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ABSTRACT

The well-known bimodal distribution of Milky Way disk stars in the [a/Fe]-metallicity plane is often used to define thick and thin
disks. In external edge-on galaxies, there have been attempts to identify this type of bimodality using integral field spectroscopy (IFS)
data. However, for unresolved stellar populations, observations only contain integrated information, making these studies challenging.
We assessed the ability to recover chemical bimodalities in IFS observations of edge-on galaxies, using 24 Milky Way-mass galaxies
from the AURIGA zoom-in cosmological simulations. We first analyzed the distribution of single stellar particles in the [Mg/Fe]—-
[Fe/H] plane, finding that bimodality is frequent but not ubiquitous and often unclear. Then we produced mock IFS [Mg/Fe] and
[Fe/H] maps of galaxies seen edge on, and considered integrated stellar-population properties (projected and spatially binned). We
investigated how the distribution of stars in the [Mg/Fe]-[Fe/H] plane is affected by edge-on projection and spatial binning. Bimodality
is preserved, while distributions change their shapes. Naturally, broad distributions of individual star particles are narrowed into
smaller [Mg/Fe] and [Fe/H] ranges for spatial bins. We observe continuous distributions from high [Mg/Fe] and low [Fe/H], to lower
[Mg/Fe] values and higher [Fe/H]. Despite being continuous, these distributions are bimodal in most cases. The overlap in [Fe/H]
is small, and different [Mg/Fe] components show up as peaks instead of sequences (even when the latter are present for individual
particles). The larger the spatial bins, the narrower the [Mg/Fe]-[Fe/H] distribution. This narrowing helps amplify the density of
different [Mg/Fe] peaks, often leading to a clearer bimodality in mock IFS observations than for original star particles. We also
assessed the correspondence of chemical bimodalities with the distinction between geometric thick and thin disks. Their individual
particles have different distributions, but mostly overlap in [Mg/Fe] and [Fe/H]. However, integrated properties of geometric thick
and thin disks in mock maps do mostly segregate into different regions of the [Mg/Fe]-[Fe/H] plane. In bimodal distributions, they
correspond to the two distinct peaks. Our results show that this approach can be used for bimodality studies in future IFS observations

of edge-on external galaxies.

Key words. galaxies: structure — galaxies: evolution — galaxies: spiral — galaxies: stellar content — galaxies: abundances

1. Introduction

The chemical bimodality of disk stars in the Milky Way has
been a matter of debate for several decades, since two distinct
components were found in the [e/Fe]-metallicity plane for the
solar neighborhood. These components were initially associ-
ated with different disk components defined geometrically (the
thick and the thin disk, Fuhrmann 1998). The chemical bimodal-
ity was later used to provide an alternative definition of thick
and thin disks, respectively as high- and low-a@ components
(e.g., Reddy et al. 2006; Navarro et al. 2011; Adibekyan et al.
2012). Large surveys could cover larger volumes of our Galaxy
and showed different types of bimodal distributions depending
on the analyzed region. In the solar neighborhood, they form
two a sequences that overlap in metallicity (Hayden et al. 2015,
2017). This overlap is very small at inner radii where the tran-
sition between high- and low-a components becomes abrupt
(Haywood et al. 2018; Queiroz et al. 2020, 2021).

* Corresponding author; francesca.pinna@iac.es

Chemical bimodality has been often interpreted as the result
of the formation of the Milky Way disk in different evolution-
ary stages, as initially proposed in the “two-infall” model from
Chiappini et al. (1997), and supported by the different corre-
sponding ages (e.g., Haywood et al. 2016, 2018; Hayden et al.
2017; Queiroz et al. 2023). This was reaffirmed by numerical
simulations. Grand et al. (2018) proposed that the high-@ com-
ponent formed on a fast timescale and early on, when gas-rich
mergers triggered very intense star formation phases. The forma-
tion of a low-a sequence, on the other hand, would have been ini-
tiated by the more metal-poor gas provided by the same impor-
tant merger. This allowed the metallicity to reset to lower val-
ues, and to follow a new slower chemical evolution path, now
with a lower abundance of a elements (see also Buck 2020;
Agertz et al. 2021). Mackereth et al. (2018) proposed bursty star
formation after intense gas accretion to explain the formation
of the high-a sequence, but suggested that chemical bimodality
shaped as a double sequence is not very common in Milky Way
mass galaxies. Results from Clarke et al. (2019) show that the
high-a sequence can form naturally due to intense star forma-
tion in clumps, with no need for mergers. If the star formation is
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spatially more uniform and extended, a low-a sequence is eas-
ily formed. Thus, there are several proposed scenarios to explain
how bimodality arises, each predicting varying degrees of preva-
lence among spiral galaxies.

High-resolution integral field spectroscopy (IFS) observa-
tions have recently offered the opportunity to study bimodality
in external edge-on galaxies. Scott et al. (2021) reconstructed
the distribution of stars in the [@/Fe]-metallicity plane, from
the weights assigned to different single stellar population (SSP)
models while fitting the spectrum of each spatial bin with pPXF
(Penalized PiXel-Fitting, Cappellari & Emsellem 2004). How-
ever, their method faced several challenges compared to resolved
stellar population studies. First, disentangling different stellar
populations from integrated light (integrated both in the line
of sight and into spatial bins) has large systematic and random
uncertainties (e.g., Sattler et al. 2023). Furthermore, their distri-
bution inherited from the SSP models only two possible val-
ues of [a/Fe], making the recovery of a full [@/Fe] distribution
impossible.

In this paper we propose an alternative method for recover-
ing chemical bimodalities in IFS observations: analyzing the dis-
tribution of average spatially binned chemical properties. These
(mass- or light-) weighted averages have lower uncertainties
(Sattler et al. 2023) and, although they still rely on the use of
SSPs, they are less affected by the SSP-limited sampling of the
[a/Fe] space. We assess here how the results from our method
reflect the original (potentially bimodal) distribution of stars, and
how easily chemical bimodality can be recovered in IFS obser-
vations. For this purpose, we analyzed chemical bimodalities in
a sample of 24 simulated galaxies from the AURIGA zoom-
in cosmological simulations of Milky Way-mass spiral galax-
ies. This paper is structured as follows. The method is detailed
in Sect. 2. Our results are gathered in Sect. 3 and discussed in
Sect. 4. Section 5 presents a summary and our conclusions.

2. Method
2.1. AURIGA simulations

We analyze here a sample of 24 simulated galaxies selected
by Pinnaetal. (2024) from the AURIGA zoom-in cosmo-
logical simulations (Grand etal. 2017, 2024). These simu-
lations were performed with an improved version of the
moving-mesh AREPO code (Springel 2010; Pakmor et al. 2016;
Weinberger et al. 2020), which includes magnetohydrodynam-
ics and collisionless dynamics. From the entire suite of sim-
ulations, we used resolution at level 4, providing the largest
sample of 30 galaxies. This level ensures a mass resolution of
~3 x 10° Mg and ~5 x 10* My, respectively, for dark matter
particles and baryonic mass particles. These zoom-in simula-
tions result from re-simulating 30 haloes, selected from the par-
ent 100 Mpc cubed volume Dark Matter Only Evolution and
Assembly of Galaxies and their Environments (EAGLE) sim-
ulation (Schaye et al. 2015), to have a mass between 1 and
2 x 10'2 Mg, and to be relatively isolated at redshift z = 0. Once
a halo is identified, the zoom-in initial conditions are created
at redshift z = 127 using the public Gaussian white noise field
realization, Panphasia (Jenkins 2013). This creates a refined par-
ticle distribution within the Lagrangian region of the selected
halo on the order of 1Mpc in size, which is surrounded by a
lower-resolution particle distribution at larger distances. Each
dark matter particle is then split into a dark matter particle—gas
cell pair, whose mass and center of mass are determined by the
cosmic baryon fraction.
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The interstellar medium is represented by a subgrid model
with two phases (cold and dense clouds in a hot medium,;
Springel & Hernquist 2003). Star formation happens when the
gas reaches the density threshold of 0.13 cm~3 and becomes ther-
mally unstable. In that case the gas cell is either converted into
a star particle (a single stellar population with specific age and
chemical abundances) or becomes the site for a supernova type 11
(SNII) feedback, following a distribution of stellar masses given
by a Chabrier (2003) initial mass function. The total metals asso-
ciated with a SNII are given by the initial metallicity of the gas
cell plus the new metals, produced following yield prescriptions
from Portinari et al. (1998). In a SNII site, a wind particle is
launched, loaded with (1 —n) of the total metals, where the metal
loading factor is 7 = 0.6. The rest of the total metals remain in
the original gas cell site. The mass loss and metal content from
supernovae type Ia and asymptotic giant branch (AGB) stars
were also calculated, using yield tables from Thielemann et al.
(2003), Travaglio et al. (2004), and Karakas (2010), and dis-
tributed among nearby gas cells. Nine specific chemical ele-
ments were tracked during the simulations: H, He, C, O, N,
Ne, Mg, Si, and Fe. The chemical enrichment model used for
AURIGA simulations was shown to be successful in several
studies (e.g., Grand et al. 2018, 2019, 2020; van de Voort et al.
2020).

Black hole seeds of 10° My h~! were placed at the center of
the haloes once they became more massive than 5x 10'° Mg 47!,
at the position of the densest gas cell. These seeds acquire mass
by accreting nearby gas cells or merging with other black holes.
Nuclear activity via accreting black holes is modeled via the
injection of thermal energy to the surrounding gas cells in two
separate modes: a high accretion rate quasar mode and a main-
tenance radio mode (see also Irodotou et al. 2022, for a study
on the effects of these modes on galaxy properties). For further
details about the simulations, we refer to Grand et al. (2017).

These simulations provide properties of individual star par-
ticles (including single-element chemical abundances) at each
snapshot. Here we use such properties, in particular metallicities
and [Mg/Fe] abundances, at redshift z = 0, at the end of the sim-
ulations. In this paper, we use [Mg/Fe] as a proxy for [e/Fe]. The
ages of star particles are also available. While a detailed analy-
sis of age distributions is beyond the scope of this paper, we use
stellar ages to extract star formation histories, providing another
missing piece of the puzzle. We show and discuss two examples
in Sect. 4, while a detailed study of star formation histories is
deferred to a companion paper.

2.2. Galaxy sample, projection, binning, and spatial selection

Our sample includes the 24 galaxies selected by Pinna et al.
(2024) from the initial AURIGA sample of 30 galaxies. Six
galaxies with strong distortions, ongoing major mergers, or with-
out a clear disky shape were excluded. The 24 galaxies are spi-
rals with morphological types from Sa to Sc (Walo-Martin et al.
2021), of which 19 are barred, and with masses between 100 Mg
and 10" M. They have different sizes, with optical radii Rop
between 13 and 37 kpc (Grand et al. 2017). The main goal of
this paper is to analyze bimodalities from projected and spatially
binned chemical properties, which we would have in stellar pop-
ulation maps from IFS observations. For this purpose, following
Pinna et al. (2024), we projected the 24 galaxies in our sample
to an edge-on view, integrating along the line of sight the prop-
erties of all star particles within an intrinsic radius of 40 kpc,
into pixels of 200 pc in size. Then we selected only pixels with
particles, and applied a Voronoi binning (Cappellari & Copin
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2003) to ensure a minimum number of particles per bin, which
depended on the binning level. We used three different binning
levels, with a target of 16, 36, and 900 particles per Voronoi
bin, leading to respective average bin sizes of 0.3kpc, 0.7 to
0.9kpc, and 1.8 to 2.1kpc (depending on the galaxy). These
are typical bin sizes in IFS observations of edge-on galaxies
(Comerdn et al. 2019; Pinna et al. 2019a,b; Martig et al. 2021;
Sattler et al. 2023; van de Sande et al. 2023).

We included Voronoi bins in a region within a distance of
+2Mhgcqte from the midplane and a projected radius of 0.8 Ropy.
This follows Pinna et al. (2024) who analyzed the same galaxy
sample in a projected region of the same height and radius. The
parameter Ay, is the standard deviation of the vertical positions
of stellar particles at 0.5 Ry, (Garcia de la Cruz et al. 2021),
and ranges from 2.1 to 13.1kpc (Pinna et al. 2024); Ry is the
optical radius (the radius where the B-band surface brightness
drops below 25 mag arcsec™2), and ranges from 13.5 to 37 kpc
(Grand et al. 2017). Bins located in regions where the disk does
not dominate were not considered (following Pinna et al. 2024):
within Ry gisk, the radius where the disk starts to dominate over
the central component, and closer than zy to the midplane, where
zer 1S the transition height between the thick and the thin disk
(see Sect. 2.3). [Mg/Fe] and [Fe/H] were calculated as a mass-
weighted average of particle properties in each bin. For addi-
tional details about the galaxy sample, the projection, and the
binning process, we refer to Pinna et al. (2024).

We analyze in Sect. 3 how average projected and Voronoi
binned chemical properties reflect the properties of the origi-
nal star particles of the simulations. To do this, we compare
the distribution in the [Mg/Fe]-[Fe/H] plane of Voronoi bins
with the original star particle distribution. Star particles were
selected for this purpose in a region as similar as possible to
Voronoi bins, with the same spatial limits, but in the three spa-
tial dimensions, using the intrinsic radius instead of the pro-
jected radius. Thus, we included particles inside a cylinder of
height 4hgcye (With the galaxy midplane located at 2/gcy) and
intrinsic radius 0.8 R,y Following Pinna et al. (2024) and our
selection for Voronoi bins, particles contained within a radius of
Rodisk, at thin-disk heights (see Sect. 2.3), were not taken into
account.

2.3. Definition of thick and thin disks

In this paper we use the geometric definition of thick and
thin disks in this same sample of galaxies from Pinna et al.
(2024). They performed a morphological decomposition by fit-
ting vertical surface brightness profiles with a double hyperbolic
secant square, representing the two disk components. All profiles
except those of the galaxy Aul were fitted well with these two
components. For Aul, we used only one component and con-
cluded that this galaxy does not have a clear distinction between
thick and thin disks. This decomposition allows a region domi-
nated by the thin disk to be defined, close to the midplane, and
aregion dominated by the thick disk, at larger heights. The tran-
sition between them happens at zr, where the two hyperbolic
secant squares cross each other. The values for zr are indicated
in Table A.1 in Pinna et al. (2024).

3. Results

In this section we describe how the distribution in the [Mg/Fe]—
[Fe/H] plane changes from using individual star particles to
using integrated properties in spatial bins, which are what is
available in IFS observations of unresolved stellar populations.

We show in Fig. 1 four galaxies that are representative of the
variability of the distribution shapes, while the remaining galax-
ies of the sample are shown in Appendix A. These four galax-
ies represent four groups in which the full sample was classified
based on the shape of their star particle and Voronoi-bin dis-
tributions (see Sect. 3.3). In the leftmost panels of Fig. 1 we
plotted, for comparison, probability density functions (PDFs)
of the properties of individual stellar particles in the disk (for
the selected volume and disk definition, see Sect. 2.2). The
one-dimensional PDFs of the [Mg/Fe] abundance of individual
particles are represented in the rightmost panels as black dot-
ted lines. In the second to fourth columns from left to right,
we show the PDFs of the chemical properties of Voronoi bins
for different binning levels (increasing bin size from left to
right; Sect. 2.2). The one-dimensional [Mg/Fe] PDFs corre-
sponding to the lowest level of binning (second column from
left) are indicated with green solid lines in the rightmost pan-
els of Fig. 1. All PDFs were normalized such that the inte-
gral over the plotted range is 1, and are shown in logarithmic
scales.

3.1. Distribution of individual star particles in the
[Mg/Fe]-[Fe/H] plane

We focus here on two-dimensional distributions (with the two
dimensions being [Fe/H] and [Mg/Fe]) of individual stellar par-
ticles in the [Mg/Fe]-[Fe/H] plane (leftmost panels of Fig. 1),
and one-dimensional [Mg/Fe] distributions in the rightmost pan-
els (black dotted line). In two galaxies in Fig. 1, Au2 and Aus,
the individual star particles show smooth distributions (top two
rows). This does not mean that higher- and lower-[Mg/Fe] com-
ponents are not present. The distribution in Au2 (black dot-
ted line in the top rightmost panel) is the composition of a
main low-a component with two higher-& humps. The broad
Aug distribution might also be the composition of two contri-
butions of different [Mg/Fe] and similar density, although this
is not clear. Bimodality or multimodality is sharply clear in the
other two galaxies. Aul4 has two low-a sequences of similar
density (below [Mg/Fe] ~ 0.1 dex), overlapping in [Fe/H], and
a third component at higher @ (with a hump shape). The lat-
ter is not fully separated and covers a wide [Mg/Fe] and [Fe/H]
range. Finally, Au27 shows two very distinct thick sequences,
with different [Mg/Fe] ranges and mostly overlapping in metal-
licity. This corresponds to a very clear bimodal [Mg/Fe] dis-
tribution in the bottom rightmost panel of Fig. 1 (black dotted
line). The results in the leftmost panels of Fig. 1 (but also in
Figs. A.1, A.2, and A.3) are in perfect agreement with distribu-
tions of star particles by Grand et al. (2018). It is important to
note that they used AURIGA simulations at a resolution of level
3 (higher resolution than we used here), and they sliced the stel-
lar particles in different radial and vertical bins. We used a differ-
ent approach here, analyzing the full galaxy including different
radii and heights, and overlaying contours based on geometrical
thick- and thin-disk definitions. In particular, Verma et al. (2021)
had already found a clear chemical dichotomy in the simula-
tion at level 3 of Au27, especially if compared with Milky Way
observed bimodality.

3.2. Chemical bimodality in mock integral field spectroscopy
observations

In general, the four galaxies in Fig. 1 display continuous two-
dimensional distributions with slightly different shapes (first
four columns on the left). Average values of [Mg/Fe] and
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Fig. 1. Mass-weighted distribution (in terms of probability distribution function, PDF) of disk stars in the [Mg/Fe]-[Fe/H] plane, for four galaxies
in our sample. Each row corresponds to one galaxy (see bottom left corner of the leftmost panels). From left to right, first column: Properties of
individual star particles. Second to fourth columns: Stellar properties in mock edge-on IFS maps, using different Voronoi binning levels. Average
bin sizes range from 0.3 to 2.1 kpc (indicated at the top of each panel). Fifth column: One-dimensional PDFs of [Mg/Fe] abundances for individual
star particles in the leftmost panels (black dotted lines), and for Voronoi bins in the second column from left (green solid lines). All PDFs are
shown in logarithmic scale. Red and blue (pink and cyan) contours in the two-dimensional distributions enclose the 50% (16%) highest-density
points, respectively in the thick and the thin disks. The remaining 20 galaxies in the sample are displayed in Appendix A.

[Fe/H] for Voronoi bins follow continuous (but mostly bimodal)
distributions from higher [Mg/Fe] and lower [Fe/H] to lower
[Mg/Fe] and higher [Fe/H]. Compared to the distribution of
individual star particles (leftmost column), Voronoi bin distri-
butions naturally cover smaller ranges of [Mg/Fe] and [Fe/H].
In particular, @ sequences that cover a wide overlapping [Fe/H]
range in the distribution of individual particles turn into a
bimodal but continuous and narrow distribution of Voronoi
bins (Aul4 and Au27). No clear a sequences overlapping in
metallicity are observed for Voronoi bins, suggesting that this
kind of bimodality will be hardly identified in observations of
unresolved stellar populations. However, the one-dimensional
[Mg/Fe] PDF is clearly bimodal in three of the galaxies (all
except Au8, green solid line). Galaxies with clearer bimodal-
ity in the particle distribution show more segregated [Mg/Fe]
peaks in the bimodal distribution of Voronoi bins (see, e.g.,
the comparison between Au2 and Au27). The use of inte-
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grated properties can actually facilitate the identification of
bimodalities.

Distributions of components with different @ become nar-
rower (in both [Fe/H] and [Mg/Fe]) for Voronoi bins than
for individual particles. For example, in Au2 [Mg/Fe] double
peaks appear clearer for Voronoi binning, even though differ-
ent @ components did not appear clearly separated for star par-
ticles. The double low-a sequence in Aul4 turns into one low-
a peak, while a second peak located at higher @ (green solid
line) includes star particles in the highest-& hump (black dot-
ted line). On the other hand, the broad distribution of individ-
ual star particles in Au8 only turns into a narrower unimodal
distribution.

Figure 1 also shows that the tracks in [Mg/Fe] become nar-
rower for larger Voronoi bins, (third and fourth columns from
the left). However we have checked that while they become nar-
rower, the peaks keep the same central [Mg/Fe].
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3.3. Galaxy classification

Galaxies in our sample were classified into four groups, based
on the comparison of Figs. A.1, A.2, and A.3 with Fig. 1. The
four groups are as follows:

1. Group 1: Galaxies that show a clear bimodal distribution
both for star particles and spatial bins in mock IFS maps.
Represented by Au27 in Fig. 1, group 1 includes AuS, Au7,
Au9, Aul2, and Au24.

2. Group 2: Galaxies with two peaks plus one (or more) addi-
tional components in the particle distribution and a bimodal
distribution in mock maps. This group is represented by
Aul4 in Fig. 1, and includes Aul0, Aul7, Aul8, Au22, and
Au26.

3. Group 3: Galaxies with clear bimodality in mock IFS obser-
vations, when this bimodality in the particle distribution is
not sharply clear, although the black dotted lines suggest
they are the combination of two or more components. This
group is represented by Au2 in Fig. 1, and includes Au3,
Au6, Aul5, Aul9, Au21, Au23, and Au25.

4. Group 4: Galaxies without a clear bimodality in the particle
distribution nor in mock IFS maps. This group is represented
by Au8 in Fig. 1, and includes Aul6 and Au28.

3.4. The connection between chemical bimodality and the
distinction between thick and thin disks

In this section we analyze the connection of different compo-
nents in the [Mg/Fe]-[Fe/H] plane with thick and thin disks (see
Sect. 2.3 for their definition). We have overlapped in Fig. 1 the
red and blue contours of the 50% percentiles of the points (of the
individual particles in the leftmost column and of the Voronoi
bins in the second to fourth columns from the left), respec-
tively in the thick and thin disks. The red and blue contours
show that the star particle distributions of thick- and thin-disk
stars in the [Mg/Fe]-[Fe/H] plane mostly overlap. However, 84%
percentiles of the particle distributions (enclosing the highest-
density 16% of the particles) for thick (pink contours) and thin
disks (in cyan), show that they peak in different regions, although
they do not segregate in clearly different @ components. Thick-
disk stars mostly contribute to a higher-a region, while thin-disk
stars tend to contribute more to the low-a components. In Au27,
the thin-disk distribution is mostly concentrated in the lower-a
sequence (cyan contour). Nevertheless, the geometric thick disk
gives a strong contribution to both sequences (pink contours),
probably because of the warp of the low-a component (Fig. 5 in
Pinna et al. 2024). The thin disk in Aul4 covers the two low-
a sequences with the 84% percentile contour and contributes
less to the high-a region. We also note that the overlap between
thin and thick disks is not necessarily larger in galaxies with no
clearly distinct components in the [Mg/Fe]-[Fe/H] plane (e.g.,
Aug).

Figure 1 shows that the chemical separation between the geo-
metric thick and thin disks improves when using integrated prop-
erties. In bimodal distributions (Au2, Aul4, and Au27), there
is a clear correspondence between thick and thin disks and the
two peaks, respectively the high-a and the low-a components. In
Aug, instead, thick and thin disks cover different regions of the
same unimodal distribution (respectively at high [Mg/Fe] and
low [Fe/H], and at low [Mg/Fe] and high [Fe/H]). In general, the
larger the bin size, the smaller the overlap between the thin and
thick disks. We show here that projection and binning facilitate
the separation of geometric thick- and thin-disk distributions in
the [Mg/Fe]-[Fe/H] plane.

4. Discussion
4.1. Chemical bimodalities and galaxy mass assembly

Our results show that distributions of stars in the [Mg/Fe]-[Fe/H]
plane are continuous (but this does not imply they are unimodal),
and thick and thin disks correspond to the two high- and low-
a ends of the same continuous distributions. This indicates that
star formation did not necessarily completely quench globally
in the disk at any time (see star formation histories and discus-
sion below), nor at the transition between the thick-disk and the
thin-disk formation. Alternatively, accretion may have provided
stars of intermediate chemical abundances between stars formed
in different starbursts, and blurred the separation between stars
formed in these bursts both in ages and chemical properties.
On the other hand, different peaks, blobs, and sequences in the
[Mg/Fe]-[Fe/H] plane are found in most of these continuous dis-
tributions and point to different intense star-forming episodes.
These distinct high-density components in the [Mg/Fe]-[Fe/H]
plane are naturally interpreted as populations of stars formed
in different phases, potentially with different efficiencies and
timescales, from gas with different chemical abundances (e.g.,
Hayden et al. 2015; Grand et al. 2018; Queiroz et al. 2023, see
also Sect. 1). These different star-forming episodes did not nec-
essarily involve only a specific vertical range or one disk mor-
phological component, but globally involved the galaxy at all
heights. Nevertheless, they had a different impact, in most galax-
ies, at specific heights (and thus either on the thick or the thin
disk). This is indicated by the overlapping of thick- and thin-disk
particle distributions in the [Mg/Fe]-[Fe/H] plane. Furthermore,
some thin or thick disks are themselves made up of different «
components (Aul0, Aul4), suggesting that each one may have
been assembled by multiple star formation bursts. Our results are
in agreement with previous numerical studies showing that thick
and thin disks defined as two different chemical components do
not necessarily correspond strictly to the geometrically defined
thick and thin disks (e.g., Agertz et al. 2021).

The presence of multiple components in the [Mg/Fe]-[Fe/H]
plane was previously connected to violent events such as strong
starbursts produced by gas-rich mergers (e.g., Grand et al. 2018,
2020). Interestingly, the galaxy with the strongest bimodality in
Fig. 1, Au27, had a relatively quiescent merger history. The last
important merger happened around 9 Gyr ago and may have led
to the formation of the high-a sequence, with no other subse-
quent events (Grand et al. 2018). Among the galaxies in Fig. 1,
it is the one with the lowest fraction of ex situ stars in the ana-
lyzed region (~8.5%, Pinna et al. 2024). It was classified as a
subsample of a very small or negligible fraction of ex situ mate-
rial by Gémez et al. (2017). On the other hand, the only galaxy in
Fig. 1 not showing bimodality, Au8, is the one with the highest
accreted mass fraction among the four (~15.5%), according to
Pinna et al. (2024). Repeated mergers might lead to a mixing of
different (in situ and ex situ) populations of stars with different
chemical abundances, diluting bimodalities. Repeated gas-rich
mergers may also fuel continuous star formation without neces-
sarily resetting chemical properties. This was the case of Aus§,
with at least nine important mergers (Monachesi et al. 2019).

This does not mean that a strong merger contribution nec-
essarily leads to a unimodal distribution (see, e.g., Au7 in
Appendix A). Au7 shows a clear bimodality (Group 1, Sect. 3.3)
and is one of the galaxies with the highest accreted fraction in
our full sample (~29%, Pinna et al. 2024). This example shows
that active merger histories can also lead to strong bimodalities.
The most significant satellite contributor to the ex situ compo-
nent in Au7 was almost twice as massive as the one in Au§
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Fig. 2. Star formation history in terms of mass fraction per age bin, of the stellar disk (Sect. 2.3) in the galaxy Au8. Age bins (of a half-Gyr
in width) are color-coded by the average [Fe/H] metallicity in the top panels and by the average [Mg/Fe] abundance in the bottom panels. The
leftmost panels show the mass fraction in each age bin for the entire stellar disk. This mass fraction is split into the in situ (middle panels) and
the ex situ stars (rightmost panels). The age can be interpreted as the look-back time when the corresponding mass fraction was formed. The
corresponding redshift is indicated on the top axes. All star formation histories were normalized to the galaxy mass. The total mass fractions of
the in situ and ex situ components are indicated at the top of each panel.
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Fig. 3. Same as Fig. 2, but for the galaxy Au27.

(Goémez et al. 2017), also with an active merger history, but in
Group 4. The most important merger happened in Au7 about
2 Gyr later than in Au8, and with a highly inclined orbit. In
Au24, also in Group 1, the last significant merger happened with
a similar inclination as Au7, although at a similar time as Au8
but accreting a much lower mass.

This discussion is better illustrated by star formation histo-
ries, which connect properties at redshift z = 0 in Fig. 1 with
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mass assembly at different times. We show two key represen-
tative examples in Figs. 2 and 3, relative respectively to AuS,
the galaxy in Fig. 1 with a unimodal distribution, and Au27,
the galaxy with the clearest bimodality. Star formation histories
of the full sample of galaxies will be presented in a compan-
ion paper. In Figs. 2 and 3, star formation histories are plotted in
terms of the mass fraction of stars of a specific age in their stellar
disks defined as in Sect. 2.2. Age bins are color-coded by [Fe/H]



Pinna, F, et al.: A&A, 691, A61 (2024)

in the top panels and by [Mg/Fe] in the bottom panels. The entire
stellar disk is shown in the leftmost panels. Au8 shows a rela-
tively continuous star formation history, peaking around 9 Gyr
ago, corresponding to a smooth and continuous chemical evolu-
tion. Au27 shows two distinct strong peaks with a drop in the
mass fraction at ages of about 8.5 Gyr.

It is necessary to split the mass fraction into in situ and ex
situ components (respectively middle and rightmost panels) to
understand to what extent this behavior is driven by internal star
formation or star accretion. Au8 does not show clearly distinct
contributions in the star formation history from the in situ or the
ex situ stars. Both components show a rather continuous chemi-
cal evolution. In Au27, the in situ component is the main driver
of the disk bimodality, with two peaks of internal star forma-
tion with clearly different chemistry. The oldest is metal poor
and @ enhanced, while the youngest is metal rich and has much
lower [Mg/Fe]. The ex situ component is dominated by a small
satellite that was accreted at relatively early times (around 8 Gyr
ago) and contributed to the first strong peak of metal-poor and
a-enhanced stars. Just after the merger the most intense burst of
internal star formation happened, transitioning to higher metal-
licity and lower [Mg/Fe]. This merger very likely provided a
large amount of gas from the satellite galaxy to fuel the second
starburst. In general, galaxies with clear bimodalities had rather
bursty (in situ) star formation histories. Aul4 had three massive
peaks of star formation. These were probably responsible for the
formation of the three components in their [Mg/Fe]-[Fe/H] star
particle distributions. The later important star formation event
corresponded to the extended formation of the low-a component.
In Aul4, the three starbursts may correspond to the pericentric
passage of a satellite (see also Fig. B.19 in Pinna et al. 2024).
These results are in total agreement with previous works by the
AURIGA team (Grand et al. 2018, 2020).

4.2. Observing chemical bimodalities in edge-on stellar disks

This discussion highlights the importance of identifying poten-
tial chemical bimodalities of thick and thin disks in exter-
nal galaxies. Our results have shown here that, while double-
sequence structures are unlikely to be observed in unresolved
stellar populations, the edge-on projection actually facilitates
the identification of bimodal double-peak [a/Fe] distributions.
Bimodal distributions in IFS observations result from the pres-
ence of different components, partially overlapping and not nec-
essarily clearly distinct, in the distribution of individual stars
whose light is integrated into the Voronoi bins. Bimodalities
identified observationally with our method (using integrated
properties) usually correspond to the geometric thick and thin
disks, which generally formed in two subsequent phases of the
evolution of the galaxy. On the other hand, the lack of a bimodal
[Mg/Fe] distribution in some galaxies suggests that their thick
and thin disks result from a continuous and smoother formation.

A two-peak distribution was also found by Scott et al.
(2021), who used a different method, in IFS observations of an
edge-on spiral galaxy. They used the [e/Fe]-metallicity distribu-
tion recovered from the weights assigned to different SSP mod-
els during the spectral fitting (see also Sect. 1), for each of their
large spatial bins located at different radii and distances from
the midplane. We propose here, instead, to use the distribution
of all average [a/Fe] and metallicity values from smaller spatial
bins (each value extracted from one spectrum), and finally ana-
lyze the correspondence of peaks in bimodal distributions with
thick and thin disks. Our method can mitigate the impact of large
uncertainties of stellar population parameters in their distribu-

tions extracted from the same spectrum (see, e.g., Fig. B.3 in
Sattler et al. 2023), as well as the lack of good [Mg/Fe] cover-
age of some SSP models (e.g., Vazdekis et al. 2015) by using
weighted average [Mg/Fe] values of each spatial bin (e.g., val-
ues in Fig. 3 in Pinna et al. 2019b).

5. Conclusions

In this paper we investigated how easily bimodalities in the
[Mg/Fe]-[Fe/H] plane can be recovered from the projected and
spatially binned information that are available in IFS observa-
tions, and to what extent this bimodality matches the geometri-
cally defined thick and thin disks. From our results, we draw the
following conclusions:

— Chemical bimodality is not ubiquitous in galaxies. In some
galaxies, stars are distributed in two or more sequences in
the [Mg/Fe]-[Fe/H] plane, overlapping in [Fe/H]. In other
galaxies, different components in the [Mg/Fe]-[Fe/H] plane
are not clearly distinct and/or do not form sequences. Finally,
some other galaxies do not show distinct [Mg/Fe]-[Fe/H]
components.

— In general, bimodality is enhanced in projected and spatially
binned information of mock IFS maps. In most galaxies, the
presence of two or more [Mg/Fe] components in the star
particle distribution before projection, even when the com-
ponents are not clearly separated, translates into a double-
peaked distribution of Voronoi bins.

— Star particles belonging to the geometrically defined thick
and thin disks are not traced by different sequences in the
[Mg/Fe]-[Fe/H] plane, and thick- and thin-disk distributions
mostly overlap. However, the two peaks in the [Mg/Fe]—
[Fe/H] distribution of projected Voronoi bins correspond to
the distributions of the geometric thick and thin disks (albeit
with some overlapping between them).

— A more aggressive spatial binning (larger bins) leads to nar-
rower distributions with thick and thin disks that are more
chemically segregated.

We propose using the distribution of average [Mg/Fe] and
[Fe/H], calculated for each Voroni bin, to investigate bimodal-
ities in observations of edge-on external galaxies. We showed
that this method facilitates the recovery of bimodalities and
helps extract important information about the different forma-
tion phases of thick and thin disks.
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Appendix A: Chemical bimodalities from integrated
properties for our full sample

We show similar plots to Fig. 1, for the remaining 20 galaxies
of our sample, in Figs. A.1 to A.3. Based on these figures, we
classified galaxies in Sect. 3.3. While this classification facili-
tates the analysis of the full sample, we note that each galaxy
shows its own peculiarities. Moreover, galaxies classified in two
different groups do not have necessarily very different distribu-
tions in the [Mg/Fe]-[Fe/H] plane. For instance, Aul2, in Group
1 because the high-a component forms a small peak in the par-
ticle distribution, does not have a remarkably different particle
distribution from Aul5, in Group 3 since the high-a component
is not clearly separated. Au5 can be classified in Group 1, as it
displays clear bimodality in the Voronoi bin distribution and two
distinct components in the particle distribution. However, one of
these two components (the high-a one) has a hump shape (not
a peak) and does not look clearly distinct. Therefore, Au5 has
a particle distribution also similar to some galaxies in Group 3
(e.g., Auls).

Au2?2 could be classified in Group 2 since the particle dis-
tribution has three components. However the Voronoi-bin distri-
bution shows a roughly unimodal distribution with three small
peaks at different [Mg/Fe]. The two higher-& peaks include
stars located in the thick disk, while the lowest-a peak corre-
sponds to the thin disk. Au28 shows a secondary small peak at
lower [Mg/Fe], in the Voronoi-bin distribution, but not a clear
bimodality, and is classified in Group 4. In Aul4 (Fig. 1), the
thin disk is made up of particles in two sequences, while in
Au26 it is the thick disk to show two components with slightly
different [Mg/Fe] in the distribution of individual particles. In
Aul0O, Aul7 and Aul8, a central peak (at [Mg/Fe]~ 0.1 dex)
contributes to both particle distributions of the thick and thin
disks.

Aul is a peculiar case and it has not been classified in any
group. It shows three components in the particle distribution,
two of them forming distinct sequences overlapping in [Fe/H].
These components probably correspond to three main formation
phases of its disk. This galaxy had an intense merger history,
almost 50% of its stars were formed in satellites (Pinna et al.
2024), and it has a close massive companion which is still inter-
acting with (Grand et al. 2017). The presence of two lower-a
sequences points to two subsequent formation phases in which
the last important merger played a key role (see the formation
of a low-a thinner disk in Fig. B.10 of Pinna et al. 2024). How-
ever, the different sequences and peaks in the particle distribu-
tion shrink to a unimodal narrow distribution, when transition-
ing from individual particles to mock IFS observations. Since
in general thick and thin disks correspond to the two peaks of
bimodal distributions (Sect. 3.4), this supports that this galaxy
does not have two clearly distinct morphological (thin and thick)
disk components according to the analysis by Pinna et al. (2024).
Also, this galaxy shows that the presence of multiple sequences
in the a-[Fe/H] plane does not necessarily lead to the formation
of a double-disk morphological structure. This is the only case
where bimodality is lost when stellar properties are projected
and integrated into Voronoi bins. This indicates that all those
[Mg/Fe] (and [Fe/H]) components are approximately evenly dis-
tributed in different regions (in particular, at different heights) of
the galaxy, and overlapped in the line of sight when projected
edge on. The intense merger history may have led to well-mixed
properties diluting differences between regions (see also stellar-
populations maps from Pinna et al. 2024).
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Fig. A.2. Same as Fig. 1, but for galaxies Aul2, Aul5 to Aul9, and Au 21.
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Fig. A.3. Same as Fig. 1, but for galaxies Au22 to Au26 and Au28.
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