. 2008; Coccato et al. 2010; Kuntschner et al. 2010;
Spolaor et al. 2010; Koleva et al. 2011; González Delgado et al. 2014b, 2015; McDermid et al.
2015; Ruiz-Lara et al. 2016; Goddard et al. 2017; Oyarzún et al. 2019). All these studies agreed in
reports of a negative gradient in the stellar metallicity, [Z/H], but the consensus was less clear for
the presence of a negative age gradient. Goddard et al. (2017) reported a flat or even a positive
gradient in the stellar ages of early-type galaxies, explained by an outside-in scenario, based on
data extracted from the primary sample of the MaNGA survey (reaching 1.5 Re). Similar positive
age gradients are sometimes described from analyses based on broad-band colors (e.g., Tortora
et al. 2010). In spectroscopic-based studies, clear positive age gradients were found only in the
very central regions (∼Re/8; Kuntschner 2015, McDermid et al. 2015). At larger scales (>1.5 Re),
different authors have found contradictory results; they found a wide range of gradients, from
negative to positive (e.g., Spolaor et al. 2010, Koleva et al. 2011); shallow negative gradients; or
the absence of a gradient (e.g., Sánchez-Blázquez et al. 2007, Rawle et al. 2010). However, when
the spectroscopic data reach the outer regions of galaxies (R > 2 Re), most of the studies report
a negative gradient in the stellar ages, supporting an inside-out scenario (e.g., González Delgado
et al. 2014b, 2015; Li et al. 2015; Zheng et al. 2017).

Figure 13 shows the radial gradients of the luminosity-weighted ages derived using our own
analysis based on our compilation of IFS observations. For early-type galaxies of any mass there
is a clear negative gradient, in agreement with most of the published results, although I should
stress that there is no full consensus in this regard. The lack of consensus is deeply ingrained
in the procedure adopted to derive the stellar ages. González Delgado et al. (2014b, 2015) used
a full spectral fitting based on the STARLIGHT code (Cid Fernandes et al. 2011). This code, like
Pipe3D (implemented in this review), uses the full optical spectral range and does not remove
the shape of the spectral continuum (i.e., features like D4000 are important in that derivation),
contrary to the one adopted by Goddard et al. (2017). Removing the shape of the continuum has
strong implications, because the dust attenuation is no longer recovered (although not removing
it requires a high-quality spectrophotometric calibration, as stated inWalcher et al. 2011). Recent
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Azimuthally averaged radial distributions of the LW stellar metallicities ([Z/H]) for the galaxies considered
in this review, segregated by stellar mass and morphology; colors and symbols have the same meanings as
those in Figure 12. Abbreviation: LW, luminosity weighted.

results show that the polynomial functions adopted in some methods to describe and correct the
shape are indeed very similar to the expected correction by a dust attenuation law (Belfiore et al.
2019b). Finally, I should note that the use of different wavelength ranges (e.g., ATLAS3D covers
just the wavelength range from 4800–5380 Å; Cappellari et al. 2011), or the inclusion or exclusion
of the α-enhancement in the models, could contribute significantly to the reported differences.

The number of similar studies for LTGs is limited. This is mostly due to the difficulty of
removing the emission lines that contaminate the spectra. This is particularly important in some
spectral ranges, like those covered by the Balmer absorption lines (sensitive mostly to the age;
e.g., Worthey 1994). Different fitting techniques have addressed this issue in different ways (e.g.,
Sarzi et al. 2006, Sánchez-Blázquez et al. 2014b, Sánchez et al. 2016b), efficiently removing this
contamination. In this regard, the consensus is that the averaged ages of the stellar populations
present a negative gradient for all LTGs more massive than 109.5 M�, with an almost similar slope
(Sánchez-Blázquez et al. 2014a, González Delgado et al. 2015, Goddard et al. 2017, Ruiz-Lara
et al. 2017). The stellar metallicity presents a negative gradient only for earlier-type spirals (Sa,
Sb, Sbc) andmoremassive ones (M∗ > 109.5 M�),with a slope that becomes shallower for low-mass
and LTGs. This is illustrated in Figure 14, which shows the radial gradients of the luminosity-
weighted stellar metallicities derived for our data compilation. Again, these results agree with the
scenario reviewed in Section 4.6, with an inside-out growth for more massive and earlier-type
galaxies, and an outside-in growth for the less massive LTGs.

However, we should be cautious with the low-mass LTGs. For galaxies with strong SF with
respect to their mass (i.e., the low-mass SFGs, mostly Sc and Sd, with high sSFRs) that are more
metal poor (following the MZR), the estimation of age and metallicity is highly degenerated. The
degeneracy between these two parameters is well known and widely studied (e.g., Walcher et al.
2011). However, in this range it is far more complicated: (a) The presence of strong emission
lines on top of the Balmer absorptions, in combination with the fact that the spectral features are
narrower owing to the combination of the type of stars and the low velocity dispersion, affects the
accuracy in the removal of the contamination by the emission lines; (b) the absorptions by metallic
elements are weaker than they are in the case of more massive galaxies, making it more difficult to
obtain a precise metallicity; (c) this, in combination with the limited range of values for the 4000-Å
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break when the light of the stellar population is dominated by young stars, affects the accuracy
and precision in the derivation of both ages and metallicities.

4.7.3. Oxygen abundance gradients. Before stellar population analysis had enough accuracy
to explore the metallicity gradients in SFGs, for decades, the study of the chemical enrichment
was based in the analysis of the gas-phase abundance. In particular, Hii regions have been con-
sidered good tracers of the chemical composition in these galaxies. It was in the 1970s that the
presence of a negative abundance gradient across the disks of nearby galaxies had been uncov-
ered (Searle 1971, Comte 1975), even in the Milky Way (Peimbert et al. 1978). This gradient
has been confirmed by different observations (e.g., Matteucci & Francois 1989, Vila-Costas &
Edmunds 1992, Martin & Roy 1994, Zaritsky et al. 1994, Esteban & García-Rojas 2018), and
some deviations from this single negative gradient have been acknowledged (Belley & Roy 1992,
Vilchez & Esteban 1996, Roy & Walsh 1997). Like in the case of other gradients explored in this
review, the use of the effective radius as a scale length has helped to uncover the patterns and
differences between galaxy types. Diaz (1989), and later Vila-Costas & Edmunds (1992), demon-
strated that using a scale length anchored to the galaxy properties (like Re and R25), instead of a
pure physical radial distance, reduces the scatter in the distribution of slopes of the abundance
gradients. Following this philosophy, with the advent of large IFS observations, Sánchez et al.
(2012a, 2014) showed that all SFGs more massive than M∗ > 109.5 M� present a characteristic
oxygen abundance gradient of ∼−0.1 dex/Re when computed within the range 0.5–2.0 Re (i.e.,
the disk region). Contrary to early results (e.g., Zaritsky et al. 1994), the slope of the gradient in
this region is not strongly affected by other properties of the galaxy, like morphology or the pres-
ence of a bar. This result was confirmed also for the stellar metallicity (Sánchez-Blázquez et al.
2014a).

Besides the presence of a common/characteristic gradient, for some galaxies there is an ap-
parent flattening or drop of the abundance in the central regions (R < 0.5Re), and a flattening
in the outer regions (R > 2Re) in most of the cases. These results were confirmed using larger
IFS data sets (e.g., Sánchez-Menguiano et al. 2016b, Zinchenko et al. 2016, Belfiore et al. 2017b,
Pérez-Montero 2017,Poetrodjojo et al. 2018) or observations with exquisite spatial resolution (i.e.,
MUSE data; Sánchez-Menguiano et al. 2018). In other cases, no drop or flattening is appreciated
at any scale, and a single slope for the abundance gradient reproduces the data well (Pilyugin et al.
2014). Some works described a continuous change in the abundance gradient from almost flat
for low-mass galaxies (M∗ < 109 M�) toward the described characteristic slope, reached atM∗ ∼
109 M� (Bresolin & Kennicutt 2015, Belfiore et al. 2017b). The actual selection of the SFAs used
to derive the gradient may affect the results. For example, the inner drop is not detected when the
SF/Hii regions in the intermediate area between the Kauffmann and Kewley curves are excluded
(e.g., Zinchenko et al. 2016). I should stress here that selecting only regions below the Kauffmann
(or Kewley) curve may exclude SFAs with large forbidden line ratios (i.e., nitrogen enhanced), like
the ones described in the inner region of galaxies by Kennicutt et al. (1989), Ho et al. (2014) and
Sánchez et al. (2012a). The nature of those regions is still not clear, but they are easily identified
as ionized nebulae in narrow-band images or emission-line maps based on IFS data.

Figure 15 shows the radial profiles of the oxygen abundance for the sample analyzed in
this review, segregated by mass and morphology. These profiles reproduce the results reported
in the literature well, in particular those by Sánchez-Menguiano et al. (2018). These authors
presented the most detailed analysis so far on the shape of the abundance gradient. They used the
super-high-resolution data obtained byMUSE on a sample of more than 100 galaxies, confirming
that the slope of the abundance gradient in the disk regime is indeed very similar for all galaxies
when the distribution is normalized to the effective radius (as suggested by Sánchez et al. 2014).
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Figure 15

Azimuthally averaged radial distributions of the gas-phase oxygen abundances derived using the O3N2
calibrator for the galaxies considered in this review, segregated by stellar mass and morphology; colors and
symbols have the same meanings as those in Figure 12.

Regarding the shape, it may present either a single slope or the combination of a monotonic
decrease with an inner drop and/or an outer flattening. Sánchez-Menguiano et al. (2016b) and
Belfiore et al. (2017b) already showed that the inner drop is ubiquitous in massive galaxies (M∗
> 1010 M�) and not present in low-mass ones (M∗ < 109.5 M�). This is seen in Figure 15,
particularly for Sb to Sc galaxies. The effect of radial migration toward the Lindblad resonances,
or the freezing of the chemical enrichment associated with the quenching of the SF in the inner
(bulge-dominated) regions, are plausible explanations for this deviation from the monotonic
decrease. By contrast, the outer flattening does not have a clear pattern.The outer flattening is not
directly connected with the shape of the SBP of disk galaxies (e.g., Marino et al. 2016). A change
in the efficiency of the SF in the outer regions of the disk (e.g., Thilker et al. 2007), or outer radial
migrations, are possible explanations for this change in the shape of the abundance gradient (e.g.,
Bresolin 2017). Sánchez-Menguiano et al. (2018) present the concept of a chemical-enrichment
scale length in a galaxy (RO/H), defined as the distance at which the oxygen abundance decreases by
∼0.1 dex. They show that this parameter presents a linear and almost one-to-one correlation with
the effective radius. This relation was already outlined by Bresolin & Kennicutt (2015), when they
showed the relation between the slope (in physical scales for the galactocentric distances) and the
scale length of the disk.As a consequence,when normalized by this scale length, the inner drop and
the outer flattening happens virtually at 0.5RO/H and 2.0RO/H for all galaxies, with a very narrow
scatter.

Some recent results have questioned the existence of a characteristic abundance gradient.
Belfiore et al. (2017b), using data from theMaNGA survey, showed that for some O/H calibrators
(Maiolino et al. 2008) there is a strong dependence of the gradient with the stellar mass, with low-
mass galaxies (M∗ < 109.5 M�) presenting an almost flat abundance gradient. However, for other
calibrators (Pettini & Pagel 2004) the distribution is consistent with a single slope for most of the
galaxies. Poetrodjojo et al. (2018), using data from the SAMI survey, reported a weak trend with
the mass only when using an R23-based oxygen abundance calibrator (like the one proposed in
Maiolino et al. 2008). For other calibrators, they found an almost constant slope. Furthermore, as
indicated above, the analysis by Sánchez-Menguiano et al. (2018), using MUSE data (with much
better spatial resolution), does not provide any evidence of a dependence of the slope withM∗. In
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the regime of low-mass galaxies (down toM∗ < 108.5 M�), the most recent explorations have not
found any dependence with M∗ either (Bresolin 2019). Thus, the possible dependence with the
stellar mass has been reported only for low-mass galaxies, for particular calibrators, and using IFS
data of low spatial resolution.

The existence of a general rMZR, discussed in Section 4.4, can explain the observed oxygen
abundance gradients in galaxies simply considering the existence of an inverse radial gradient
in �∗ (Section 4.7.1). Indeed, Barrera-Ballesteros et al. (2016) were able to reproduce not only
the negative abundance gradient but also the characteristic slope of the gradient in disk galaxies
(∼−0.1 dex/Re) assuming a universal rMZR and a radial decline of �∗. The small scatter in the
rMZR relation (∼0.05–0.07 dex) and the abundance gradients strongly supports the idea that
oxygen chemical enrichment is dominated by local processes, being tightly related to the local
SFH, without little effects of migrations or mixing beyond a few kiloparsecs. This supports the
idea that the radial-mixing scale [introduced by Sánchez et al. (2015a) based on the scatter of the
abundance gradient], the typical distance of oxygen abundance mixing in a galaxy, is rather small
(∼0.3–0.4 Re).

In addition to the exploration of the radial gradient of the oxygen abundance, recent stud-
ies have focused on the exploration of possible azimuthal variations in the oxygen abundance.
These variations could be induced by the nature of spiral arms as possible density waves, which
may produce a differential SFH (e.g., Grand et al. 2016, Peterken et al. 2018) with respect to the
rest of the disk, and introduce an azimuthal variation in the stellar or gas metallicity. Bars could
also induce radial motions that produce azimuthal variations in these physical parameters (e.g.,
Athanassoula 1992, Minchev et al. 2012, Di Matteo et al. 2013). Pioneering observations have
found that the abundance gradient shows subtle differences when the galaxy is divided in quad-
rants (Rosales-Ortega et al. 2011).More recent studies have found significant azimuthal variations
in the oxygen abundance in a handful of galaxies (e.g., Li et al. 2013; Sánchez et al. 2015a; Sánchez-
Menguiano et al. 2016a; Zinchenko et al. 2016; Ho et al. 2017, 2018; Vogt et al. 2017). However,
when making a statistical analysis there are very few differences, even when considering barred
and unbarred galaxies (Sánchez-Menguiano et al. 2016b, Zinchenko et al. 2016). An alternative
interpretation is that the observed azimuthal variations are induced by the presence of anoma-
lous abundance regions (Hwang et al. 2019), related more to gas inflow than to secular processes
(Sánchez-Menguiano et al. 2019). In any case, azimuthal variations may be present in some galax-
ies induced by the combination of very particular dynamical processes or even external effects.
However, azimuthal variations have a subtle effect in the radial abundance gradient (but not in
the chemical distribution across the entire disk).

Although there are several studies of the oxygen abundance gradients in nearby SFGs, the
systematic studies of nitrogen abundances (N/H) or nitrogen-to-oxygen abundances (N/O) are
less numerous. In general, these studies have found a steady monotonic decrease of the N/O ratio
from the inner to the outer regions (Pérez-Montero 2014, Belfiore et al. 2017b). There are no
significant deviations from this pattern described in the literature. In general, it is accepted that
most of the nitrogen observed in galaxies in the nearby Universe is due to secondary production,
at least for galaxies more massive than M∗ > 109.5 M�. However, for earlier cosmological times
and low-mass galaxies, its production may be the result of primary production. Thus, the N/O
gradient follows the oxygen abundance gradient in general (e.g., Belfiore et al. 2017b).

4.7.4. Star-formation rate gradients. The presence of a monotonic decrease of the gas-phase
oxygen and nitrogen abundances in (mostly disk) SFGs, described in the previous section, has been
interpreted as direct evidence of an inside-out formation of these objects (Matteucci & Francois
1989, Boissier & Prantzos 1999). Under this scenario, the gradient is formed as a consequence of
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Figure 16

Azimuthally averaged radial distributions of the surface density of the SFR derived from the Hα intensity for
the sample of galaxies considered in this review, segregated by stellar mass and morphology; colors and
symbols have the same meanings as those in Figure 12. Abbreviation: SFR, star-formation rate.

the increased timescales of the gas infall with galactocentric distance. The differential amount of
gas supply in the inner regions compared with that of the outer ones implies a differential SFR,
assuming a constant or similar depletion time across the disk (i.e., a common SK law; Schmidt
1959, Kennicutt et al. 1989). The subsequent differential chemical enrichment naturally explains
the oxygen (and nitrogen) abundance gradients.Most chemical abundance codes aiming to repro-
duce the described gradients, in particular those in our Galaxy, are based on this scheme on a first
order (e.g., Mollá & Díaz 2005, Tissera et al. 2013, Carigi et al. 2019). In summary, this scenario
predicts and requires the existence of a monotonic decrease of SF with the galactocentric distance.

Figure 16 shows the radial distribution of the SFR density (�SFR). There is a clear peak in
the central regions with a decrease toward the outer ones, which is broadly in agreement with the
proposed inside-out scenario. González Delgado et al. (2016) conducted one of the first studies
exploring the radial dependence of the SF with both the stellar mass and morphology of galaxies.
They found results qualitatively similar to those presented here. Besides the radial decline in the
�SFR for all galaxies, early-type galaxies (E/S0) present, on average, lower values of SF than those
seen in late-type counterparts at any stellar mass, for any galactocentric distance (which may not
be true for individual galaxies). Thus, in these galaxies the decline of the SF happens at every radial
distance. However, the maximum decline is found in the central regions. As already indicated in
previous sections, the SF activity in early-type galaxies is a somewhat recent topic (see Section 4.1)
being explored using IFS by a very small number of studies (e.g., Gomes et al. 2016b). In general,
these galaxies host fewer SFAs, and those SFAs are forming stars at a lower rate with respect to
those in LTGs (e.g., Cano-Díaz et al. 2019).

For LTGs, the most common morphological type among SFGs, �SFR is 0.5–1 dex stronger
than that of early types at any galactocentric distance. Among them, there is a clear variation with
the stellar mass and the morphology: more massive and later LTGs present stronger SFRs. How-
ever, once normalized by the stellar mass density (�∗), the differences are less evident. Figure 17
shows the radial distribution of the spatially resolved sSFRs (= �SFR

�∗ ). For LTGs (fromSa to Sc), the
sSFR presents a very similar value of about ∼10−11 year−1, with a possible variation of ±0.25 dex
between earlier and later spirals (in agreement with González Delgado et al. 2016, Belfiore et al.
2018, and Sánchez et al. 2018). The sSFR has units of the inverse of time, and indeed its inverse
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Figure 17

Azimuthally averaged radial distributions of the sSFR for the galaxies considered in this review, segregated
by stellar mass and morphology; colors and symbols have the same meanings as those in Figure 12.
Abbreviation: sSFR, specific star-formation rate.

could be interpreted as the amount of time required to form the current stellar mass at the cur-
rent SFR (e.g., González Delgado et al. 2016). In purity, this is true if the current observedM∗ is
corrected by the mass locked in dead stars along cosmological times.However, that correction has
a maximum of ∼30% for the adopted IMF (e.g., Courteau et al. 2014). Therefore, it does not sig-
nificantly affect the order of magnitude of the estimation. This result indicates that at the current
�SFR galaxies would require hundreds of gigayears to form their current �∗ (this is particularly
true for the early-type galaxies). Thus, the SFR in the past must have been considerably higher
than it is today, at any galactocentric distance. This is in agreement with the observations of the
evolution of the SFR throughout time on the basis of integrated quantities (e.g., Speagle et al.
2014) or by the exploration of the cosmic SF density in the Universe (Madau & Dickinson 2014,
Driver et al. 2018, Sánchez et al. 2019a).

The low dispersion of the sSFR at any galactocentric distance for (mostly star-forming) LTGs
was interpreted by González Delgado et al. (2016) as being a direct consequence of the exis-
tence of the rSFMS. Comparing only the radial distributions of the two involved quantities, �∗
(Figure 12) and �SFR (Figure 16), an rSFMS should clearly hold. Contrary to LTGs, early-type
(E/S0) galaxies exhibit a clear decrease of the sSFR toward the inner regions, at any mass, despite
the peak observed in�SFR for these galaxies.This has been interpreted by different authors as clear
evidence of inside-out quenching (González Delgado et al. 2016, Belfiore et al. 2018, Lin et al.
2017, Ellison et al. 2018, Sánchez et al. 2018). This process is evidently related to the presence or
influence of a bulge in the halting of the SF activity, either directly (e.g., Martig et al. 2009) or
by hosting an AGN (e.g., Bell 2008). In terms of their distribution along the �SFR–�∗, early-type
galaxies, dominated by RAs, are located well below the loci of the rSFMS (Cano-Díaz et al. 2019;
and Figure 7).

4.7.5. Gas-mass density gradients. The exploration of the radial distribution of �gas and its
connection with �SFR (through the SFE) are giving us clues as to how the SF is maintained (or
enhanced) and the reason for its quenching. In Section 4.5, I described the few cases of galaxies
covered by IFS-GSs and spatially resolved molecular gas observations. Regarding the radial dis-
tribution, the molecular gas content peaks softly in the inner regions (Bolatto et al. 2017, Lin et al.
2017), with a more-or-less monotonic decrease from the central regions outward (e.g., Colombo
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Figure 18

Azimuthally averaged radial distributions of the surface density of the gas mass, estimated based on the
dust-to-gas ratio for the galaxies considered in this review, segregated by stellar mass and morphology; colors
and symbols have the same meanings as those in Figure 12.

et al. 2018, their figure 4), with a scale length (effective or half-light radius) that matches well
that of the stellar light (e.g., Bolatto et al. 2017, their figure 13), confirming the results by previ-
ous studies (Regan et al. 2001, Davis et al. 2013). Figure 18 shows the radial distribution of the
molecular gas surface density derived using the dust-to-gas proxy described before (Section 4.5)
for the well-resolved galaxies in our IFS compilation. The general radial decline reported in the
literature is clearly reproduced.

I segregate the radial distributions by stellar mass and morphology, following the scheme of
previous figures. In general, the gas surface density strongly depends on the total stellar mass
for LTGs (e.g., Saintonge et al. 2011). However, for early-type galaxies (E, S0, and Sa), there is
no clear trend with the mass, in agreement with the results by Young et al. (2011). In addition,
for the same mass, galaxies of different morphology present similar radial gradients of �gas, as
reported by Colombo et al. (2018). Finally, the molecular gas fraction decreases for earlier and
more massive galaxies. This decline is stronger in the inner regions, as is evident when comparing
the distributions shown in Figures 12 and 18.This indicates that the observed decline in the sSFR
from the inside out (Figure 17) is due primarily to a relative lack of molecular gas. However, a
change in the SFE plays a role too.

Utomo et al. (2017) found that, on average, the radial distribution of the depletion time τ d

(the inverse of the SFE) is rather flat when analyzed spaxel by spaxel at a kiloparsec scale. How-
ever, this quantity presents a clear radial trend, when radial averages by galaxy morphological type
are considered (Colombo et al. 2018). In the inner regions, τ d has lower values, of the order of
∼1 Gyr (SFE∼ 10−9 year−1), and up to ∼10–20 Gyr (SFE ∼10−10.5 year−1) in the outer ones, with
a clear segregation by mass and morphology (e.g., Colombo et al. 2018, their figure 4). Despite
the different proxies adopted to derive the molecular gas mass (dust attenuation versus CO ob-
servations), similar results are recovered for our data set. Figure 19 shows the radial distribution
of the SFE segregated by stellar mass and morphology. The monotonic decrease from the center
outward is clearly shown, with more massive galaxies presenting lower SFEs (larger τ d) than less
massive galaxies. When segregating by morphology, the picture is less clear. Whereas for some
morphological types (e.g., E or Sc) there is still a segregation by mass, for other ones (e.g., S0 or
Sbc) its seems that all galaxies have a similar SFE distribution irrespective of their mass, without a
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Figure 19

Azimuthally averaged radial distributions of the SFE for the galaxies considered in this review, segregated
by stellar mass and morphology; colors and symbols have the same meanings as those in Figure 12.
Abbreviation: SFE, star-formation efficiency.

clear pattern. However, when comparing galaxies of different morphology but of the same stellar
mass, the trend is clear: In general, LTGs present larger SFEs (shorter τ d) than do earlier ones,
at any galactocentric distance. Recent results (Ellison et al. 2020) indicate that this change in the
SFE is one of the causes of the dispersion in the rSFMS, which can be observed as a segregation
by morphology (e.g., Cano-Díaz et al. 2019). If τ d is interpreted as the time required to consume
the current molecular gas mass with the current SFR, then this time is shorter in the inner regions
of less massive and later galaxies and in the outer regions of more massive and earlier galaxies.

I note that the reported distributions may change in the presence of bars, which are known to
induce radial movements of gas (e.g., Shlosman et al. 1989, Boone et al. 2007, Knapen et al. 2019).
In particular, they can produce an increase of the molecular gas and even the SFE in the inner
regions of galaxies (in contrast with results found in this review).

5. WHAT WE HAVE LEARNED

In this review, I summarize the most recent results in the characterization of the spatially resolved
spectroscopic properties of galaxies in the nearbyUniverse (z< 0.1).To do so, I compile the largest
possible sample of galaxy data observed using optical IFS and replicate the published results (to a
certain extent).

In summary, recent results have found that the evolution of galaxies is governed by local prop-
erties but influenced somehow by global ones. The duty cycle of gas to stars, the chemical enrich-
ment, and the quenching and halting of both follow local/spatially resolved scaling/evolutionary
laws that are verified at kiloparsec scales in galaxies. Among them, the SK law and rSFMS and
rMZR relations, verified for SFAs in galaxies, are followed by regions of different galaxies that to
some extent follow the same resolved SFHs and ChEHs. These evolutionary sequences depend
on the galactocentric distance, the stellar mass, and the morphology, indicating that most probably
they actually depend on the local strength of the gravitational potential and the dynamical/orbital
structure. The central regions of more massive and earlier-type galaxies evolve faster, showing
sharper SFHs; are initiated by a steady and rapid increase of the SFR, which lasts less than 1 Gyr;
and reach a peak that is followed by a sharp decay. The outer regions of less massive LTGs evolve
in a slower fashion, with smoother SFHs; they are initiated with a slow increase of the SFR,
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reaching its peak of SF at much more recent cosmological times (in some cases, they are still in
the rising phase of SF). This, together with a narrow range of depletion times (within a factor of
∼2) across galaxy types, galactocentric distances, and final stellar masses, explains the observed
local relations.

The SFH defines to a great extent the ChEH, which in general is governed by local processes,
with recycling, inflow, and outflow happening more at local than at global scales. The SFHs and
ChEHs shape (or are shaped by) the scaling relations indicated previously, which evolve with cos-
mological times (in the case of the rSFMS and rMZR) or are rather constant (SK law). Above the
kiloparsec scale, integrated/averaged through the optical extension of galaxies, the local/resolved
relations are observed as global ones (SFMS, MZR). In some cases, depending on the fraction of
regions actually forming stars within a galaxy, the global relations may present shallower relations
than the local ones (e.g., SFMS versus rSFMS). However, not all global relations are induced by
local ones. This is the case with the stellar MZR, which relates the average [Z/H] and the stellar
mass. There is no parallel �∗–[Z/H], because the stellar metallicity depends on both the amount
of generated stars and the way that these stars are formed, i.e., both the strength and shape of the
SFH. Furthermore, a certain time is required before intermediate-mass stars pollute the ISMwith
non-α (Fe-like) elements, and therefore, different SFHs leading to the same �∗ imply different
[Z/H] values.

The described resolved relations shape the radial gradients observed in many different quan-
tities, as a pure consequence of the radial gradient of �∗, which is formed in early cosmological
times. The early evolution is dominated by the trigger of SF happening at the same time across
galaxies, consuming the gas reservoir that is larger in the central regions by a pure effect of the
shape of the gravitational potential. The ignition of the SF, following an SK law shaped by the
free-fall time of collapsing molecular clouds, automatically creates a radial gradient in �∗. Due
to the local relations indicated previously and the differential evolution of the stellar populations
(formed faster and earlier in the central regions of more massive galaxies), the observed properties
of galaxies present clear radial gradients, with central regions having older and more metal-rich
stellar populations, higher rates of SF, and more metal-rich gas. In general, the evolution of galax-
ies is governed by an inside-out growth during most of their lifetimes.

This evolution is verified for galaxies with a stellar mass of M∗ > 109.5 M�. Below that mass
most of the regions at any galactocentric distance are still in the rising phase of their SFHs, and
therefore their chemical enrichment is slightly different, presenting flatter oxygen abundance gra-
dients and even inverse stellar metallicity gradients. If this evolution is scaled toward higher red-
shifts for more massive galaxies, it may indicate that the very early phase of the evolution of galax-
ies had an outside-in growth phase, which is shorter for massive galaxies, and it has left almost
no trace in the current fossil record. It is possible that the outer regions of massive galaxies are
still in this evolutionary phase, which may explain the flattening of some observed gradients in ex-
ternal regions of galaxies. I speculate here that the transition happens in the regime in which the
infalling gas is of the same order as the original reservoir, which keeps the SFHs in a continuous
(but smooth) rising phase.

The lack of (molecular) gas is the main driver for halting the SF activity, triggering a quenching
that also evolves from the inside out. In other words, the central regions of more massive galaxies,
which have followed the sharpest SFHs, exhaust the cold gas earlier than do the outer regions of
less massive ones. In addition, there is a decline in the SFE, related to dynamical effects (i.e., a shift
from a pure SK law). It may well be that AGN feedback is the main driver for the absence of the
SF fuel, due to either physical removal or heating beyond the cooling timescales. However, the
dynamical effects introduced by the bulge dynamics seem to maintain the effects of the quenching
for longer periods.
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One of the main outcomes of large explorations of galaxy properties using IFS is that most
galaxies present many different ionization processes at different locations. Thus, we should con-
sider and study ionization as a local process. A fraction of galaxies may present AGN activity that
could ionize (mostly) the central regions. But this does not preclude them from presenting SF
activity in the disk, which produces a different kind of ionization. Central outflows, usually as-
sociated with shock ionization, could be observed in galaxies hosting an AGN or galaxies with
strong nuclear SF activity. Even more, it is now clear that LINER-like emission is not dominated
by weak AGNs, as was commonly assumed for decades (although ionization by weak AGNs may
also be present in some of them). The most probable reason for this kind of ionization, observed
as diffuse ionized gas, is the presence of sufficiently old stellar populations (older than 1.6 Gyr,
on average). However, in the case of radio galaxies, shock ionization may be a significant contri-
bution to the ionization (i.e., the so-called red geysers). But they represent less than 1% of the
total number of galaxies. Finally, in a very few cases, collimated synchrotron radiation associated
with radio jets could be sufficiently energetic to ionize the ISM (e.g., 3C120, M87). Altogether,
the description of the ionization stage of a galaxy using only global properties (e.g., average line
ratios) is fundamentally wrong. It has a pure statistical meaning that is true only if there is a single
ionization process that clearly dominates over the remaining ones. Particular care should be taken
in the interpretation of the classical diagnostic diagrams, which make little sense unless they are
combined with the properties of the underlying continuum (stellar population, mostly). If not,
they may lead to fundamental mistakes.

Finally, despite recent advances, there are caveats to the emerging picture.First,we have limited
knowledge of the atomic and molecular gas content at the same spatial scales explored using the
most recent optical IFS-GSs (thus, covering a wide range of integrated properties as stellar masses
and/or morphologies). Despite the individual efforts on a handful of targets (e.g., Lin et al. 2017)
or pioneering explorations in large samples (e.g., Davis et al. 2013, Bolatto et al. 2017), there is
still a need for a comprehensive exploration of the Hi and H2 distribution at a kiloparsec scale for
samples of galaxies already observed using IFS. Current instruments, like the Very Large Array,
could easily be used to accomplish such exploration for the atomic gas for those samples at low
redshifts (AMUSING++, CALIFA, and the lower-redshift targets of the MaNGA and SAMI
surveys). For the molecular gas, the Atacama Large Millimeter Array (ALMA) would be ideal,
particularly considering that the FoV of this instrument matches pretty well that of MUSE and
the optical extension of the galaxies of some of the quoted IFS-GSs (e.g.,CALIFA,whose diameter
selection matches the FoV of ALMA). In other cases, like MaNGA or SAMI, the FoV of ALMA is
considerably larger, and therefore there is no perfect match of the covered regime between both
observations. The lack of this data sets limits on our knowledge of the gas-to-stars duty cycle and
our understanding of the feedback and quenching processes.

Second, we still do not know the real nature of the scaling relations. So far, we know that
they are verified at kiloparsec scales, and we also know that they break at lower scales. SF and
chemical enrichment are very local processes, and at the scale of an individual Hii region these
scaling relations are clearly not verified. This indicates that they have a statistical nature and are
only verified at certain volumes and timescales: (a) volumes in which the integrated molecular and
stellar masses are big enough to average the physical processes and (b) timescales sufficiently long
to compensate the instant SF with the metal mixing and stellar feedback, in different locations
within the area (or volume) considered. Thus, the SF and chemical enrichment are the result of
physical processes that indeed do not verify those scaling relations. Optical IFS-GSs exploring
galaxies at much smaller physical scales (like PHANGS; Rosolowsky et al. 2019) may tackle this
problem in the near future. Following this reasoning, the derived SFHs and ChEHs also have a
statistical nature, reflecting the envelope evolution of more pseudostochastic processes. In other
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words, the SFHs at lower scales do not present the described patterns, being dominated by peaks
of SF that reflect the single events observed as individual Hii regions.

Third, we need to extend our explorations to different wavelength ranges to improve our un-
derstanding of the properties of the stellar populations and the ionized gas. In particular, the
combination of UV and far-IR data with the information provided by IFS is a promising tool
to improve our estimations of the resolved SFHs and ChEHs (following López Fernández et al.
2018). So far, we are limited by the coarse spatial resolution of the data in these wavelength ranges.

Fourth, we lack of a detailed knowledge of the AGN feedback and its connection with the
bulge growth to the extent that we could explain the quenching using simple causal connections.
We do not know whether the effect is purely mechanical (gas removal) or thermal (gas heating),
or a combination of both and to what extent.We also do not know which frequency is required to
sustain the quenching or if it is a single event process, supported by other processes (like bulge-
induced dynamical effects). Actually, we do not know which is the real mechanism that makes
bulges grow in time in sufficient detail.

Fifth, we need to extend our current IFS explorations to larger samples at higher redshifts in
order to study the evolution of the observed quantities and to determine whether our inferences
based on the fossil records are compatible with observations. This would require new instruments
still not foreseen or those installed in new facilities (like the IFS at the James Webb Space Telescope).

Finally, an effort should be made to develop detailed hydrodynamical andN-body simulations,
with more precise recipes of the feedback, to a resolution good enough for comparisons with
the current and future data sets. Little has been done to reproduce simultaneously the spatially
resolved and integrated scaling relations observed in galaxies using simulations to the extent that
we can understand the physical processes better, following, for instance,Trayford & Schaye (2019)
and van de Sande et al. (2019).

In summary, the most recent results based (mainly) on optical IFS-GS data and their combina-
tion with spatially resolved information of the cold gas content have improved our understanding
of the interconnections among SF, chemical enrichment, and stellar evolution in general. New
patterns and scaling relations have been uncovered, particularly at kiloparsec scales. In addition,
previously known patterns and scaling relations have been reinterpreted, mostly global scaling
relations. However, there is still a vast number of unsolved problems that would require new data,
new techniques, and a deeper interexchange and cross-talk between observational and theoretical
studies. As frequently happens in any branch of knowledge, new answers have led to new questions
that require further explorations in the coming years.

APPENDIX A. INTEGRAL FIELD SPECTROSCOPY GALAXY SURVEYS

This review is focused on the most recent results on the spatially resolved properties of galaxies
derived using mostly IFS. IFS is the technique that allows us to simultaneously obtain several
spectra (within a defined FoV) of a quasi-continuous region in the sky. So, the final data, after
reduction, consist of either a spatially continuous distribution of spectra (3D cube) or a set of
individual spectra arranged across the FoV in certain fixed positions. It is beyond the scope of this
review to discuss the details of the IFS technique, explaining the differences between the several
IFUs or the data acquisition, reduction, and analysis of this particular type of data. For these
details, I refer readers to Bershady (2009) and more extensively to the book published by Bacon &
Monnet (2017). However, I include in this review a brief description of the IFS technique, since
most of the reviewed results are based on optical IFS.

IFS is not a totally new technique, with early experiments already presented in the 1980s
(e.g., Vanderriest et al. 1987). For years it was used to explore in detail the spatially resolved
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spectroscopic properties of a single object (or a handful of them). In the particular case of
the study of galaxy properties, the stellar and gas kinematics, together with the exploration of
ionization conditions in different regions, were more frequently the targets of this technique (e.g.,
García-Lorenzo et al. 1997). The computational complexity of the data reduction and analysis
hampered the development of IFS as a common-user technique for decades, excluding its use for
large samples of galaxies. Collective efforts (like the Euro3D Research Training Network; Roth
2006), inspiring small-group initiatives (like the SAURON project; Bacon et al. 2001), and the
growth of computational capabilities through the years allowed the implementation of IFS as a
common-user technique and extended its use as a survey mode tool.

The SAURON project is usually considered the first attempt to perform an IFS galaxy survey
(de Zeeuw et al. 2002). It explored the central regions of a representative sample of 72 early-type
galaxies (E/S0/Sa) in the nearby Universe (<42 Mpc; de Zeeuw et al. 2002). The path opened by
this project was continued by ATLAS3D (Cappellari et al. 2011), the real first IFS-GS. It uses the
same instrument as did SAURON to study the central regions (R < 1.5Re) of a volume-limited
sample of 260 galaxies of the same morphological type and at the same cosmological distances.
Both projects explored mostly the properties of the stellar populations in early-type galaxies and
bulges of early spirals (e.g., Emsellem et al. 2004, Ganda et al. 2006), studying their dynamics,
stellar composition, and, to a lesser extent, the ionized gas properties (e.g., Kuntschner et al. 2010,
Sarzi et al. 2010). Most of the results from both surveys were recently reviewed by Cappellari
(2016).

The exploration of LTGs by IFS-GSs started later.Onemajor problem that delayed these stud-
ies was the presence of ionized gas throughout the disk of these objects. This created an additional
technical complication because it is required the separation of the stellar and gas components in
the analysis (e.g., Sánchez-Blázquez et al. 2011). Pioneering projects in the exploration of spiral
galaxies by IFS surveys were (a) the Disk Mass Survey (Bershady et al. 2010); (b) the exploration of
galactic winds by Sharp & Bland-Hawthorn (2010); (c) the PINGS survey (Rosales-Ortega et al.
2010); (d) the VENGA project (Blanc et al. 2010); and (e) the CALIFA pilot survey (Mármol-
Queraltó et al. 2011). Most of these were focused on the study of the ionized gas, and, in some
cases, of the stellar populations, tending particularly toward the stellar/gas dynamics. I do not
discuss here explorations at high redshift, which are beyond the scope of this review.

None of those pioneering surveys explored a wide range of galaxy properties, including all
morphological types and/or covering a wide mass/luminosity/color regime, and in a statistically
large sample of galaxies (e.g., ATLAS3D observed only E/S0 and red early spirals). The first
IFS-GS fully representative of the population of galaxies in the near Universe was the CALIFA
survey, started in 2010 (Sánchez et al. 2012a). Furthermore, CALIFA was the first IFS-GS
designed as a legacy survey, i.e., with the main and primary goal of delivering the data freely
to the community in a form that was easily accessible and fully documented. Soon after, two
major IFS-GSs were launched (and are still ongoing) following the same philosophy: MaNGA
(Bundy et al. 2015) and SAMI (Croom et al. 2012). It is beyond the scope of this review to make
a detailed comparison between them (see, e.g., Sánchez 2015 and Sánchez et al. 2017). I briefly
summarize here their main properties, which are also listed in Table 1. CALIFA offers the best
compromise among spatial resolution, covered fraction of the galaxy extension, and number of
sampled elements. However, this comes at a cost because of sampling of a much lower number
of galaxies than MaNGA (one-tenth) and SAMI (one-third). Thus, for detailed analyses of the
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Table 1 Summary of the main properties of different IFS-GSs

Parameter MaNGA SAMI CALIFA AMUSING++
Current sample size 6,850 2,400 974 540
Selection M∗ flat distribution Volume limited Diameter Compilation
Redshift range 0.01–0.15 0.01–0.1 0.005–0.03 0.001–0.1
Mean redshift 0.03 0.04 0.015 0.017
Maximum galactic radius
sampled

1.5 Re (2/3), 2.5 Re (1/3) ∼1 Re >2.5 Re >2 Re

Diameter of FoV 32 arcseca 16 arcsec 74 arcsec 60 arcsec
S/N at 1 Re per spaxel 20 10 50 5
S/N at 1 Re per arcsec 40 20 50 25
Wavelength range (Å) 3600–10300 3700–5700/6250–7350 3700–7500 4650–9300
Original sampling elements 3 × 127b n × 61c 3 ×331 90,000
Spectral resolution (σ ) 80 km s−1 75/28 km s−1 85/150 km s−1 40 km s−1

Spatial resolution (FWHM) 2.5 arcsec 2.3 arcsec 2.4 arcsec ∼ 0.7 arcsec
Physical spatial resolution (kpc) 2.5 [0.5, 6.5] 2.2 [0.4, 4.6] 0.8 [0.3, 1.5] 0.3 [0.1, 1.3]
Telescope size 2.5 m 3.6 m 3.5 m 8.2 m
Telescope name SDSS AAT CAHA VLT
Galaxies in sample 4,651 2,222 868 435
Galaxies with morphology 2,593 2,109 625 310
Galaxies in resolved sample 720 0d 520 254

Abbreviations: AAT, Anglo-Australian Telescope; CAHA, Centro Astronómico Hispano Alemán; FoV, field of view; IFS-GSs, integral field spectroscopy–
galaxy surveys; IFU, integral field unit; MaNGA, Mapping Nearby Galaxies at Apache Point Observatory; SAMI, Sydney-Australian-Astronomical-
Observatory Multi-object IFS; SDSS, Sloan Digital Sky Survey; VLT, Very Large Telescope.
aThis corresponds to the largest MaNGA bundle. Each MaNGA plate provides 17 bundles of different hexagonal FoVs. The smallest covers 12 arcsec in
diameter.
bThis corresponds to the largest MaNGA bundle. Each MaNGA plate provides 17 bundles of different amounts of fibers: 2 × 19, 4 × 37, 4 × 61, 2 × 91,
and 5 × 127.
cThe dithering scheme in SAMI is repeated until a certain S/N ratio is reached. Therefore, the number of independent sampling elements is variable from
target to target.
dExcluded due to the FoV of the SAMI IFU.

spatially resolved properties, CALIFA may present an advantage. However, for galaxy statistics,
MaNGA is far superior. MaNGA also offers a wider wavelength range and slightly better spectral
resolution. Finally, although SAMI offers the smallest FoV (and covered area of each galaxy),
it has by far the highest spectral resolution (in the red wavelength range). Thus, for kinematics
(particularly gas kinematics) it provides more precise estimations. In general, the three IFS-GSs
are pretty complementary, compensating for the limitations and strengths of each other.

In addition to these three major IFS-GSs, I include in Table 1 a large compilation of IFS
observations of galaxies in the nearby Universe performed with MUSE (Bacon et al. 2010). This
instrument is the IFS that offers the best compromise among spatial sampling, resolution, FoV,
spectral resolution, and collecting power by far. The only drawback it presents is that of a limited
wavelength range in the blue optical range (cut at 4650 Å), which strongly affects any analysis of
the stellar populations at low redshift. The current compilation, named AMUSING++ (López-
Cobá et al. 2020), involves a diameter selection (1Re < FoV < 3 Re) of galaxies included in the
European Southern Observatory archive corresponding to different projects (e.g., MAD, GASP,
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TIMER, PHANGS, and AMUSING; Galbany et al. 2016, Kreckel et al. 2017, Poggianti et al.
2017, Erroz-Ferrer et al. 2019, Gadotti et al. 2019). Two-thirds of the objects are extracted from
the AMUSING survey (PI: J. Anderson), which was already used in different studies (e.g., Sánchez
et al. 2015a; Sánchez-Menguiano et al. 2016b, 2018; López-Cobá et al. 2017a; Galbany et al. 2018).
It is by far the largest compilation of IFU data with the best possible spatial resolution. It was
included in the compilation of data for completeness and to highlight what would be achieved in
the near future when such new instruments would be used in a survey mode.

I compiled all the publicly available data from all these IFS-GSs (and compilations) to repro-
duce the main results reviewed throughout this article (as indicated in Section 2), restricted to a
maximum redshift of z < 0.02. This compilation comprises a total number of 8,177 galaxies (and
datacubes). This way, I expect to minimize the possible biases introduced by the particularities of
sample selection and instrumental details of each IFS-GS. The number of galaxies corresponding
to each survey included in this compilation is listed in Table 1. In addition, I obtained the mor-
phological classification for two-thirds of them, using public information from different sources
(HyperLeda for MUSE: Walcher et al. 2014, Sánchez et al. 2018; L. Cortese for SAMI, private
communication). For the particular purpose of this review I selected the best resolved and sampled
galaxies, as indicated in Section 2 (i.e., the well-resolved subsample).

It is clear that the current compilation does not comprise a well-defined sample of galaxies (in
principle). However, it is broadly representative of the general population of galaxies in the con-
sidered redshift range, because it was created from samples that are indeed representatives them-
selves. Figure 20 shows the distribution of colors (B–R), effective radii, and redshifts along the
R-band absolute magnitudes for the full compilation of galaxies (and segregated by morphology).
Features such as the red sequence (for E/S0) and the blue cloud (for Sc/Sd) are nicely recovered.
Indeed, the morphological distribution is similar to that recovered by volume-limited surveys,
with ∼33% of early-type galaxies (E/S0), ∼40% of early-spirals (Sa/Sb), and ∼27% of late spi-
rals (Sc/Sd; e.g., Bamford et al. 2009). The fractions of SFGs (∼50%), RGs (∼46%), and AGN
hosts (∼4%) are also consistent with the most recent estimations at the considered redshift range
(e.g., Cano-Díaz et al. 2016, and references therein). The distribution along the Re–Mabs, R plane
follows the expected trends for both the full population and the different morphological types
(e.g., Cappellari 2016). Finally, the redshift–Mabs, R distribution (and that of the derived redshift–
Re) resembles that of a diameter-selected sample. These may or may not be the primary selection
criteria of the different IFS-GSs included in this compilation, but they all aim to have their targets
fit within the FoV of their IFUs (to a certain stage). In Figure 20, the two distinctive distributions
correspond to the CALIFA/AMUSING++ and theMaNGA/SAMI subsamples, which cover two
clearly different redshift ranges in general (see Table 1).

Figure 20 also shows the distributions for the well-resolved subsample (defined in Section 2).
In general, it presents a similar distribution rather than the full compilation for the parameters ana-
lyzed here.The strongest difference is the cut at low luminosity and blue colors,which corresponds
in general to the tail toward low-mass galaxies included in the SAMI sample but is not well covered
by other IFS-GS (e.g., Sánchez et al. 2017).However, excluding dwarf galaxies (not included in the
current review), the two samples cover a similar range of parameters. Furthermore, both of them
are representative of the global population of galaxies in the nearby Universe (at a first order). As
expected, the number of galaxies in the considered compilation is clearly dominated by the publicly
available data from the MaNGA IFS-GS (DR15; Aguado et al. 2019), comprising ∼57% of those
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Figure 20

The distribution of colors (B–R, top row), effective radii (middle row), and redshifts (bottom row) for the R-band
absolute magnitudes for the collection of galaxies with IFS observations used in this review. Panels in the
far-left column show the distribution for the full sample of galaxies considered in this review, and each
consecutive panel from left to right shows similar distributions segregated by morphology (with the
morphology indicated in the top panels). Color maps show the density distribution normalized to the peak
density for the full compilation, whereas contours show the same distribution for the subsample of well-
resolved galaxies. Contours include 90%, 50%, and 10% of the points. Finally, the number of galaxies
included is indicated in the top panels, in black for the full sample and in blue for the well-resolved one.

galaxies (Table 1).However, only half of them have publicly available morphology, and just∼15%
fulfill our strict criteria for the well-resolved subsample. These cuts exclude all the SAMI data as
well, because I impose a minimum galaxy size of larger than the FoV of their IFUs. These are ar-
bitrary criteria, aiming to recover only the best sampled and resolved IFS data and to homogenize
the different data sets. They do not imply any judgement on the quality of the different IFS-GS
data sets, considering their different goals and scopes. Further details of the compilation and its
main global properties are provided elsewhere (S.F. Sánchez & C. López-Cobá, in preparation).

APPENDIX B. IONIZED GAS: A PRACTICAL CLASSIFICATION SCHEME

Based on the different results discussed in this review, I present the following practical classifica-
tion scheme to distinguish between different kinds of ionizing sources, particularly for IFS data
at ∼1-kpc resolution:

� A star-forming orHii region: It is a clumpy area (clustered) in a galaxy in which the ionized
gas emission-line ratios are below the Kewley et al. (2001) demarcation line in at least one of
the classical diagnostic diagrams involving [Oiii/Hβ] versus [Nii]/Hα, [Sii]/Hα, or [Oi/Hα],
with EW(Hα) above 6 Å and with a fraction of young stars (age < 100 Myr) in flux in the
visual band of at least 4–10%.
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Red geyser:
elliptical galaxy with
filamentary ionized gas
most probably due to
shocks, but not clearly
related to high-
speed outflows

� An AGN-ionized region: It is a central ionized region, clearly more intense than the diffuse
ionized gas, in which the emission-line ratios are above the Kewley et al. (2001) demarcation
line in Figures 1, 4, and 5 with EW(Hα) above 3 Å. Below that limit it is not possible to
determine whether the ionization is due to an AGN or to other processes. The line ratios
decrease with respect to the center of the galaxy, and the flux decays at r−2 or faster (not
following the light surface brightness of the continuum).

� Diffuse gas ionized by old stars (HOLMES, post-AGBs): It is a smooth ionized struc-
ture that follows the light distribution of the old stellar population in galaxies, presenting an
EW(Hα) clearly below 3 Å. The fraction of young stars for the underlying stellar popula-
tion is never larger than 4% (in the V-band). It does not present any clumpy or filamentary
distribution. In the BPT diagram, it could be located covering the LINER-like region (or
AGN locus) toward the location of metal-rich SFAs. It is present in galaxies with old stel-
lar populations (massive, earlier types) or regions in galaxies with the same characteristics
(bulges), and it shares the same kinematic structure as the old stellar population.

� Diffuse gas due to photon-leaking by HII regions: They are smooth ionized structures
present in galaxies with young stellar populations (in general, low-mass LTGs) or regions
in galaxies with the same characteristics (disks), presenting an EW(Hα) below 3 Å, with
a fraction of young stars that is never larger than 4% (in the V-band). It shares the same
location as classical Hii regions in the diagnostic diagrams and should be included in the
photon budget to derive the SFR in galaxies. Its kinematics is not fundamentally different
from that of the disk. In high spatial resolution data (10–100 pc), it may present some shells
or bubble-like structures that are not visible at kiloparsec scales.

� A high-velocity shock-ionized region: It is a filamentary or biconical ionized gas structure
with an intensity stronger than that of the diffuse ionized gas. The emission-line ratios are
above the Kewley et al. (2001) demarcation line in Figures 1, 4, and 5 with an EW(Hα)
above 3 Å. It shows asymmetrical lines extended through the filamentary structure. Most
cases are associated with galactic outflows. It demonstrates a clear increase of the considered
line ratios (in particular [Oi/Hα]) with the velocity dispersion and the distance from the
source of the outflow. AGN and SF-driven outflows could be separated, in principle, using
the demarcation line proposed by Bland-Hawthorn (1995).

� A low-velocity shock-ionized region: It shares many of the characteristics of the diffuse
gas ionized by old stars, and indeed it is considered to be diffuse by different authors (e.g.,
Dopita et al. 1996,Monreal-Ibero et al. 2010).However, it presents a clear filamentary struc-
ture and a velocity distribution not following the general rotational pattern of the galaxy.
Recently proposed red geysers most probably are ionized by this kind of process (Kehrig
et al. 2012, Cheung et al. 2016).

Other sources of ionization, like supernova remnants or planetary nebulae, are in general not
resolved at kiloparsec scales, and they are sources of contamination that may complicate classifi-
cation even more. Furthermore, in many cases it is not easy to clearly define which kind of region
is observed when different types are on the same aperture/line of sight. For a recent review on
the properties of the ISM and how to recover them from emission lines, I refer readers to Kewley
et al. (2019).
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APPENDIX C. LIST OF ACRONYMS AND DEFINITIONS

Table 2 presents a list acronyms, symbols, and definitions used in this review.

Table 2 Acronyms used in this review

AAT Anglo-Australian Telescope
AGB Asymptotic giant branch
[α/Fe] Relative abundance of α elements over Fe
AMRs Anomalous metallicities regions
ALMaQUEST ALMA-MaNGA QUEnching and STar formation survey
AMUSING All-weather MUse Supernova Integral field Nearby Galaxies survey
ATLAS3D IFS survey of elliptical galaxies in the nearby Universe
BPT Baldwin–Phillips–Terlevich
CALIFA Calar Alto Legacy Integral Field spectroscopy Area survey
ChEH Chemical-enrichment history
CMD Color–magnitude diagram
D4000 Stellar index that compares the flux before and after 4000 Å
DR Data release
EDGE Extragalactic Database for Galaxy Evolution survey
EDGE-CALIFA Combination of the EDGE CO data with the CALIFA data
EW Equivalent width
FMR Fundamental metallicity relation
FoV Field of view
FWHM Full width at half maximum
GAMA Galaxy and Mass Assembly survey
GASP GAs Stripping Phenomena in galaxies with MUSE
GV Green valley
GVG Green valley galaxy
IMF Initial mass function
LINERs Low-ionization nuclear emission-line regions
LZIFU Emission-line analysis pipeline for IFS-GS data (used mostly in SAMI data)
MAD MUSE Atlas of Disks
MaNGA Mapping Nearby Galaxies at Apache Point Observatory survey
MaNGA DAP MaNGA data analysis pipeline
MZR Mass–metallicity relation
Mgas Cold gas mass
M∗ Stellar mass
M� Solar mass
PHANGS Physics at High Angular resolution in Nearby GalaxieS survey
Pipe3D Pipeline for the analysis of emission lines and stellar populations for IFS-GS data
PINGS Ppak IFS Nearby Galaxy Survey
PSF Point spread function
PyCASSO Value-added catalog for CALIFA galaxies analyzed with STARLIGHT

rFMR Resolved fundamental metallicity relation
rMZR Resolved mass–metallicity relation
rSFH Resolved star-formation history
rSFMS Resolved SFMS relation
S/N Signal-to-noise ratio

(Continued)
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Table 2 (Continued)

SAMI Sydney-Australian-Astronomical-Observatory Multi-object Integral-Field Spectrograph
survey

SAURON IFS survey of elliptical galaxies in the nearby Universe
SBP Surface brightness profile
SDSS Sloan Digital Sky Survey
SF Star formation
SFE Star-formation efficiency (=SFR/Mgas)
SFH Star-formation history
SFR Star-formation rate
SN Supernova
�gas Cold gas mass surface density
�SFR SFR surface density
�∗ Stellar mass surface density
sSFR Specific star-formation rate
SK law Schmidt–Kennicutt Law
SSP Single stellar population
τdep Depletion time (=Mgas/SFR)
TIMER Time Inference with MUSE in Extragalactic Rings
VENGA Virus-P Exploration of Nearby Galaxies
[Z/H] Stellar metallicity normalized to the solar one in logarithmic scale

SUMMARY POINTS

1. Evolution of galaxies is governed by local properties but affected by global ones. Most
scaling relations (like the SK law, MZR, and SFMS) have local/resolved counterparts
verified at kiloparsec scales from which the global ones are integrated versions.

2. Not all global relations are verified at local scales for all galaxy types and at any stellar
masses (e.g., stellar MZR).

3. Local scaling relations (and the lack of them) are a consequence of the narrow range of
depletion times and the similarities of the local SFHs at fixed galactocentric distances of
galaxies of similar final stellar mass, together with a chemical enrichment dominated by
local processes.

4. Radial gradients are a consequence of the local relations and the initial radial distribution
of gas following the gravitational potential.

5. Deviations from local relations (and gradients) are either (a) associated with dynamical
and mixing processes, together with local exchange of gas (inflows, outflows, fountains)
or (b) described by differences in tdep or the local SFHs among galaxy types.

6. Ionization happens at local scales, driven by different physical processes coexisting in a
galaxy, and it cannot be clearly understood using purely integrated quantities.

7. The dominant ionization in a certain location in a galaxy is mostly dictated by the prop-
erties of the underlying stellar population (that are connected with those of the ionized
gas).
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FUTURE ISSUES

1. How do the stellar and ionized gas properties connect with those of the cold gas (atomic
and molecular) at kiloparsec scales? We require Hi and H2 explorations at similar phys-
ical scales of current IFS-GSs on large and statistically significant samples of galaxies
already covered by those surveys.

2. At which scales are local relations still verified?What does this tell us about their nature?
Are those statistical laws? IFS-GSs should expand to smaller physical scales to explore
these issues.

3. IFS-GSs should expand toward larger samples and higher redshifts to constrain
even more the evolutionary paths already uncovered by recent surveys (e.g., the
Hector survey; Bland-Hawthorn 2015). Covering lower-mass ranges will be also
fundamental.

4. We need to improve our methods to recover the SFHs and ChEHs. Spatially resolved
spectroscopic information should be complemented with multiwavelength information
at similar scales (that would require new UV and far-IR explorers).

5. Data at higher spectral resolution that go deeper and are on wider wavelength ranges
are required to use fainter emission lines to obtain precise information on the ionization
conditions and the chemical composition of the gas.

6. Which is the real quenching mechanism? Mergers? AGNs? Stabilization? The involved
mechanisms, in particular AGN feedback, should be understood in much more detail to
understand which observables constrain/define it in a better way.

7. Greater efforts in detailed hydrodynamical and N-body simulations at kiloparsec and
subkiloparsec scales are required for a better understanding of the local/resolved scaling
relations.
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