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ABSTRACT

Context. Differential enrichment between a- and Fe-peak elements is known to be strongly connected with the shape of the star
formation history (SFH), the star formation efficiency (SFE), the inflow and outflow of material, and even the shape of the Initial
Mass Function (IMF). However, beyond the Local Group detailed explorations are mostly limited to early-type galaxies due to the
lack of a good proxy for [e/Fe] in late-type ones, limiting our understanding of the chemical enrichment process.

Aims. We intent to extend the explorations of [a/Fe] to late-type galaxies, in order to understand the details of the differential enrich-
ment process.

Methods. We compare the gas phase oxygen abundance with the luminosity weighted stellar metallicity in an extensive catalog of
~25,000 Hu regions extracted from the Calar Alto Legacy Integral Field Area (CALIFA) survey, an exploration using integral-field
spectroscopy of ~900 galaxies, covering a wide range of masses and morphologies. This way we define [O/Fe] as the ratio between
both parameters, proposing it as an indirect proxy of the [@/Fe] ratio. This procedure is completely different from the one adopted to
estimate [a/Fe] from high resolution spectroscopic data for stars in our Galaxy.

Results. We illustrate how the [O/Fe] parameter describes the chemical enrichment process in spiral galaxies, finding that: (i) it
follows the decreasing pattern with [Fe/H] reported for the [a/Fe] ratio and (ii) its absolute scale depends of the stellar mass and
the morphology. We reproduce both patterns using two different chemical evolution models (ChEM), considering that galaxies with
different stellar mass and morphology present (i) different SFHs, SFEs and different inflow/outflow rates, or (ii) a different maximum
stellar mass cut for the IMF. We will explore the differential chemical enrichment using this new proxy galaxy by galaxy and region

by region in further studies.

Key words. Galaxies: fundamental parameters — Galaxies: abundances — ISM: abundances — Stars: abundances

1. Introduction

All metals in the Universe are produced by the thermonuclear fu-
sion reactions that are the core engine of stars. For intermediate-
and low-mass stars, a fraction of these metals are expelled into
the interstellar medium (ISM) along their life-time as part of the

- stellar winds and, in particular in their later phases, when stars

@

lose their envelops. However, most of those metals remain inside
the stars and end up in white dwarfs, neutron stars and black
holes (e.g. [Kobayashi et al.|[2020). The metals that enrich the
ISM, traced by the most abundant elements, are produced during
supernovae explosions. In particular a—elements (O, Mg, Si, S,
Ar, Ca and Ti, e.g., Matteuccil|[1992)), produced mostly in mas-
sive, short-lived stars, are transferred to the ISM when these stars
explode as core-collapse supernovae, either Type-II or Type-Ib
and Ic (e.g.|[Woosley & Weaver| 1995)). Therefore, the produc-
tion and enrichment of these heavy metals is directly associated
with the star formation process. On the other hand, iron peak el-
ements are produced in stars of a wide range of masses, and their
ISM enrichment is dominated by Type Ia supernovae (SNla),
which are triggered in binary systems (Kobayashi et al.|[2020).
These events are not, in principle, connected with the most re-

cent star formation processes (e.g.|Galbany et al.|2014), as they
happen during the life-time of a stellar population after a certain
delay time (e.g. [Walcher et al.|2016; (Castrillo et al.||2021), and
span a wide time interval.

The most detailed explorations of the differential abundance
between these two families of elements and its connection with
the evolution of the stellar populations comes from the analy-
sis of high- and intermediate-resolution optical and NIR spectra
of hundreds to hundred of thousand stars at different locations
within our Galaxy (e.g./Hayden et al.[2015} |Yu et al.[2021; Nan-
dakumar et al|2020; Franchini et al.|2021)). Those analysis rely
on the comparison of the full observed spectra, or a particular set
of absorption features, with predictions from theoretical stellar
atmosphere models (e.g.[Hayden et al.[|2015) or previously well
labeled empirical observations (e.g. Nandakumar et al.|[2020).
Among their several results they found that (i) disk stars, in par-
ticular those in the inner disk, follow a well defined track be-
tween [@/Fe] and [Fe/H], with a slope near ~ —0.3; (ii) stars
above the thin disk present a clear super-solar [a/Fe] enhance-
ment; and (iii) this enhancement is directly connected with the
age of the stellar population (e.g. |Yu et al.|2021, Fig.8). These
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results agree with the idea that the different time-scales for the
production of @ and iron-peak elements can be used as a clock
for the star-formation history (SFH, [Matteuccil 1992; [Matteucci
et al.|1999; Thomas et al.|[2005).

Beyond our galaxy, the derivation of the [a/Fe] ratio relies
on the comparison of the strength of certain absorption features
or the full observed spectra for unresolved stellar populations
with the predictions by stellar synthesis codes (e.g. Trager et al.
2000; Walcher et al.[2009; | Vazdekis et al.|2015)). For this reason,
most of these explorations are limited to study elliptical galax-
ies, whose spectra present strong metal absorption features, and
a more limited contamination by ionized gas emission lines (e.g.
Conroy & van Dokkuml|2012} [Walcher et al.|[2015). Only until
very recently this kind of exploration has been extended to late-
type galaxies too (Watson et al.[2021)). These studies have found
that (i) early-type galaxies exhibit the same negative trend be-
tween [a/Fe] and [Fe/H] reported for the resolved stellar popula-
tions in our galaxy (Walcher et al.|2016)), and (ii) the [@/Fe] ratio
decreases with morphology (Watson et al.|2021)). We should note
that in non of those cases the galaxies were explored as resolved
entities.

In this study we propose a different approach, using the pres-
ence of strong ionized gas emission lines to our advantage. In-
stead of tracing [@/Fe] using the information provided by the
absorption features in the stellar population, we gauge the a-
element abundance traced by the oxygen abundance (O/H) in the
ISM. Ever since the pioneering studies by [Searle| (1971)); |Comte’
(1975) and |Peimbert et al.|(1978), H i regions have been used to
trace the chemical content in spiral galaxies (e.g.|Sanchez et al.
2014), including the Milky-Way (e.g. [Esteban & Garcia-Rojas
2018). These gaseous clouds trace the current metal content of
the interstellar medium, assumed to be the same as that of the
short-lived OB-stars that ionized them (i.e., the most recent gen-
eration of stars). However, this metal content is the consequence
of the full chemical enrichment history (ChEH) at the location
in which the star formation is triggered and, therefore, the HII
created (Sanchez|[2020). Due to that it is possible to combine
the oxygen abundance estimates derived from the analysis of the
emission lines observed in the optical spectra of Hm regions,
with the iron abundance estimated from the analysis of the un-
derlying stellar spectrum to estimate of the [a/Fe] ratio, despite
the fact that both measurements are tracing the metal content of
two different populations. We demonstrate that this is a useful
approach to explore this elusive property in spiral galaxies, that
we will exploit in detailed in a forthcoming article (Espinosa-
Ponce et al. in prep.). Previous attempts in the same direction
(e.g.|Lian et al.[|2018} |Sanchez|2020), compared the two param-
eters separately, reaching similar conclusions. This paper is or-
ganized as follows. In Sect. 2] we describe our data, presenting
the properties of the sample of galaxies and Hu regions and a
summary of the analysis performed on the data to derive the ex-
plored physical parameters; in Sec. [3|we present the main results
of our analysis, showing the observational trends and compare
them with the expectations obtained by means of chemical evo-
lution models. Finally, we summarize our main conclusions in
Sec.

2. Data and Analysis

We use the catalog of properties of H 11 regions and aggregations
published by Espinosa-Ponce et al. (ZOZOﬂ These Hu regions,
and their spectroscopic properties, were extracted from the data

! http://ifs.astroscu.unam.mx/CALIFA/HII_regions/
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provided by the Calar Alto Legacy Integral Field Area survey
(CALIFA [Sanchez et al|2012a)). This survey explored the full
optical extension of a sample of galaxies representative of the
bulk population in the nearby universe (<100 Mpc) (Walcher
et al.|2014)), using the PPAK Integral Field Unit (Kelz et al.
2006). For further details on the sample, survey strategy, ob-
servations and reduction consult|Walcher et al. (2014), Sanchez
et al.| (2016a) and|Galbany et al.| (2018))

The emission lines and stellar population properties are de-
rived using the broadly tested Pipe3D pipeline (e.g. |[Sanchez
et al.2016b; [Ibarra-Medel et al.[2019; |Sanchez et al.|[2021)). This
pipeline performs a spectral fitting decomposition of the stel-
lar continuum based on a combination of SSPs, convolved and
shifted using a Gaussian kernel to account for the line-of-sight
velocity distribution, and attenuated by an extinction law. Once
the best stellar model is obtained for each spectrum in each cube,
this model is subtracted from the original spectra creating a cube
with only the ionized emission line component. Then, this cube
is then used to derive the main properties of a set of pre-defined
emission lines.

Espinosa-Ponce et al.| (2020) extracted a catalog of Hu
regions and aggregations from the dataproducts provided by
Prpe3D applied to the CALIFA datacubes. In order to do so they
followed the prescriptions by [Sanchez et al.| (2012b), selecting
clumpy structures in the Ha intensity map of each galaxy, and
selecting from them those compatible with being ionized by a
young stellar population: i.e., with a fraction of young stars and
an EW(Hea) high enough to produce the observed ionization.
This analysis provided a catalog that comprises the main prop-
erties of the ionized gas emission lines (including the flux in-
tensities of 52 lines) and the main physical parameters of the
underlying stellar population, for a total of ~25,000 H 1 regions
across the 924 explored galaxies.

We make use of this catalog, extracting three main physical
properties: (i) the luminosity weighted age (A, ) of the under-
lying stellar population, that corresponds to the first moment of
the Age Distribution Function in light (ADF), directly provided
by the stellar decomposition performed by PrirE3D. This param-
eter is directly connected with how sharp the star formation his-
tory is in galaxies, with older stellar populations having SFHs
which peak at earlier epochs, (e.g. (Garcia-Benito et al.[|[2017);
(i) the luminosity weighted metallicity normalized to the solar
value [Z/H] or Z, ). This is the first moment of the Metallic-
ity Distribution Function (MDF) in light at the same band as
the ADF (Mejia-Narvaez et al.| 2020, e.g.). Due to the nature
of the adopted SSPs, this parameter is a direct proxy of the
luminosity-weighted iron abundance, [Fe/H], for a solar abun-
dance of 12+log(Fe/H)=7.50 (Asplund et al|[2009). It is worth
noting that we derive [Z/H] using SSP-models with solar com-
position (i.e., [@/Fe]=0). This may create a bias in [Fe/H] to-
wards higher values, that can be as large as ~30%. However, this
bias does not affect either our qualitative results or the reported
trends, although it may produce relative offsets in the absolute
reported abundances. Hereafter we refer to this parameter as
[Fe/H]; and (iii) the gas phase oxygen abundance, 12+log(O/H),
derived using the calibrator presented by Ho| (2019). This cal-
ibrator uses a set of emission line ratios, and associates them
with oxygen abundances measured using the direct method ap-
plying a neural-network procedure. We should note that the use
of this or other of the calibrators applied to derive the oxygen
abundance for the considered catalog do not alter qualitatively
the results presented here (Espinosa-Ponce et al., in prep.). We
transform this value to [O/H] by adopting a solar oxygen abun-
dance of 12+1og(O/H)»=8.69 (Asplund et al.[2009).
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Fig. 1. Distribution of [O/Fe] as a function of [Fe/H], for the H i regions of our sample (segregated by galaxy morphology), color coded by the
average A, ; of the underlying stellar population. Contours represent the density of the plotted regions , encircling 95%,80% and 40% of them,
respectively, with the total number shown at the bottom-left of each panel. The average [O/Fe] value for each morphology is shown at the top-left
of each panel too. The solid and dashed-dotted lines are all the same in the six panels. They correspond to the predictions by the five ChEMs
described in the text, generated to cover the observed distributions. Each model is defined by the values of a set of input parameters (7., 77, T4ep)
and two shapes of the SFHs (exponential decay, exp, and linear rising plus exponential decay, lin — exp), indicated in the upper legend. Lines are
color coded according to the average (A, 1, too. Note that there is no exact one-to-one correspondence between a single model and the observed

distribution for a single morphological bin (i.e., panel).
3. Results

Figure [I] shows the distribution of the relative oxygen-to-iron
abundance, [O/Fe], as a function of [Fe/H] for the catalog of Hu
regions explored along this article. [O/Fe] is constructed from
the [O/H] and [Fe/H] parameters described in the previous sec-
tion. We should recall that while [Fe/H] is an average of the iron
abundances of the surviving stars, [O/H] traces the oxygen con-
tent of the most recently formed ones (e.g., (Gonzalez Delgado

2014). However, [O/H] is also a consequence of the evo-

lution of the stellar population, clearly connected with its age
(e.g., [Sanchez et al|[2013; [Espinosa-Ponce et al|[2020)), and
more strongly with the stellar mass at any look-back time (e.g.,
Fig. 1 Maiolino & Mannucci|2019). Furthermore, a fraction of
the oxygen is depleted into dust in H 1 regions, and therefore the
[O/H] (and [O/Fe]) reported here may be ~0.08-0.12 dex lower
than if they were both measured in stars (Peimbert & Peimbert|
2010). Thus, the [O/Fe] shown in here should not be interpreted
as the a-enhancement of either the average population (lumi-
nosity or mass weighted) at the location of the Hu region, or
of a particular subset of the population. However, as we will
demonstrate later, it still retains valuable information about the
a-enhancement process along the cosmological evolution of the
explored populations.

Each panel of Fig. [T] shows the distribution for the H re-
gions located in galaxies of different morphological types. The
observed distributions in each panel exhibit similar trends. In
all cases, [O/Fe] decreases as [Fe/H] increases following a lin-
ear trend with a slope ~-0.7. This trend is less defined, showing
a broader dispersion, for the later morphological types (Sc and
Sd). The described pattern is observed in all panels, despite the
different number of Hu regions in each of them (a consequence
of the morphological distribution of the CALIFA galaxies, which
peaks at Sb/Sbc, and the lower number of Hn regions in earlier
morphological types e.g., [Lacerda et al.|[2020} [Espinosa-Ponce]
let al|[2020). Furthermore, the average [O/Fe] (top-left label of
each panel in Fig.[T)), declines as galaxies have a later morphol-
ogy. However, the [O/Fe] peak is not reached by the earlier mor-
phological types (E/SO, [O/Fe]~0.23 dex), but for the Sa ones
([O/Fe]~0.27 dex). We should note that the difference between
these two average values is small compared to their correspond-
ing standard deviations (~0.26-0.21 dex), in any case. For later
morphological types this value progressively declines with mor-
phology.

The decline of [O/Fe] as a function of [Fe/H] is qualitatively
similar to the one for the stars in the Milky Way (MW, e.g.
[Yates et al|[2013} [Griffith et al|[2021)), not only for the oxy-
gen abundance (e.g.|Franchini et al|2021) but for any other «-
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elements. However, the quantities reported in those studies and
the ones presented here have a different nature: abundance of
individual stars (for the MW), and average properties of two dif-
ferent populations (in this study). To understand the nature of
this decline and to demonstrate that we are tracing the same pat-
terns we color-coded the distributions in Fig. 1 by the (A, ) of
the underlying stellar population. New patterns emerge from this
exploration: (i) the decline of [O/Fe] as a function of [Fe/H] is
much better defined for a fixed A, ; and morphology. The na-
ture of this relation will be discussed below; and (ii) the broad-
ening and shift of the observed distribution with morphology
is a consequence of the strong dependence of [O/Fe] with A, ;.
Early-type (late-type) galaxies have older (younger) stellar pop-
ulations in general with very little (strong) variation in the ob-
served SFHs, and therefore a narrow (broad) range of A, ; val-
ues (Ibarra-Medel et al.|[2016; |Garcia-Benito et al.|[2017). This
scenario fits with the observations for all morphological bins
for early- and late-spirals (Sa to Sd/Sm). However, we find that
E/SO may present a slightly lower [O/Fe] than Sa galaxies (al-
though the different may not be statistically significant). If true,
this could be due to a bias as our exploration is restricted to
those galaxies with observed Hu region. For E/SO galaxies they
may be scarce (Espinosa-Ponce et al.|2020) and peculiar objects:
galaxies with either a SFH more extended than the bulk popula-
tion of early-type ones, or suffering a rejuvenation by the capture
of pristine gas (e.g./Gomes et al.|2016). Nevertheless, despite of
this possible bias, the result fits with the proposed connection
between [O/Fe] and (A, 1, since at least for the CALIFA sample
the peak in ages for the stellar population is found for the Sa
and not for the E/SO galaxies (e.g., Fig. 9 of (Garcia-Benito et al.
2017).

Similar trends between [@/Fe], [Fe/H] and the age of the
stellar populations have been reported when exploring the a-
enhancement for resolved stars in the MW (e.g. Hayden
et al.| 2015k [Yu et al.|2021; [Nandakumar et al.|[2020; [Franchini
et al|2021), for different compilations of early-type galax-
ies (Walcher et al.[2015} 2016), and when comparing MW-like
galaxies with simulations (e.g./Calura & Menci|2009; |Yates et al.
2012). In some cases they reported a weak decline in the metal-
licity with the stellar age (e.g., Fig. 2 Walcher et al.|[2016), not
appreciated in our results, due to a different definition of the pa-
rameters (Coelho et al. 2007ﬂ Finally, the stars in the disk of
the MW presents a smoother relation of [O/Fe] with [Fe/H] than
the one reported here (Nandakumar et al.|2020).

We explore now if the observed distributions are physically
compatible with our current understanding of the chemical evo-
lution in galaxies. To do so we made use of the ChEM by [Wein-
berg et al. (2017ﬂ, an analytic solution for the one-zone (fully
mixed) model that incorporates a realistic delay time distribution
for SNIa. In this way, it is possible to track the separate evolution
of @ and the iron peak elements. The model requires us to define
the shape of the SFH (instead of the infall rate as other ChEMs
do, e.g. [Carigi et al.|2019), by selecting either an exponential
(exp, e”'/™) or a linear-exponential (1in-exp, te~'/7) functional
form, both parametrized by the SF time delay (r..). In addition,
it requires us to define the depletion time 74e, and the mass-
loading factor n, parameters that define the rate at which gas is
transformed into stars and the amount of leaked metals from the
system as a function of the SFR (e.g. [Barrera-Ballesteros et al.
2018)), respectively. This model has been successfully used to

2 in particular, [Z/H]=[Fe/H]+0.75[c/Fe], instead of [Z/H]=[Fe/H]
3 https://github.com/jobovy/kimmy
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reproduce the distribution of [a/Fe] vs. [Fe/H] observed in the
Milky-Way (Weinberg et al.[2017).

Using this code, we generate a set of five ChEMs without at-
tempting to fit them with the observations or to obtain a perfect
one-to-one matching with the individual distributions reported
for each morphological bin. We intend to reproduce the bulk ob-
served distributions shown in Fig. [[Jusing a reasonable set of in-
put parameters: (i) one model uses the the exp functional-form
to reproduce SFH of earlier-type galaxies (or the center of early
spirals), and the remaining models a 1in-exp one that match
better with the SFH of late-type galaxies (following [Lopez Fer-
nandez et al.|[2018}; |(Garcia-Benito et al.|2019); (ii) a different
value of 7. is adopted for each of the five models spanning from
0.55 to 1.4 Gyr, to reproduce the range of observed of A, ;
(iii) four different values for  were adopted, ranging between
3 and 11, covering the expected values for galaxies of different
morphology and stellar masses, based in the relation between n
and M, by [Leethochawalit et al.| (2019), and the morphology-
mass relation in the CALIFA sample (e.g. |Lacerda et al.|2020));
finally, (iv) we adopt four different values of tgep, to reproduce
the dependence of this parameter on the morphological type de-
scribed by |(Colombo et al.| (2018), using the values tabulated by
Sanchez et al.| (2021). The top-inset of Fig. [T] indicates the pa-
rameters adopted for the five ChEMs. For each model we de-
rive the oxygen abundance of the last generation of stars, at each
look-back time, which would correspond to our observed gas-
phase [O/H], and the luminosity weighted [Fe/H] for the surviv-
ing stars formed before that time (i.e., older ages). To derive this
latter parameter we are required to average the [Fe/H] weighted
by the SFH, transforming the mass to light using the same M/L-
ratio at each age adopted by PipE3D, and considering the mass-
loss at each look-back time. The resulting tracks for each model,
covering the last 2 Gyrs, are represented in Fig. |1|as dot-dashed
or solid lines (for each of the selected SFHs) and color-coded by
the current A, .

The simple ChEMs described before reproduce the main ob-
served trends between [O/Fe] and [Fe/H]. In particular, (i) the
average decline of the [O/Fe] as increasing [Fe/H], (i7) the range
of [O/Fe] values, and (iii) its decline with the A, ;, that in-
duces the trends with morphology, are well reproduced. It is
worth noting that we did not fit/adjust the input parameters of the
model to reproduce the observed abundance patterns: 7 and 74ep
were extracted from the literature (Leethochawalit et al. [2019;
Colombo et al.|[2018; |Sanchez et al.[[2021), and the shape of
the SFHs and 7. were selected to reproduce just the average
A, - Based on this modelling, massive and earlier-type galax-
ies present stronger [O/Fe] enhancement, covering a narrower
range of values, and with a better defined trend of this parame-
ter with [Fe/H] as a consequence of a shorter and sharper SFH,
with a low diversity in the SFH, lower SFEs values and having
a better ability to retain metals. On the contrary, less-massive
and later-type galaxies present weaker [O/Fe] enhancements for
the opposite reasons: longer and steady SFH, a larger variety
among them, higher values of SFE and a lower ability to re-
tain metals. All these trends agree with our current understand-
ing of galaxy evolution and the most recent results reported in
the literature regarding the SFH, ChEH, MDFs and their rela-
tion with galaxy morphology, mass and location within galaxies
(e.g. (Garcia-Benito et al.||2017; |Gonzalez Delgado et al.|[2017;
Ibarra-Medel et al.|2016; Mejia-Narvaez et al.|[2020}; (Camps-
Farina et al.|2021}; |Sanchez2020).

We should note that this is not the only interpretation pos-
sible for the observed distributions. For instance, using a more
elaborated ChEM that assumes no outflows (Carigi et al.|2019,


https://github.com/jobovy/kimmy

S. F. Sanchez et al.: [@/Fe] traced by H 11 regions from the CALIFA survey:

2020), it is possible to reproduce all the observed trends by
adopting a variable Initial Mass Function (IMF). The model as-
sumes a certain gas infall rate as the basic regulator for the star
formation. Changing this rate and adopting a |Salpeter| (1955)
IMF with different mass-ends (M.,;=20-120 M), it is possible
to reproduce the observed trends. The possibility of a variable
IMF is a topic of current discussion (Kroupa 2001), without a
general consensus of what it is the main driver (e.g. [Martin-
Navarro et al.|[2015)). Based on this model the observed trends
would be the consequence of the ability of more massive galax-
ies to form more massive stars, higher My, than less massive
ones, lower M., (Gunawardhana et al.|[2011; [Fernandez-Alvar
et al.|2018)).

The comparison with these two particular ChEMs indicates
that the observed trends (which are our primary results) are com-
patible with plausible scenarios/interpretations. Those scenarios
are not unique, incompatible or exclusive. Some of the observed
trends were already predicted by the ChEMs presented in Mat-
teucci (2003)), as a consequence of the change in the SFH be-
tween early and late-type galaxies. However, a change in the
IMF does not exclude a possible change in the shape of the SFH
or a different SFE. Finally, many of the parameters involved in
those models are strongly degenerated, and modifying any of
them may produce concordant results. However, these would not
change the described observed trends, despite the detailed inter-
pretation may be different.

4. Conclusions

We present for the first time an exploration of the a-enhancement
in galaxies based on the comparison of the gas-phase oxygen
abundance ([O/H]) with the stellar metallicity ([Z/H]) for a large
sample of Hu regions and aggregations extracted for a repre-
sentative sample of galaxies in the nearby Universe. From this
exploration we show that:

1. [O/Fe] presents a decline with [Fe/H] similar to the one ob-
served for [@/Fe] in the MW, in early-type galaxies, and de-
scribed in simulations.

2. The zero-point (slope) of this relation, i.e., the absolute scale
of [O/Fe], presents a strong (mild) dependence on both the
stellar mass and morphology of the galaxy in agreement with
early scenarios, ChEMs, similations, and recent results.

3. We reproduce both trends using chemical evolution models
by either (i) assuming that the SFH, SFE and 7 or (ii) the
high-mass cut-off the IMF increases with the stellar mass of
galaxies in agreement with previous results.

We have presented in this study the most relevant results of
our on-going exploration. In a forthcoming article, Expinosa-
Ponce et al. in prep, we will provide with further details on the
modelling, exploring the reported trends galaxy by galaxy and in
different regions within them.
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