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ABSTRACT

Context. There are still many open questions in the complex process of galaxy evolution during interactions, as each stage is charac-
terized by different periods of star formation.

Aims. We aim to better understand the processes triggered in galaxies by interactions. We consider low-density environments in which
in-situ interaction between the members is the main process that drives evolution.

Methods. In this work we carried out an analysis of star-formation and nuclear activity at different stages during a galaxy merger
identified in isolated systems (isolated galaxies, isolated pairs, and isolated triplets) using integral field spectroscopy from the Map-
ping Nearby Galaxies at Apache Point Observatory (MaNGA) project. We classified galaxies into close pairs, pre-mergers, mergers,
and post-mergers (including galaxies with post-starburst spectroscopic features) for a total sample of 137 galaxies. We constrained
their star formation history from spectro-photometric SED fitting with Code Investigating GALaxy Emission (CIGALE), and used
spatially resolved WHAN diagrams, with other MaNGA data products to explore whether there is any connection between their phys-
ical properties and their merging stage.

Results. In general, galaxies show characteristic properties intrinsically related to each stage of the merger process. Galaxies in the
merger and post-merger stages present higher star-formation activity (measured by their integrated sSFR). In the merger stage, the
fraction of strong AGN spaxels is comparable to the fraction of spaxels with pure star-formation emission, with no difference between
the AGN activity in close pairs and strongly interacting galaxies with the same stellar mass.

Conclusions. Our results support the scenario where galaxy interactions trigger star formation and nuclear activity on galaxies.
Nonetheless, the AGN has a minor role in quenching galaxies following a merger, as AGN feedback might not have had sufficient
time to inhibit star formation. In addition, we found that the quenching process in post-merger galaxies with post-starburst emission
happens outside-in, which is an observational proof of the effect of interactions on the quenching process. The transforming processes
after a recent major galaxy interaction may happen slowly in isolated environments, where the system evolves in a common dark

matter halo with no perturbation from external galaxies.
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1. Introduction

Galaxy interactions and mergers play a fundamental role in the
evolution of galaxies, and intrinsically influence their shape,
growth, and physical properties. The gravitational interactions
between galaxies, which usually form structures such as tidal
tails (Toomre & Toomre 1972; Mihos & Hernquist 1996), and
the friction between the gas and dust have major effects on
the galaxies involved. Due to their nature, these processes
are chaotic, which makes them difficult to understand phys-
ically. The result of a galaxy merger depends on a wide
variety of parameters such as relative size and/or composi-
tion or galaxy morphology, and kinematic parameters such as
collision angle and relative velocity, thus necessitating stud-
ies of galaxy interactions in both controlled environments and
simulations (Athanassoula et al. 1999; Bournaud et al. 2005;
Di Matteo et al. 2007; Lotz et al. 2010; Moster et al. 2011), but
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also using photometric and spectroscopic observational data
(Bergvall et al. 2003; Lotz et al. 2004; Lin et al. 2007, 2008;
Michiyama et al. 2016; Ellison et al. 2019, 2022; Pearson et al.
2019; Chang et al. 2022; Grajales-Medina et al. 2023), which all
together provide a global picture to investigate these processes.

Over recent decades, many different studies have shown
that these evolutionary mechanisms are responsible for
changes in the internal physical properties of galaxies, in
particular the enhancement of star formation, which strongly
implies a connection between galaxy interactions and the
birth of stars (Roukemaetal. 1997). Star formation during
galaxy interactions may occur in particular regions through
abrupt bursts in the regions where galaxy interactions occur
(Toomre & Toomre 1972; Kennicutt et al. 1987; Barton et al.
2000, 2007; Barton Gillespie et al. 2003; Lambas et al. 2003;
Bell etal. 2006; Robainaetal. 2009; Jogeeetal. 2009;
Pearson et al. 2019; Renaud et al. 2022). Additionally, star-
forming regions can emerge in gas clouds within tidal tails
or in the bridge of material between galaxies (Naab et al.
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1999, 2006a; de Mello et al. 2008; Boquien et al. 2009, 2010,
2011; Duc et al. 2013; Jietal. 2014; Dumont & Martel 2021;
Pasha et al. 2021).

These violent interactions trigger and accelerate the pro-
cesses of star formation in galaxies. Galaxies that have suffered
a recent interaction transit from a state of starburst or enhanced
star formation (e.g. Joseph & Wright 1985; Knapen & Cisternas
2015; Mesaetal. 2021; Trevisan et al. 2021; Laufman et al.
2022) to a quenching state, occur faster than in normal
(non-interacting) galaxies (Faber et al. 2007; Peng et al. 2010;
Bell et al. 2012; Bergvall et al. 2016; Pearson et al. 2019). It has
been also observed that, in addition to an increment of star
formation, galaxy interactions may trigger the nuclear activity
of galaxies, which might also be connected to star-formation
quenching by active galactic nuclei (AGNs) feedback processes
(e.g., Sanders & Mirabel 1996; Alonso et al. 2007; Darg et al.
2010; Weigel et al. 2018; Ellison et al. 2019).

In particular, AGN is one of the main drivers for the tran-
sition from star-forming disk to passive spheroidal galaxies
(Kauffmann et al. 2003). In an AGN, the supermassive black
hole (SMBH) that grows through mass accretion at the centre
of massive galaxies releases large amounts of energy into its
surroundings, as well as into the galaxy itself Magorrian et al.
(1998), Ferrarese & Merritt (2000), Marconi et al. (2004),
Kormendy & Ho (2013). How the energy accretion or AGN
feedback (the posteriori re-deposition of energy and momentum
into the interstellar medium through outflows and radiation) gen-
erate changes in galaxies, such as in the stellar populations in the
bulge and outgrowth (Schawinski et al. 2007; Silverman et al.
2008; Mullaney et al. 2015; Séanchez et al. 2018; Lacerda et al.
2020) or significant increment in the star formation rate (SFR)
of galaxies (Koss et al. 2011; Santini et al. 2012; Ellison et al.
2016; Wooetal. 2020), are some of the currently unan-
swered topics. There is some evidence that major mergers
are the main driver of high luminosity AGNs (Ellison et al.
2011; Ramos Almeida et al. 2012; Kaviraj et al. 2015). More-
over, AGNs in interacting systems, through AGN feedback, may
have an important role in regulating star formation in these
interacting systems, but this argument is still under debate due
to the recent incorporation of integral field unit (IFU) spec-
troscopy. Some studies reveal that there is a correlation between
these phenomena (Ellison et al. 2011, 2013; Lackner et al. 2014;
Satyapal et al. 2014; Goulding et al. 2018), while others contra-
dict it (Cisternas et al. 2011; Villforth et al. 2017; Marian et al.
2019; Silva et al. 2021).

Because of the aforementioned issues, many open questions
in the complex process of galaxy evolution during interactions
still remain, as each stage is characterized by different periods
of star formation (e.g., Solanes et al. 2018; Hopkins et al. 2008;
Rodriguez-Gomez et al. 2015). In addition, the bibliography dis-
tinguishes between two main types of interactions depending on
the presence of cold and molecular gas: ‘wet’ mergers, which
are mergers of galaxies where a galaxy contains a substantial
amount of gas to form stars; and ‘dry’ mergers, which are merg-
ers of galaxies with a low gas content do not trigger starbursts
or significant star formation (Naab et al. 2006b; Lin et al. 2010;
Eliche-Moral et al. 2011). The types of interaction also depend
on the mass ratio between the galaxies: minor merger, when the
stellar mass of the companion is typically less than 1/10; and
major merger, when the companion galaxy has a similar stel-
lar mass (Lambas et al. 2012; Di Teodoro & Fraternali 2014).
Therefore the different stage of the interactions may present dif-
ferent properties in the galaxies depending of the type of merger
(Hopkins et al. 2010; Méndez-Abreu et al. 2014; Weston et al.
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2017; Chang et al. 2022). The analysis of galaxy interactions
might be much better understood if low-density environments
are considered, making in situ interaction between the members
the main process driving their evolution, with minimal contami-
nation from other external environment processes that may hap-
pen, for instance, within a galaxy cluster (Henderson & Bekki
2016). For this reason, the Sloan Digital Sky Survey (SDSS) cat-
alogues of Isolated Galaxies (SIG), Isolated Pairs (SIP), and Iso-
lated Triplets (SIT) presented in Argudo-Ferndndez et al. (2015)
are ideal to investigate these processes. Moreover, as is shown
in Vasquez-Bustos et al. (2023), we can easily identify the pres-
ence of galaxy interactions in isolated systems with high val-
ues of the tidal strength parameter (Qyuip, > —2 for the SIT).
Regarding this question, in this work we carry out an analysis of
star-formation and nuclear activity at the different stages during
a galaxy merger identified in isolated systems (isolated galax-
ies, isolated pairs, and isolated triplets). To better understand the
physical processes that occur in the galaxies, we used IFU spec-
troscopy from the MaNGA (MApping Nearby Galaxies at APO,;
Bundy et al. 2015; Drory et al. 2015) survey.

This study is organised as follows. In Sect. 2 we explain
how we selected galaxies at different stages of the merger pro-
cess from the SIG, SIP, and SIT catalogues that have avail-
able MaNGA data. The methods we used to constrain the
star-formation histories (SFH) from spectro-photometric spec-
tral energy distribution (SED) fitting, as well as emission line
diagnostic diagrams to explore nuclear activity, are presented in
Sect. 3. Our results and their corresponding discussion are pre-
sented in Sects. 4 and 5, respectively. A brief summary and the
conclusions of this analysis can be found in Sect. 6. Through-
out the study, a cosmology with Q5, = 0.7, Qn, = 0.3, and
Hp = 70kms™! Mpc~! is assumed.

2. Data and the sample
2.1. MaNGA data

Integral field spectroscopy (IFS) provides a more complete
understanding of the emissions in different regions and com-
ponents of galaxies. In particular, optical IFS is helping us to
understand the local versus global universal relations in galaxies
(Barrera-Ballesteros et al. 2016) and, for instance, how low ion-
isation emission-line regions are not only found in the nuclear
regions of galaxies (Belfiore et al. 2016).

For this study we used spectroscopic data from the MaNGA
survey, which provides IFU data products for 10.000 galaxies in
the local universe (z < 0.15) as part of the SDSS-IV legacy sur-
vey (Blanton et al. 2017; Abdurro’uf et al. 2022). MaNGA uses
hexagonal fibre bundles, each containing between 19 and 127
spectroscopic fibres, which ensures the delivery of a minimum
spatially resolved spectrum coverage of 1.5 effective radius per
galaxy in the primary sample, and 2.5 effective radius for the
secondary sample. It also covers a spectral range from 3600 Ato
10300 A, with a resolution of R = 2000. MaNGA data prod-
ucts include sky-subtracted spectrophotometrically calibrated
spectra and rectified three-dimensional data cubes (Law et al.
2016, 2021), and high level data products, including stellar kine-
matics (velocity and velocity dispersion), emission-line prop-
erties (kinematics, fluxes, and equivalent widths), and spectral
indices (Bruzual 1983; Burstein et al. 1984; Faber et al. 1985;
Poggianti & Barbaro 1997; Gallazzi et al. 2005, e.g. D4000 and
the Lick indices,). More information about the MaNGA data
products and its pipeline can be found in Westfall et al. (2019)
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and Belfiore et al. (2019) . The MaNGA dataset can be accessed
via Marvin' tools (Cherinka et al. 2019).

For this study we used H, and Hg emission line maps, with
the D, 4000 map and the spectrum in each spaxel, to constrain
the star-formation history, as explained in Sect. 3.4. We also used
the [NII] emission map with the equivalent widths Wy, and Wiy
to create diagnostic diagrams of the nuclear activity, as explained
in Sect. 3.5.

2.2. Interacting galaxies in isolated systems

As introduced in Sect. 1, for this study we used the SIG,
SIP, and SIT catalogues compiled by Argudo-Ferndndez et al.
(2015) based on the SDSS survey data. The catalogues con-
tain 3702 isolated galaxies, 1240 isolated pairs, and 315 iso-
lated triplets, respectively, in the local Universe (z < 0.080).
The systems are isolated, with no nearest neighbours within a
Av < 500kms™! line-of-sight velocity difference with a spa-
tial projected radius of the field of 1 Mpc. Galaxies in the SIG,
and central galaxies in the SIP and SIT (named as A galax-
ies in Argudo-Ferndndez et al. 2015), are brighter than an r-
band apparent magnitude, m, = 15.7. This allows us to search for
satellite galaxies up to two magnitudes fainter within the spec-
troscopic completeness limit of the SDSS (m, = 17.7). Therefore
satellite galaxies are fainter, and also generally less massive,
than central galaxies. Galaxies in the SIP and SIT are physi-
cally bound at a projected distance up to d < 450kpc within a
Av < 160kms™ line-of-sight velocity difference with respect
to the central (the brightest) galaxy. Argudo-Fernandez et al.
(2015) also provide a quantification of the local and the large-
scale environment for galaxies in the SIG, SIP, and SIT using
local number densities and tidal strength parameters. We refer
to Argudo-Fernandez et al. (2015) for more information about
the compilation of the catalogues. In addition to the aforemen-
tioned catalogues, we used a non-public sample of 12 isolated
mergers that were removed when compiling the SIG (hereafter
the SIM, following the naming format of the samples from
Argudo-Ferndndez et al. 2015). We used the Marvin tools to
access to the MaNGA dataset, and we found that 54 SIT galax-
ies, 156 SIP galaxies, 348 SIG galaxies, and 6 SIM galaxies have
available data products. We note that, in the case of SIP and SIT
samples, MaNGA observations for all the galaxies belonging to
the same system are not always available. Since we are not inter-
ested on studying interactions within the same system, which is
beyond the scope of this work and would be limited to a few
individual systems, we used these samples to select galaxies at
different interaction stages to explore the impact of the interac-
tion on the galaxies that have available MaNGA data.

To consider the level of interaction between all members
in the SIP and SIT, independently of the available MaNGA
data, we used the tidal strength parameter Q. As presented in
Viésquez-Bustos et al. (2023), isolated triplets with Qgi, > -2
show compact configurations due to interactions happening in
the systems. In particular, triplets with Qy;, > —0.45 present
on-going mergers and strong interactions (Vasquez-Bustos et al.
2023). Taking into account that the sample of merging and/or
strong interacting galaxies in the SIT is small (37 triplets,
without considering the availability of IFU data), we followed
the same selection criteria to identify interacting galaxies in
the SIP, using in this case the Q4 parameter, as defined in
Argudo-Fernandez et al. (2015). Given that the SIG, SIP, and
SIT were selected homogeneously following the same isolation
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criteria, we also looked for visually disturbed isolated galaxies
in the SIG. We performed a visual inspection of the SDSS three-
colour images of the galaxies in the SIT, SIP, SIG, and SIM, to
identify and classify the level of interaction. To identify possible
features that are fainter than SDSS images, we also used three-
colour images from Pan-STARRS 1 (Chambers et al. 2016) for a
better visualisation of the structure of the galaxies. We also used
spectroscopic MaNGA data to identify possible post-starburst
galaxies, since these galaxies might have suffered a recent past
interaction. The details of the identification of the galaxies at
different interaction stages are presented in Sect. 3.1.

3. Methodology
3.1. Merging stage

To better understand the complex processes that happen during
galaxy mergers, it is necessary to divide the galaxies into differ-
ent stages of interaction, starting from close pairs, through the
merging process, and to the post-merger scenario. For instance,
star formation can reach its maximum during a pre-merger or
merging period or rapidly decay over a short timescale after a
major merger event. We classify the galaxies in the following
categories according to their merging stage as detailed below:

— Close pair (CP): Close pairs of galaxies in the SIT and the
SIP with projected distance d < 100kpc (see Fig. 1). For
these galaxies no signs of interactions between the members,
such as tidal arms and tails or deformations, is detectable
from a visual inspection. Therefore this sample can be used
as a control sample for the other categories, where signs of
interaction are visually present. An example of a galaxy in
this category is shown in Fig. A.1.

Pre-merger (PrM): A low to mild level of interaction is vis-
ibly appreciable between physically bound galaxies in the
SIP and SIT, with slight deformations of the spiral arms
(in the case of late-type galaxies), with a projected distance
d < 100kpc and local tidal strength Q4 < -2 (within
the left-hand side of the shaded area in Fig. 1). Under this
category, visible tidal tails and bridges of materials between
galaxies can be observed, however the two galaxies can be
independently identified, therefore the process of merging of
the nuclei has not yet started. We note that the galaxies in
this category may have undergone an interaction process that
deformed them a long time ago. An example of a galaxy in
this category is shown in Fig. A.2.

Merger (M): This category covers the stage where galaxy
nuclei merge. Within this category, large deformations in
most of the visible regions of galaxies, accretion of matter
from one galaxy to another, as well as tidal arms and bridges
can be visually observed in the optical SDSS images. For
these cases, we found that both galaxies could be present in a
single MaNGA field of view (FoV). An example of a galaxy
in this category is shown in Fig. A.3.

Post-merger (PsM): This category covers the final stages
of an interaction. This sample is composed of galaxies in
the SIG and the SIM that have visible signs of interaction
but without the presence of an observable close companion
galaxy. We also included some galaxies with post-starburst
spectroscopic signatures. The criteria followed to select these
galaxies is explained in Sect. 3.2. An example of a galaxy in
the PsM category is shown in Fig. A.4.

We note that each point in Fig. 1 does not always correspond
to a pair of galaxies that belong to the same system. It may cor-
respond to a single galaxy in the case of SIP and SIT systems
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Fig. 1. Projected distance to the nearest companion d,,., in Mpc, with
respect to the tidal strength of the central galaxy on the system Qq.
Contour lines correspond to all the galaxies in the SIP and SIT; green
triangles and orange hexagons indicate galaxies in the SIT and SIP,
respectively, from MaNGA data. The horizontal solid black line delim-
its the grey shaded area with d,. < 100 kpc that we use to delimit close
pairs. Within this area, the vertical solid black line at Q4 = -2 is used
to identify interacting galaxies, following Vasquez-Bustos et al. (2023).

Table 1. Number of galaxies at each merging stage.

Merging stage  Ngaraxies Prmerger

CP 40 0.19+0.19

PrM 21 0.49+0.36

M 6 0.78+0.12

PsM (PSB) 63(7) 0.35+0.30(0.30+0.29)

Notes. Number of galaxies classified at each merging stage: close pair
(CP), pre-merger (PrM), merger (M), and post-merger (PsM), where
of them, seven are classified as post-starburst (PSB). The total number
of galaxies considered in this work is 137 galaxies. The last column
presents the mean value (and standard deviation) of the probability that
a galaxy presents merger morphology, parameterised with the Pmerger
value according to Dominguez Sanchez et al. (2018).

Table 2. Number of central and satellite galaxies at each merging
stage.

Member CP PrM M PsM PSB

Central 27 14 3 7 3
Satellite 13 7 3 4 1

Notes. Number of central and satellite galaxies in the SIP and SIT clas-
sified at each merging stage. The galaxies were classified as centrals or
satellites according to Argudo-Ferndndez et al. (2015), where galaxy A
on the system is the central galaxy and the other member galaxies are
satellites.

with MaNGA products for only one galaxy. The sample of inter-
acting galaxies at different merging stages is composed of a total
of 137 galaxies. The number of galaxies for each category is
shown in Table 1, while the number of central and satellites for
each merger classification is presented in Table 2.
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3.2. Identification of post-merger galaxies

This category is mainly composed of galaxies in the SIG
and the SIM that have signs of a recent interaction but not
observable companion. We also visually searched for shells
signatures around since these are indicators of recent interac-
tions or that galaxies have undergone a nucleus merger pro-
cess (Mancillas et al. 2019; Balcells et al. 2001; Petersson et al.
2023). In general, this category might be complex to identify,
especially in the case of early-type galaxies, since the low sur-
face brightness features might not be visible in the optical SDSS
images. Therefore we considered other observational aspects
that might be related to a recent merger event.

Some studies claim that lenticular or SO galaxies might be
the result of a major merger event between two spiral galax-
ies of unequal masses (Bekki 2001; Eliche-Moral et al. 2012,
2018; Querejeta et al. 2015a,b). However, there are other mecha-
nisms involved in the formation of lenticular galaxies, for exam-
ple internal secular evolution and environmental processes, in
particular for the formation of intermediate to low mass lentic-
ulars (Tapia et al. 2017). Therefore, a selection based on optical
morphology might introduce a strong bias. On the other hand,
some works argue that a high percentage of post—starburst (PSB)
galaxies (sometimes also referred to as E+A or K+A galax-
ies, i.e. galaxies that have recently experienced an episode of
intense star formation that was rapidly truncated) might be due
to a recent interaction that suddenly quenched their star for-
mation (Goto 2005; Snyder et al. 2011; Wilkinson et al. 2022;
Ellison et al. 2022). Taking into account the fact that we are
working with isolated galaxies, we consider that the most proba-
ble reason for the presence of PSB spectral signatures in these
galaxies is that they have undergone a recent past interaction
(Sazonova et al. 2021).

We identified PSB galaxies using traditional selection meth-
ods consistent with the analysis of the H, equivalent width (in
A) with respect to the summed stellar continuum indices Hs,
and H,, diagnostic diagram (Zheng et al. 2020). These spectro-
scopic measurements are available in the MaNGA data prod-
ucts. For simplicity, we considered the products from the central
spaxel (usually corresponding to the galaxy nucleus) to iden-
tify candidate PSB galaxies, and then used the spatially resolved
information to analyse them in more detail. For homogene-
ity, we reproduced the diagnostic diagram for all the galax-
ies in our samples (see Fig. 2), including galaxies in the SIP
and SIT since they might have suffered a previous merger
event (not related to an interaction with the current galaxies
in the system). The PSB candidate galaxies are those enclosed
in the shaded area of the diagram, known as the PSB region
(Goto et al. 2003; Quintero et al. 2004; Balogh et al. 2005). We
found seven galaxies (three SIG galaxies, three SIP galaxies, and
one SIT galaxy): 8088-3704, 12067-3701, 8981-12705, 8483-
12702, 8555-3701, 11955-6103, and 9194-3702. Figure 3 shows
the spatially resolved PSB diagnostic diagrams for these galax-
ies. The PSB emission is mainly present in the centre of the
galaxies but we also found some spatial distribution outside the
centre, which is also expected and in agreement with similar
analyses of MaNGA galaxies (Chen et al. 2019; Li et al. 2023).
We therefore included these seven galaxies in the PsM category.

3.3. Galaxy morphology

The classification of the galaxies at different merging stages is
independent of their morphology, that is, of whether the galaxy
is early or late type. Our visual classification is based on the



Visquez-Bustos, P, et al.:

3
2
* s ' *
° 1 4)}*‘/
gI =
(@)
O of:
&
SIG
-1 sip
SIT
SIM

H5A + HVA
2

Fig. 2. Post-starburst diagnostic diagram (spectral index distributions
H, equivalent width vs. W) for SIG, SIP, SIT, and SIM galax-
ies with MaNGA data considering the spectra associated to the central
spaxel, and their associated error bars. The values for galaxies in each
sample are presented with symbols and colours according to the legend.
The red solid line and area indicate the PSB region.

presence (or absence) of a close companion and/or interaction
features (tidal tails and shells, for instance). In order to take into
account the morphological type of the galaxies in our sample
as a function of their merging stage, we used the morphologi-
cal classification in Dominguez Sanchez et al. (2018), hereafter
DS18, which provides deep-learning-based morphological clas-
sification for ~670000 galaxies using SDSS data. DS18 pro-
vided a T-Type classification, in a continuous scale, related to
the Hubble morphological type, after using the visual morpho-
logical classification from the Galaxy Zoo project?, in particular
from the Galaxy Zoo 2 (GZ2, Willett et al. 2013) catalogue and
the morphological classification by Nair & Abraham (2010), to
train and test their deep learning models. The T-Type parameter
ranges from —3 to 10, where T-Type < O corresponds to early-
type galaxies (i.e. elliptical and lenticular galaxies), and positive
values to late-type galaxies, with T-Type = 10 for irregular galax-
ies.

We found that 134 galaxies in our sample have a morphology
classification in DS18. The remaining three galaxies are early
type, based on a visual revision of the optical SDSS images. We
only considered if the galaxies are classified as late type (includ-
ing irregulars) or early type (considering ellipticals and lenticu-
lars) using DS 18 morphology. DS18 also provided the parameter
Pmerger as the probability that a galaxy presents merger morphol-
ogy, and the probability that it is a lenticular (or SO) galaxy (Pso),
where a value of Pgj > 0.5 for a galaxy with T-Type < O indicates
that it is a lenticular galaxy.

3.4. Spectro-photometric spectral energy distribution fitting

We combined photometric and spectroscopic data to derive the
spectral energy distribution (SED) of the 137 galaxies in our
sample. The SED of a galaxy is a powerful tool for constrain-
ing key physical properties of the unresolved stellar populations,
such as their SFH. We used the Code Investigating GALaxy
Emission® (CIGALE; Burgarella et al. 2005; Noll et al. 2009;

2 www.galaxyzoo.org

3 https://cigale.lam.fr/
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Boquien et al. 2019), which allows us to perform the spectro-
photometric SED fitting. CIGALE models the SED of galax-
ies by considering the energy balance, that is, by taking into
account the UV/optical dust attenuation, to derive the SFR,
recent star formation, age, stellar masses, and dust attenua-
tion in galaxies, among other physical properties and parame-
ters of the SFH, following a Bayesian analysis (e.g. Buat et al.
2011; Giovannoli et al. 2011; Boquien et al. 2014; Ciesla et al.
2017; Yuan et al. 2018; Boquien et al. 2022). The results of the
spectro-photometric SED fitting for each spaxel allow us to
explore the spatially resolved SFH through the SFR, and other
properties such as the stellar mass.

To get the required CIGALE input data, we used the Marvin
tool. From the extensive MaNGA data products, we selected the
maps of the H, and Hg emission lines, as well as the D,4000
break spectral index, as defined in Balogh et al. (1999), for a
more accurate estimation of the physical properties. Figure 4
shows these products for an example merger galaxy, 8241-
12705, in our sample. In combination with spectroscopy, we
defined custom photometric filters to account for the contin-
uum, avoiding the main emission lines in the optical range of
the MaNGA spectra, in order to compute the stellar mass. We
defined our filters using a rectangle response function with a
width that provided enough signal to noise (S/N) ratio, even in
the external regions of galaxies covered by the MaNGA FoV.
The information about each filter is summarised in Table 3. An
example of the selected filters applied to a randomly selected
high and low S/N ratio spaxel in the FoV of the merger galaxy
12483-12704 is shown in the upper and lower panels of Fig. 5,
respectively. Figure 6 shows a map of the S/N ratio for each filter
for the same galaxy.

We chose a delayed SFH that considers a recent burst or
quench episode as defined in Ciesla et al. (2017). This is the sim-
plest SFH model for interacting galaxies as it easily accounts
for the presence of a recent variation in the SFR due to a star-
burst episode or a rapid transition to a quench state (Ciesla et al.
2016). This module is provided in CIGALE as sfhdelayedbq
(Boquien et al. 2019) following the equation

L xexp—t/T
rsrr X SFR(t = 1)

1<t
t>t’

SFR(1) o { M

where #; is the age when is allowed, a rapid increment or
decrease in the SFH, rspr is defined as the ratio of the SFR
after or before the #j, and T represents the time at which the SFR
peaks.

In the creation of the SED models for the SFH, we used the
BCO03 models of single stellar populations by Bruzual & Charlot
(2003), considering a Salpeter initial mass function (IMF)
Salpeter (1955), with a stellar metallicity value of Z =0.02 (solar
metallicity) for the modelling of an unattenuated stellar emis-
sion, and continuum and line nebular emission. We consid-
ered a modified Calzetti et al. (2000) starburst attenuation model
such as dustatt_modified_staburst, with a Leitherer et al.
(2002) curve extended between the Lyman break and 150 nm,
and with a flexible attenuation curve (Noll et al. 2009).

Since we do not have data in the mid- or far-infrared (i.e.
no band that is sensitive to dust emission), and to speed up the
computation time of the spaxel-by-spaxel SED fitting, we did not
select any dust emission model in the computation of the mod-
elled SEDs. We note that, in addition to the synthetic bands, we
also fit H,, Hg, and D4000. In this case, CIGALE uses H,/Hg as
a tracer of the attenuation, and therefore it serves a similar role
as the dust would in the construction of the modelled spectra. A
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Fig. 4. MaNGA DAP products used as spectroscopic inputs in CIGALE to estimate physical properties from SED fitting for the galaxy 8241-12705
as example. From left to right: H, emission line map, Hsz emission line map, and D, 4000 spectral index map.

Table 3. Custom filters defined for the SED fitting.

Filter Wavelength range  Central wavelength
A) A)
M3992 3750-4230 3992
M4542 4440-4650 4542
M5446 5100-5800 5446
N6097 6000-6200 6097
N6908 6800-7020 6908
07473 7200-7700 7473
08281 7810-8800 8281
09265 9100-9450 9265

Notes. The columns correspond to: (1) filter name; (2) minimum and
maximum wavelength considered in each filter, in Angstroms; (3) effec-
tive wavelength within the considered wavelength range, commonly
known as central wavelength, in Angstroms.

total of 1749600 SED models were created using the parame-
ters and values summarised in Table 4. With this configuration,
the mean computational time to perform the spaxel-by-spaxel
SED fitting is ~2 hours/galaxy* (for about 6850 total spectra for
137 galaxies).

3.5. Analysis of the nuclear activity

For an analysis of the nuclear activity in galaxies, it is useful
to use diagnostic emission line diagrams. These are an accu-
rate empirical method to classify galaxies in terms of their
emission in relation to the different mechanisms for gas ionisa-
tion. The most commonly used diagnostic diagrams for nearby
galaxies are the Baldwin, Phillips, and Terlevich (BPT) dia-
grams (Baldwin et al. 1981; Kewley et al. 2006). Based on emis-
sion line ratios of [O IIIJ/Hg versus [N IIJ/H,, [S IIl/H,, and
[O I]/H,, BPT diagrams allow us to classify galaxies into galax-
ies with a star forming nucleus (SFN), AGN Seyfert galaxies,
low-ionisation (nuclear) emission-line galaxies, or LI(N)ERs,
and passive galaxies.

MaNGA spectroscopy allows us to reproduce spatially
resolved diagnostic diagrams, which consider the information
from each spaxel. However, using BPT diagrams, the spectra
only becomes classified if it meets the criteria in all three dia-
grams. Even selecting the most relaxed criterion ([O III]/Hg ver-

4 Using the PROTEUS supercomputer of the Institute Carlos I for The-
oretical and Computational Physics (iC1).
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Fig. 5. Custom filters over a high and low S/N MaNGA spectra. We
show the spectra in two different spaxels for the MaNGA galaxy 12483-
12704, one with high S/N (upper panel) and another with low S/N
(lower panel) selected from the MaNGA DAP datacube, for compari-
son. In both panels, the spectra are represented by solid blue lines that
cover the full range of the MaNGA spectra, from 3600 to 10 000 A. The
corresponding error is represented by an orange line in the sub-panels.
Colour regions show the custom filter wavelength range, with purple,
blue, light blue, cyan, green, yellow, orange, and red corresponding to
the M3992, M4542, M5446, N6097, N6908, 07473, 08281, and 09265
filters, respectively. The central wavelength that corresponds to each fil-
ter is represented by red circles.

sus [N IIJ/H,), it depends on the emission in four lines, where
[O III] and Hgz might be weak, which limits the area where we
can analyse the galaxy. A way to overcome this issue is using the
[N II]/H, WHAN diagram (Cid Fernandes et al. 2011), which is
able to analyse weak line galaxies, providing a more complete
view of the diverse activity in different regions of the MaNGA
galaxies that could not be explored using the BPT diagram due
to the absence of absorption lines, for example.
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M3992, M4542, M5446, N6097, N6908, 07473, 08281, and 09265, respectively.

Table 4. Parameters used in CIGALE to model the SFH.

Model Parameter Value
SFH Age (Myr) 11000, 12000, 13 000
Timain (MyT) 1000, 3000, 5000, 7000, 9000
Agebq (Myr) 20, 50, 100, 300
FSFR 0,0.25,0.5,0.75,1,1.5,2,5, 10

Dust attenuation E(B = V)jines (mag)

E(B - V)factor
UV bump wavelength (nm)
UV bump width (nm)
UV bump amplitude
Ao

0.005, 0.01, 0.025, 0.05, 0.075, 0.10,
0.15, 0.20, 0.25, 0.30, 0.35, 0.40,
0.45, 0.50, 0.55, 0.60, 0.65, 0.70

0.25,0.5,0.75
217.5
35.0
0.0, 1.5,3.0
-1.2,-1.1, -1.0,-0.9,-0.8,-0.7,-0.6,-0.5,
-0.4,-0.3,-0.2,-0.1, 0,0.1,0.2

Notes. Parameters used in CIGALE to model the SFH (upper rows) and dust attenuation (lower rows). Meaning of the parameters: (a) SFH: Age —
Age of the main stellar population in the galaxy, in Myr; Tin,in — e-folding time of the main stellar population model, in Myr; Age;,, — Age of the
burst or quench episode, in Myr; and rsrr — Ratio of the SFR after or before Age,,,, values larger than one correspond to an enhancement of the
SFR whereas values lower than one will correspond to a decrease; (b) Dust attenuation: E(B — V)jes — Colour excess of the nebular lines light
for both the young and old population; E(B — V)geor — Reduction factor to apply on E(B — V), to compute E(B — V), the stellar continuum
attenuation. Both young and old populations are attenuated by E(B — V),; UV bump wavelength — Central wavelength of the UV bump in nm; UV
bump width — Width (FWHM) of the UV bump in nm; UV bump amplitude — Amplitude of the UV bump. For the Milky Way: 3; A¢ — Slope delta

of the power law that modifies the attenuation curve.

The WHAN diagnostic diagram separates the weak AGNs
from fake AGNs, named as retired galaxies (RGs) from
LI(N)ERs, which enables a more complete analysis of regions
where heating of the ionised gas is the result of old stars, rather
than star-formation or AGN activity. We can also classify stel-
lar activity into pure star-forming (PSF) or passive galaxies
(PG), which are slightly different from the RGs, though PG are
closely related to RGs, being an extreme case of stellar activ-
ity. Cid Fernandes et al. (2011) classified the different categories
with respect to the values of log[NII]/H,, Wy, , and Wy, in the
following way:

— Pure star-forming galaxies (PSF): log[NII]/H, < —0.4 and

Wy, > 3A;

— Strong AGN (sAGN): log[NII]/H, > —0.4and Wy_ > 6A;
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— Weak AGN (WAGN): log[NII]/H, > —0.4and3 < Wy, <
6A; .

— Retired galaxies (RG): Wy, < 3A;

— Passive galaxies (PG): Wy, < 0.5 A and W < 0.5 A.

Both BPT and WHAN diagrams can be computed using the
Marvin tools. In particular, we developed the visualisation tool
described in Appendix B, which uses the functionality already
implemented in Marvin, but it is specifically designed to also
explore the intermediate areas between adjoining WHAN cate-
gories, which allows us to investigate transition processes in the
diverse stellar population within different regions of the galax-
ies. We show the WAHN diagnostic diagram and map for galaxy
8241-12705 as an example in Fig. 7. In combination with the
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Fig. 7. Spatially resolved WHAN diagnostic diagram (upper panel) and
map (lower panel) for the merger galaxy 8241-12705. Each colour, and
color gradient, corresponds to a WHAN category according to the leg-
end and colourbar, respectively. The WHAN diagram and map were cre-
ated using the public tool for the visualisation of the spatially resolved
WHAN diagnotic diagram for galaxies in the MaNGA survey described
in Appendix B.

spatially resolved SFR from SED fitting, we used the resolved
WHAN diagrams to investigate whether there is any relation
between AGN activity and star formation in our sample of close
pairs and/or mergers. The level of agreement between the star
formation from SED fitting and WHAN diagrams is presented
in Sect. 4.1.

4. Results
4.1. Spatially resolved stellar populations

We used the results from the spectro-photometric SED fitting
with CIGALE to create SFR and stellar mass surface density
maps (X SFR and £ M,, respectively). We also created maps of
the resulting y?, which provides a view of the statistical distri-
bution of the goodness of the fit of the models we created to the
observations (Boquien et al. 2019), so we can identify if there
are any problems with the fitting. We can detect whether the
maps we get are reliable (lower y? values and no doubtful struc-
tures are shown in the maps), or whether we need to increase

the parameter space when creating the models. An example of
the maps generated from the results of the SED fitting is shown
in Fig. 8. In comparison with the S/N maps in Fig. 6, the spax-
els with the smallest y? values (<0.02) typically have a S/N of
20. An example of the SED fitting products, among others, for a
galaxy in each merger stage is also shown in Appendix A. The
resulting SFR and M, from SED fitting was used to construct
the SFR-M,, diagram for galaxies in our sample, as a function of
the merging stage, as explained in the next section. In addition,
to explore stellar population properties such as age or nuclear
activity, we used the D,(4000) parameter and the results of the
WHAN diagrams for all the galaxies in our sample.

Besides using the D, (4000) maps from the MaNGA Data
Analysis Pipeline (DAP) as an input for CIGALE, we also used
this parameter as the stellar population age indicator, which is
small for younger stellar populations and large for older stellar
populations. We used the divisory value of D, (4000) = 1.67 fol-
lowing Mateus et al. (2006). Figure 9 shows the mean fraction of
young (D, (4000) < 1.67) and old (D,(4000) > 1.67) spaxels for
each merger stage. We observe that, in general, merger and post-
merger galaxies have a larger fraction of spaxels with young stel-
lar populations, even galaxies in the PsM-PSB category. In addi-
tion, Fig. 10 shows the mean radial profile of D, (4000) for each
merger stage, with the results of the linear fit within 1.5 R/R.g".

Similarly, Fig. 11 shows the percentage of spaxels in each
WHAN category, for each merger stage. PsM and PsM-PSB
galaxies show the largest fraction of PSF spaxels (~65.1% and
~51.7%) in comparison to M (~43.2%), CP (~47.2%), and PrtM
(~47.3%). In the merger category, the percentage of AGN spax-
els (SAGN + wAGN) is ~10% higher than the percentage of PSF
spaxels (43.2% versus 53.6%). In comparison, the fraction of PSF,
AGN, and RG spaxels in CP galaxies is about one third in each
case. The spatially resolved WHAN diagrams, and WHAN emis-
sion maps, for a galaxy in each merger stage are also shown in
Appendix A.

Figure 12 shows the level of agreement between the star for-
mation obtained from SED fitting and from WHAN diagrams.
The distribution of the specific star-formation rate (sSFR, defined
as SFR/M,) surface density for spaxels that correspond to each
WHAN category has some level of overlap. However, in gen-
eral, PSF-classified spaxels present highest values of sSFR sur-
face density, followed by the sSAGN-, wAGN-, and RG-classifed
spaxels, respectively. For all merger stages, the median values of
the sSFR surface density are discernible at at least one sigma level
for sSAGN and RG WHAN classifications, while there is a large
overlap for PSF and sAGN spaxels, especially for galaxies in the
merger and post-merger stages. This is understandable consider-
ing the mix of processes occurring in galaxies at these stages.

4.2. Integrated SFR—-M, diagram

For each galaxy in our sample, we computed the integrated SFR
and stellar mass considering the values in each spaxel to create
an integrated SFR-M, diagram. Figure 13 shows the values for
the interacting and/or merger galaxies in our sample as function
of their merger stage, including a differentiation for PSB galax-
ies within the PsM category. For reference, we added the val-
ues of the integrated SFR and stellar masses for all the MaNGA
sample from the Pipe3D value-added catalogue (Sanchez et al.
2016b,a), as background contours, and the fit to the main
sequence found by Argudo-Fernandez et al. (2025), for SIG star-
forming galaxies (dashed grey line). Galaxies in our sample are

5 Most of the galaxies in this study (79%) belong to the MaNGA pri-
mary sample, while 21% belong to the secondary sample.
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Fig. 9. Fraction of young and old spaxels for galaxies in each merger
stage. We use the D,(4000) parameter and the divisory value of
D, (4000) = 1.67 (as in Mateus et al. 2006) to separate between young
(D,(4000) < 1.67, in blue) and old (D,(4000) > 1.67, in orange) spax-
els. The number of galaxies in each merger stage is indicated on the
right-hand side, with text coloured as in Fig. 10.

well distributed in the diagram, populating the main sequence
and the quenched region. In particular, galaxies in the CP cat-
egory can be found in both regions, PrM galaxies are scattered
among the main sequence, with only one case in the quenched
region, while M galaxies are found in the main sequence, with
stellar masses within 10.1 log(My) < M, < 10.7 log(My).
Finally, PsM galaxies are found in two regions, where non-PSB
galaxies are mainly located in the main sequence, while PsMs
classified as PSBs can be found in the lower region of the main
sequence, in the green valley, and in the quenched region. To
quantify these differences, we also estimated the integrated sSFR
and explored its relation with stellar mass using the sSSFR-M,
diagram (see Fig. 14°). The density distributions of the inte-
grated properties are shown in Fig. 15 using violin plots. We
used the distributions of the sSFR to explore whether there was
any enhancement of star formation at any merger stage. In addi-
tion, the median values and uncertainties for each merging stage
are presented in Table 5. We discuss the differences in the distri-
butions for each merger stage in Sect. 5.3.

To relate the properties of the stellar populations for galax-
ies in our sample to their location in the SFR-M, diagram,

6 To separate the main sequence from the quenched area in Fig. 14,
we followed a similar methodology as in Lacerna et al. (2014) on
MaNGA galaxies, by fitting two Gaussians to the corresponding sSFR
distribution at different stellar mass bins, using Pipe3D data products
(Sanchez et al. 2016a,b), and choosing the sSFR values at the given bin
as the ones where both Gaussians intersect. From our fit, we defined the
green valley as the area within 1o
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tainties, are included in the legend for each merger stage. The number
of galaxies in each merger stage is indicated in the lower right-hand
corner, with text coloured as denoted in the legend.

we also created different versions of the diagram as a func-
tion of the WHAN emission (see Fig. 16) and the D,4000 spa-
tial distribution, divided into young (D,(4000) < 1.67) and old
(D,(4000) > 1.67) stellar populations (as shown in Fig. 17). We
discuss our results in Sect. 5.

5. Discussion
5.1. Classification of merger stage

The use of physical properties maps in combination with diag-
nostic maps, as well as emission maps, provides a comprehen-
sive and complete picture of the physical processes that occur
within galaxies. Thus it helps us to understand how the star-
formation and/or quenching and AGN processes arise or evolve
during galaxy interactions. We note that we found a discrepancy
in the data provided by the WHAN maps, where they indicate
sAGN ionisation features in areas where this emission is unlikely
to occur and it would be more likely that the emission comes
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galaxies in each merger stage is indicated in the right side, with text
coloured as in Fig. 10.

from stellar populations that are in the quenching process. This
is shown in Fig. 12 as the overlapping distributions of sSFR sur-
face density, however the median values are distinguishable at
1o level. The maps also allowed us to perform a quality con-
trol check, where some galaxies were re-classified or removed.
We removed some galaxies from the analysis in the case that the
MaNGA FoV was too small, centred only on the bulge of the
galaxy, or did not have good coverage of the galaxy. The final
number of galaxies in each category is shown in Table 1.

We also compared our visual classification with other inde-
pendent methods. We found that all galaxies classified as merg-
ers in our sample have a mean probability pmerger =0.78 of pre-
senting merger morphology according to DS18. There are six
M galaxies in our sample with MaNGA data, which is consistent
with the expected number of merger galaxies in isolated systems
(Grajales-Medina et al. 2023). We note that the selection criteria
for the M category consider strong interactions including when
the two overlapping galactic nuclei are still distinguishable in
the optical image, which allows for the selection of dry mergers
(i.e. merger of early-type galaxies with a lower content of cold
gas). However, this type of merger is less common in low-density
environments (Lin et al. 2010). None of the six M galaxies are
composed of two early-type galaxies.

Other authors use non-parametric image predictors, such as
Gini, M20, and Concentration—Asymmetry—Clumpiness (CAS)
parameters (Conselice 2003; Lotz etal. 2004; Pawlik et al.
2016) to help in the identification of tidal tails and other interac-
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Fig. 12. Distribution of the sSFR surface density (£sSFR) for spaxels
in each WHAN category for each merger stage (the number of galax-
ies in each category is indicated in parentheses). The distributions are
shown in the form of box plots, with a different colour for each WHAN
category as in Fig. 11. The median values of the distributions are repre-
sented by a horizontal line within the box plots, while the mean values
are represented by a white circle. Outlier values (larger than 1.5x the
inter-quartile range) are represented by black diamonds. The distribu-
tion for passive galaxies is not presented since the values of the ZsSFR
are null.

tion features (Nevin et al. 2019; Herndandez-Toledo et al. 2023;
Nevin et al. 2023). Taking advantage of the MaNGA DAP maps,
we computed these parameters and applied them to the MaNGA
FoV in the wide r-band, which is presented in Appendix C. A
comparison of these parameters for the galaxies in our sample,
with respect to the distribution of the same parameters for all
MaNGA galaxies, is shown in Fig. C.1. We did not observe any
clear trend in these parameters for our galaxies with respect to
their merging stage. This might be due to the fact that MaNGA
FoV usually covers from a 1.5 to a 2.5 effective radius, and inter-
action features are usually found at the outskirts of galaxies.
However, we repeated the same analysis with the same morphol-
ogy parameters for MaNGA galaxies provided by (Nevin et al.
2023) using r-band imaging data from SDSS-DR16. Again, we
did not observe any clear relation with the parameters and the
merger stage, however the galaxies used in this study in gen-
eral showed higher A values than most of MaNGA galaxies,
probably due to asymmetries that can be observed at the out-
skirts of galaxies in the SDSS imaging. Using both methods, we
also observed some trends for galaxies in the PsM-PSB cate-
gory. PsM-PSB galaxies are generally concentrated in regions
with lower clumpiness values (S < 0.1), and have a lower inverse
concentration index than galaxies at fixed M20 values. This
means that light is more concentrated in the inner region of post-
merger galaxies with spectral post-starburst features than galax-
ies with similar morphology, where the distribution of the light
is also smoother. Moreover, two of the seven galaxies classi-
fied as PsM-PSB are lenticular galaxies, with a probability of
being an SO galaxy Pgo > 0.5 (mean Psy=0.8) in DS18, which
is in agreement with the CAS parameters for these galaxies. We
also found 13 CP galaxies with lenticular morphology, which
are distributed in the same region of the CAS parameters where
PsM-PSB galaxies are located (as shown in Fig. C.1). The inci-
dence of lenticular galaxies in the PsM-PSB category is similar
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Fig. 13. Integrated SFR — M, diagram for the 137 interacting galaxies
in our sample. Galaxies classified as CP are represented by orange tri-
angles, galaxies classified as PrM are represented by green hexagonal
marks, M galaxies are represented by red stars, and galaxies classified
as PsM are represented by blue and purple circles in the case of absence
or presence of PSB emission, respectively. In the lower left-hand cor-
ner, we present a representative error, given by the mean value of the
error of the integrated log SFR sy = 0.223 M yr~! and the integrated
log My mean = 0.097 M. As reference, the contour backgrounds cor-
respond to the integrated properties for all MaNGA galaxies from the
Pipe3D value-added catalogue (Sanchez et al. 2016a,b), and the grey
continuous line correspond to the ‘nurture’ free main sequence for
star-forming galaxies derived by Argudo-Ferndndez et al. (2025). The
dashed lines mark the locations with three, four, and seven times above
the main sequence (along the SFR axis), respectively.

to CP galaxies, both larger than the other merger stages’. We
conclude that isolated galaxies that have recently undergone a
major merger event, which triggered PSB activity, present lentic-
ular morphology, and therefore their morphology might be the
result of the merger process. This formation scenario is in agree-
ment with recent studies of the pathways for the formation of SO
galaxies, where merger-triggered formation becomes a more effi-
cient mechanism in lower-density environments (Coccato et al.
2020, 2022; Chen et al. 2024).

5.2. Spatially resolved stellar populations

After analysing the spatially resolved SFR and diagnostic dia-
grams introduced in Sect. 3, with the MaNGA data products as
described in Sect. 4, we found some relations between the phys-
ical properties we considered in this study and their merging
stage. In general, the spatially resolved SFR and AGN activ-
ity found for CP galaxies (i.e. galaxies without visible signs
of interaction) and their observed properties are in agreement
with what is expected according to the intrinsic characteristics
of their morphological type. The distribution of sSFR is compa-
rable with all MaNGA galaxies, which shows a bimodal distri-
bution (see Fig. 15). Early-type CP galaxies show no evidence
of an enhancement of star formation or nuclear activity in gen-
eral, while in late-type CP galaxies there is some moderate star
formation in the disk and spiral arms, normally associated with
regions with young populations, and lower SFR in the inner
region (bulge), dominated by older populations. When looking at
the SFR maps for CP galaxies, we find that in some cases (nine

7 The percentage of lenticular galaxies in each merger stage according
to DS18 is: CP (36.5%), PtM (4.7%), M (0%), PsM (9.5%), and PSB
(28.7%).
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Fig. 14. Same as Fig. 13, integrated sS FR — M, diagram for the 137
interacting galaxies in our sample. Galaxies classified as CP are repre-
sented by orange triangles, galaxies classified as PrM are represented
by green hexagonal marks, M galaxies are represented by red stars, and
galaxies classified as PsM are represented by blue and purple circles in
the case of absence or presence of PSB emission, respectively. In the
lower right-hand corner we present a representative error, given by the
mean value of the error of the integrated log SSFRyean = 0.24 yr’1 and
the integrated log M, ..., = 0.097 M. As reference, the contours lines
correspond to the integrated properties for all MaNGA galaxies from
the Pipe3D value-added catalogue (Sdnchez et al. 2016a,b). The grey
continuous line corresponds to the ‘nurture’ free main sequence for
star-forming galaxies derived by Argudo-Ferndndez et al. (2025). The
dashed lines mark the locations with three, four, and seven times above
the main sequence (along the SFR axis), respectively. The red continu-
ous line corresponds to the fit to separate star forming from quenched
galaxies in the Pipe3D sample, with its corresponding 1o to delimit the
green valley (dashed red lines).

galaxies) the SFR is distributed so as to form a ring shape within
the galaxy disk, while the galaxy does not look like a ringed
galaxy in the colour image. This indicates that star formation is
happening at a similar galactocentric distance, which is related
to secular evolution. Even if CP galaxies have close physically-
bound neighbours, there are no appreciable interaction features,
neither in their visual morphology nor in their spectral proper-
ties. The CP sample can therefore be used as a ground base to
compare with the galaxies at more advanced stages of merger.

Pre-merger galaxies are at an initial stage of interaction,
with an appreciable interchange of baryonic matter between the
galaxies in the form of bridges and tidal tails, which may also
present recent star formation. The ionisation emission due to
recent star formation is weak in these regions, as shown in the
SFR maps, however it is shown as AGN emission in the WHAN
map. In this regard, WHAN diagrams might have a limitation
when there is weak emission or recent star formation, and mis-
classify the emission as AGN. The distributions of SFR and
sSFR for galaxies in this merger stage suggest a slight increment
(about 0.4 dex) in the star-formation activity with respect to the
PrM (as shown in Fig. 15).

In the M category we observe more violent interactions
between the galaxies, where there are indications of strong star-
formation activity in the nucleus, with two galaxies well above
the main sequence (up to about four times the main sequence,
as shown in Fig. 13), and more intense star-formation emission
in bridges and tidal tails in comparison to PrM galaxies. We
find that the six galaxies in this category are distributed around
the MS. We can already appreciate the effect of mergers, with
a noticeable increment in the star-formation activity for M and
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Fig. 15. Distribution of the integrated sSFR in the form of violin plots
for each merger stage. The coloured area determines the density distri-
bution for CP in orange, PrM in green, M in red, PsM in blue, and PSB
in purple. For reference, the values of the integrated properties for all
MaNGA galaxies (10010 galaxies) from the Pipe3D value-added cat-
alogue (Sanchez et al. 2016a,b) have been added (in grey). The inner
box on each violin plot is a representation of the interquartile range of
the median (red dot) and its 95% of its confidence intervals. We also
show the outlying points of the distributions (if any) as black open cir-
cles, which represent the atypical values for that category. The number
of galaxies above and below the MS in Fig. 14 is indicated above and
below the violin plots, respectively, while the total number of galaxies

considered in each merger stage is presented in Table 1.

Table 5. Global physical properties for each merger stage category.

ey 2 3)
Category SFR sSFR
log [Mp yr™'] log [yr™']

CP -0.34+098 -10.85+1.42
PrM 0.10+0.75 -10.42+0.79
M 0.47+0.50 -9.87+0.53
PsM 0.16£0.53  -10.09+0.46
PSB -0.76 £0.54 —10.86+0.94

Notes. Median values and uncertainties (given by the interquartile
range) of the physical properties derived from CIGALE for each merger
stage category. The columns correspond to: (1) Merge stage category:
CP for close pairs, PrM for pre-merger galaxies, M for mergers, PsM
for post-merger galaxies without post-starburst spectral signatures, and
PSB for post-merger galaxies with post-starburst spectral signatures; (2)
Star-formation rate (SFR), in log My, yr™'; and (3) Specific star forma-
tion rate (sSFR), in log yr~'.

PSM (non PSB) galaxies with respect to the other merger stages,
as shown in Fig. 15. These galaxies also present flat D, (4000)
radial profiles with similar values (see Fig. 10), which indi-
cates that the stellar populations during the M and PsM stage
are mixed throughout the galaxy, as expected. The mean frac-
tion of spaxels with younger stellar populations is also higher
than in PrM galaxies (about 10% more, as shown in Fig. 9).
The recent star-formation regions, typically with D, (4000) < 1.2
(for which a mean stellar age younger than 150 Myr is expected,
Mateus et al. 2006), are well differentiated with respect to areas
where star formation processes have already occurred over
longer periods of time. A more accurate estimation of the age
would provide some insight into the timing of interactions
between galaxies. However, the maps of the Age,, and rsgr
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Fig. 16. Integrated S FR— M, diagram for the 137 galaxies in the sample
as in Fig. 13, with the point values as WHAN maps respectively for
each galaxy. The colourbar represents the WHAN categories based on
Cid Fernandes et al. (2011). The coloured hexagons indicate the merger
stage for each galaxy in the diagram following the colour scheme in
Fig. 13. The dashed lines mark the locations with three, four, and seven
times above the main sequence (along the SFR axis), and 1/3, 1/4, and
1/7 times below the main sequence, respectively.
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Fig. 17. Integrated S FR— M, diagram for the 137 galaxies in the sample
as in Fig. 16, but using maps of the age of the stellar populations instead
of WHAN maps. The maps are divided into young blue degraded colour
(for spaxels with D, (4000) < 1.67) and old orange degraded colour (for
spaxels with D,(4000) > 1.67) according to their D,4000 parameter,
respectively for each galaxy.

parameters of the SFH, which are related to a recent burst or
quench episode, usually show some doubtful structures with
respect to emission line maps. A better characterisation of these
parameters would allow us to relate the observed recent star-
formation episodes to the expected dynamical time of inter-
actions in comparison to simulations, which would help us to
better understand the interaction process (Boylan-Kolchin et al.
2008; Lotz et al. 2008; Solanes et al. 2018). However, this would
require an increase in the parameter space for the SED fitting,
which would significantly increase the computation time and
would therefore be limited to the study of individual systems.
In the PsM category there is a broad variety of galaxies
in terms of star formation. On one hand, there are PsM (non
PSB) galaxies where star formation is distributed throughout the
galaxy. Usually these galaxies are blue in the colour images,
mainly with flocculent spiral morphology (see Fig. C.3). Their
WHAN diagrams are mainly dominated by pure star-forming
emission (see Figs. 11 and 16), which is also recent according
to their SFH and their D, (4000) parameter (the mean fraction
of young stellar population is slightly higher than in M galaxies,
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as shown in Fig. 9). We consider that these galaxies might have
recently undergone a minor merger process. In fact, about 60%?
of these galaxies are classified as post-merger (both minor or
major) by Comerford et al. (2024), who identify mergers in the
MaNGA dataset using the methodology in Nevin et al. (2023).
On the other hand, PsM-PSB galaxies in general do not have
an appreciable disk with spiral arms, but are in transition to
a spheroidal galaxy. Four out of seven galaxies in this cate-
gory show shell-like structures in their outskirts, appreciable in
their SDSS colour images, which are clear indicators of a recent
merger event (Petersson et al. 2023). Most of the stellar popu-
lations in these galaxies are young and the mass is mainly dis-
tributed in the bulge of the galaxy, with the outer regions being
mostly older and quenched. PsM-PSB galaxies are therefore in
the process of quenching outside-in.

As shown in Fig. 11, the fractions of PSF and sAGN in the
M category are similar, and also have overlapping high sSFR val-
ues in Fig. 12. In the case that interactions enhance star-formation
and/or nuclear activity, this increment happens at the merger stage,
both proceeding the subsequent quenching process. However, in
the PsM category (for galaxies without post-starbust emission),
the fraction of PSF spaxels doubles the fraction of AGN spaxels.
This can be interpreted in two ways: AGN plays a secondary role
in quenching galaxies after a merger event, or AGN feedback may
not have had time to quench star formation yet.

5.3. Integrated SFR—M,. diagram

As pointed out in Sect. 4.2, in the SFR-M,, diagram presented
in the Fig. 13 we can appreciate how the galaxies in our sample
are distributed along the main sequence region, the green val-
ley, and the quenched area. These regions are well drawn using
the integrated SFR-M, values for all MaNGA galaxies from
the Pipe3D value-added catalogue (Sédnchez etal. 2016a,b).
For reference, we added the ‘nurture’ free main sequence for
star-forming galaxies found by Argudo-Ferndndez et al. (2025),
using aperture-corrected SFR estimates from SDSS spectra fol-
lowing the methodology of Duarte Puertas et al. (2017). We
observe that most of the galaxies in each category are mainly
found following the main sequence. In particular, M and PSM
(non PSB) galaxies have, in general, higher sSFR than galaxies
in other merger stages (and higher than the median values for
MaNGA galaxies), as shown in Fig. 15. This is an indication of
an enhancement of star formation during the interaction process.
We note that we integrated all the good spaxels (using the default
DAP masks definitions) within the MaNGA FoV, therefore for
some galaxies we might have to consider the contribution of the
companion galaxy. In fact, PrM galaxies show higher values of
the integrated M, than expected, due to the contribution of the
companion, as can be seen in Fig. A.2. Because of this, PrM
galaxies appear in the lower region of the main sequence when
we expected to find them well located in the main sequence, con-
sidering their moderate-to-high X SFR values. In fact, Fig. 15
shows that, when normalising by stellar mass, the enhance-
ment of star-formation activity (about 1dex higher) occurs at
an advanced stage of the merger process (M and PsM galax-
ies). This result is in agreement with Calderén-Castillo & Smith
(2024), who reported SFR for ~600 mergers not belonging to
denser structures in the nearby universe (z < 0.1), based on
photometric SED fitting. There is not much difference between
galaxies in the early stages of the interaction process (i.e. PrM

8 There is available classification information for 60 galaxies, out of 68
classified as PsM (non PSB). Of them, 28 are classified as post minor
merger event, and 12 as post major merger event.
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galaxies) and control galaxies (CP), even comparable with the
values for PsM-PSB galaxies.

When analysing PsM galaxies, we found two different dis-
tributions in the SFR-M,, diagram, which are also related to the
presence (or absence) of PSB emission. Non-PSB PsM galax-
ies are well located in the main sequence. These galaxies mainly
present clumpy spiral morphology and pure star-formation emis-
sion that dominates the WHAN maps (as shown in Fig. 11).
We suggest that the interaction features found in these galax-
ies are due to a recent minor merger event, which increased
their SFR but did not necessarily trigger any subsequent quench-
ing process or main structural morphology transformation. On
the other hand, PsM-PSB galaxies are distributed from below
the main sequence to the quenched area, from more centrally
located PSB emission to more spatially distributed PSB emis-
sion, respectively. We found that PsM-PSB galaxies with higher
integrated SFR values present PSB features concentrated in the
central region but which have still not expanded to outer regions
of the galaxy. The extension of the PSB emission is therefore
directly related to the quenching process and the percentage of
quenched area in these galaxies. The spatial distribution of PSB
emission has been explored in previous MaNGA galaxies. In
particular, Chen et al. (2019) stated that central and non-central
PSB distributed galaxies are not simply different evolutionary
stages of the same event, where central PSB galaxies would be
mainly caused by a significant disruptive event, such as a major
merger, while non-central PSB emission is caused by disruption
of the gas fuelling to the outer regions. In contrast, we found
that PSB emission in PsM galaxies is mainly associated with
a previous interaction, and the fact that we find these galaxies
at different locations of the SFR-mass diagram is because these
transforming processes after a recent galaxy interaction could
happen slowly in isolated environments.

For a complete analysis of the distribution of interacting
galaxies in the SFR-M, diagram, we reproduced them and
replaced each point with their WHAN map’ (see Fig. 16),
and the maps of the D,(4000) parameter, separating the stel-
lar populations between into young (D,(4000) < 1.67) and old
(D,(4000) > 1.67), as shown in Fig. 17, and additionally using
the SDSS three-colour image of the galaxies (see Fig. C.3).
When analysing the three diagrams altogether, we observed that,
as expected, pure star-forming dominated galaxies, with young
stellar populations, are found in the main sequence. These are
observed from stellar masses between 9.2My < log M, <
10.6 Mg, from clumpy spirals to blue and/or red spiral galax-
ies, as well as starburst galaxies. For higher values of log M, >
10.9, we can find galaxies with shells features. Galaxies in the
green valley present both early- and late-type morphologies.
Galaxies in the quenched area present early-type morphology.
These are, in general, CP or PsM-PSB galaxies. We found that,
in comparison with close pairs, the PSB galaxies are lenticular
galaxies, while close pairs are ellipticals. This result is in agree-
ment with studies that claimed that lenticular galaxies might be
the result of a merger event (Bekki 2001; Eliche-Moral et al.
2012; Querejeta et al. 2015a,b; Eliche-Moral et al. 2018). We
would need more statistics to state that this is a characteristic
morphology for post-merger post-starburst galaxies.

The S FR — M, mass diagram in terms of WHAN diagnos-
tic diagrams in Fig. 16, shows a stratification as a function on
both integrated stellar mass and integrated SFR. Galaxies in the
main sequence are dominated by star formation up to log(M,,) <
10.5 M. At higher stellar mass, the main sequence is dominated
by galaxies with SAGN activity, with wAGN activity in the area
below the main sequence. Retired galaxy ionisation values are

® Computed using the tool described in Appendix B.
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found in the green valley, while the quenched area is dominated
by passive galaxies. We note that the SAGN activity for high
mass galaxies in the main sequence might be due to misclassi-
fication of low star-formation emission, which is expected for
evolved spirals that mainly populate that region of the diagram.
With respect to the relation with the merging stage of the galax-
ies, about 46% of spaxels in merger galaxies are AGN, as shown
in Fig. 11. In comparison, about one third of the fraction of spax-
els in close pairs are classified as AGN. This could be interpreted
as an excess of AGN in mergers. However, when comparing at
the same stellar mass range, as in Fig. 16, we observe that there
is no difference in the fraction that shows AGN activity in close
pairs (control sample) and strongly interacting galaxies. This is
in agreement with previous studies that did not find a distinction
in AGN activity in interacting galaxies with respect to isolated
galaxies (Jin et al. 2021; Steffen et al. 2023).

When analysing the S FR — M, mass diagram in terms of
the D,(4000) parameter in Fig. 17, we found that, in compar-
ison with quenched galaxies in CP galaxies, where quench-
ing happens inside-out (slightly negative radial profiles, where
inner regions are older, with D,(4000)>1.67, while outer
regions are younger, with D,,(4000) < 1.67), the quenching pro-
cess in PsM-PSB galaxies is happening outside-in (i.e. inner
regions are younger, with D,(4000) < 1.67, while outer regions
are older, with D,(4000)>1.67) (with positive radial profile,
m=0.12+0.03, as shown in Fig. 10). This might be an obser-
vational proof of the effect of interactions on the quenching pro-
cess. In addition, the gradients of CP and PSB galaxies within
1 R.# show the opposite behaviour, while from 1 R to 1.5 Reg
follow a similar trend, ending at the same D, (4000) value. In
comparison, PrM galaxies show the opposite behaviour to PSB
galaxies within the full 1.5 R ¢ range. This could indicate that the
inner region is more affected by merger-enhanced star formation
than the outskirts, while the outskirts are more sensitive in the
earlier stages of the interaction. We also found that PsM-PSB
galaxies present lower sSFR values with a larger fraction of PSB
spaxels, being located at lower regions of the SFR-M,, diagram.
Therefore, we are observing galaxies at different stages of their
quenching process due to post-starburst activity. This is known to
be a rapid episode in the evolution of galaxies, on timescales of a
few 100 Myr ([<500 Myr, Chen et al. 2019). The fact that we are
finding galaxies undergoing these processes might be connected
to their environment, considering the slower evolution of galax-
ies in low density environments. In general, secular processes
dominate the evolution of isolated galaxies, since they do not
interact with another galaxy for at least 5 Gyr (Verley et al. 2007;
Argudo-Ferndndez et al. 2015) and therefore their gas is being
consumed more slowly, which makes galaxies in isolated sys-
tems optimal laboratories to better understand the post-starburst
quenching process.

6. Summary and conclusions

In this work we identified a sample of interacting galaxies in
isolated environments (isolated galaxies and physically bound
isolated pairs and triplets from the catalogues compiled by
Argudo-Ferndndez et al. 2015) at different stages of the merg-
ing process. We analysed their star formation and AGN emis-
sion to explore whether there is an enhancement of this activity
triggered by the interaction and how these emissions are spa-
tially distributed in the galaxies. Galaxies were classified as close
pairs (CP), pre-mergers (PrM), mergers (M), and post-merger
(PsM) galaxies, where we also classified PsM galaxies consid-
ering whether they have post-starburst (PSB) spectral signatures
or not.

A&A, 696, A206 (2025)

We constrained the SFH of the galaxies using spectro-
photometric SED fitting to model spectra using CIGALE. For
this, we used MaNGA IFU spectra in the optical range, where
we defined eight custom filters, selected in the continuum, to
combine with H, and Hg emission lines and the D, 4000 spec-
tral index, from the MaNGA Data Analysis Products (DAP).
The integrated SFR and stellar mass, estimated from the SFR
and stellar mass maps that we computed for each galaxy from
CIGALE outputs, allow us to study the distribution of the galax-
ies in the SFR-M, diagram and analyse their level of star-
formation activity with respect to their merging process stage.

In addition, we analysed the connection of nuclear activ-
ity and stellar population age to the evolutionary stage of the
galaxies (given by their position in the SFR-M, diagram), also
considering their merging stage. To characterise the AGN emis-
sion, we used spatially resolved WHAN diagrams (according
to Cid Fernandes et al. 2011) using DAP data, created with a
customised visualisation tool, for which we share the code. We
used the D,(4000) parameter as the stellar population age indi-
cator following Mateus et al. (2006), where, for each galaxy, we
classified each spaxel between young (D, (4000) < 1.67) and old
(D, (4000) > 1.67).

We combined all this information to explore the role of
galaxy mergers in the SFR-M, plane evolution in isolated galax-
ies and galaxies in isolated systems, where we confined the
merging process from other environmental processes present in
denser environments that accelerate galaxy evolution.

Our main findings are the following:

— In general, galaxies show some characteristic properties
intrinsically related to each stage of the merger process. The
effect of mergers is appreciable, with a noticeable increment
in the star-formation activity (measured by their integrated
sSFR) for M and PSM (non PSB) galaxies with respect to
the other merger stages. The results support the scenario in
which star-formation activity is enhanced by major interac-
tion.

— In the merger stage, the fractions of PSF and sAGN are
similar, and also have overlapping high sSFR values. This
indicates that, in the case that interaction enhances star-
formation or nuclear activity, this increment happens at the
same time, both proceeding the subsequent quenching pro-
cess. However, the level of star-formation activity persists
during the post-merger stage (for galaxies without post-
starbust emission). This can be interpreted in two ways:
either AGN plays a secondary role in quenching galaxies
after a merger event, or AGN feedback may not have had
time to quench star formation yet.

— Galaxies with visible signs of interaction (PrM, M, and PsM
galaxies) are distributed along the main sequence of the SFR-
M, diagram up to about four times the main sequence. This
supports the scenario in which galaxy interactions trigger
star formation in galaxies. On the other hand, there is no
differentiation between AGN activity in close pairs (control
sample) and strongly interacting galaxies at the same stellar
mass.

— PsM (non PSB) galaxies are found on the main sequence,
probably as result of a minor merger event, while PsM-PSB
galaxies are found below the main sequence, on transition
into the quenching region of the diagram. We also found that
PsM-PSB isolated galaxies generally present lenticular mor-
phology, with a higher incidence than in CP galaxies. There-
fore, isolated galaxies that have recently undergone a major
merger event (that triggered PSB activity) present lenticular
morphology, which might be a result of the merger process.
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— In addition, we found that the quenching process in PsM-
PSB galaxies is happening outside-in (i.e. inner regions are
younger, with D,,(4000) < 1.67, while outer regions are older,
with D,(4000) > 1.67), which is an observational proof of
the effect of interactions on the quenching process. Using
the SFR-M, diagram for isolated galaxy mergers, we can
observe galaxies at different stages of their quenching pro-
cess due to post-starburst activity.

— The fact that we find PsM-PSB galaxies at different locations
on the SFR-M, diagram is because the transforming pro-
cesses that occur in galaxies after a recent major galaxy inter-
action might happen slowly in isolated environments where
the system evolves in a common dark matter halo without
any perturbation from external galaxies.

A better characterisation of the parameters space for the com-
ponents of the SFH, from the spectro-photometric SED fitting
in these interacting isolated systems, would allow us to com-
pare with the predictions of numerical models and simulations.
In particular, it would enable us to compare the dynamical times
of the increment and/or quench of star formation in relation to
other properties of the galaxies (morphology, stellar-mass ratio,
gas content) to better quantify the role of the interaction in star
formation or AGN activity. In this regard, WHAN diagnostic
diagrams are a promising tool to explore SFR, AGN, and/or
quench processes and the transition regions between them along
the disk of spiral and lenticular galaxies. However, we found
some limitations in which low ionised emission is misclassi-
fied as AGN. It would be interesting to further explore the use
of this diagram with higher resolution IFU data to better con-
strain the different sources of ionisation at different regions of
the disk.
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Appendix A: Spatially resolved maps

For this study, we selected a total of 12 products per galaxy. We collected this information for the 137 galaxies in our sample. We
show an example of these maps/diagrams for one representative galaxy of each merger stage in Figs. A.1, A.2, A.3, and A4, for a
CP, PrM, M, and PsM galaxy, respectively.

Using the Marvin tool we selected the SDSS three-colour image of the galaxy, with the maps of the spectral properties we
provide as inputs for CIGALE H,, and Hg emission lines and D, 4000 spectral index, and also the map of the velocity dispersion in
the H, line to consider the kinematics of the galaxies.

Among the results of the CIGALE SED fitting, we created maps of the SFR and stellar mass surface densities (3. S FR and
2. M, respectively). We also selected the parameters age of the last burst or quench (Age,) and the ratio of the SFR after or before
Ageyg, plus a map of the resulted X to help us to identify any problem with the fitting.

We include the spatially resolved WHAN diagram and its corresponding map for each galaxy, using the visualisation tool
described in Appendix B.
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Fig. A.1. Analysis maps for the CP galaxy 12067-12705. From left upper to right lower panels: SDSS colour image with the MaNGA FoV, WHAN
diagnostic diagram map, WHAN diagnostic diagram scatter plot, H, emission line map, Hyz emission line map, spectral index D,4000 map, SFR
CIGALE result map, M, CIGALE result map, and y> CIGALE result map.
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Fig. A.3. Analysis maps for the M galaxy 8241-12705. From left upper to right lower panels: SDSS colour image with the MaNGA FoV, WHAN
diagnostic diagram map, WHAN diagnostic diagram scatter plot, H, emission line map, Hg emission line map, spectral index D,4000 map, SFR
CIGALE result map, M,, CIGALE result map, and y? CIGALE result map.
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Appendix B: Visualisation tools

Marvin, a tool specifically designed to visualise and analyse MaNGA data, has the capability of generating BPT diagrams for a
particular galaxy. By default, a spaxel only becomes classified if it meets the criteria in all three diagrams. Even selecting the less
strict criterion (based on the [OIII]/Hg versus [NII]/H, diagram), it depends on the emission in four lines, where [OIII] and /Hz might
be weak, limiting the area where we could analyse the galaxy. The BPT diagrams also limit the classification of the stellar activity to
three categories: the star-formation type (SF), the Seyfert type, and LI(N)ERs type. This last category could also contain some kind
of passive activity. It is also possible to create a WHAN diagram for a particular galaxy with Marvin, where the code is provided
as a proposed Marvin Science Case Exercise (i.,e., it is not implemented as a functionality). Using only two emission lines (H,
and [NII], which are easily observable in spectra), it is very useful for classifying regions with weak emission-lines that cannot be
classified using BPT diagrams. It also identifies weak AGN from fake AGN, named retired galaxies (RGs) from LI(N)ERs, allowing
a more complete analysis of regions where the heating of their ionised gas is the result of old stars, rather than star formation or
AGN activity.

Taking advantage of the huge potential of the WHAN diagram to investigate galaxy evolution processes at the different stellar
population and at galaxy components level, we have developed a tool to visualise the spatially resolved WHAN diagram in MaNGA
galaxies'?. Based on the WHAN diagnostic diagram, the tool allows us to comprehensively explore the nuclear activity in MaNGA
galaxies. Our function is designed to even explore the intermediate areas between adjoining WHAN categories, allowing us to
investigate transition processes in the diverse stellar population among different regions of the galaxies. To do this, we use different
colours to move gradually from one category to the other, according to their values of Wy, and/or [NII]/H,, translating this infor-
mation to a map of the galaxy. With this new technique we can study the spatially resolved nuclear activity in MaNGA galaxies, and
it can be analysed in more detail than with previous methods. This function allows exploring the AGN/star-formation/quenching
activity in the different galaxy components, which may help to investigate, for instance, how the quenching process occurs in galax-
ies, if there is any relation between Active Galaxy Nuclei (AGN) activity or star-formation with the local environment in close
pairs/mergers, whether nuclear activity is concentrate in the inner regions or it is more extended, etc. This function can be easily
incorporated in Marvin. In the panels of figures in Appendix A, we show the WHAN diagnostic diagrams and maps for an example
galaxy in each merging stage in this work.

The code is 100% based on free software (MIT License), making extensive use of the Python language. We have developed the
code under a Linux and Windows platform, and it may be straightforwardly ported to any other operating system (Mac, FreeBSD,
etc).

Appendix C: Galaxy morphology and CAS parameters

In this section we compute non-parametric image predictors Gini, M20, and Concentration—Asymmetry—Clumpiness (CAS) param-
eters (Conselice 2003; Lotz et al. 2004; Pawlik et al. 2016), which quantitatively determine the morphological characteristics of
a galaxy, to compare with the analysis in Herndndez-Toledo et al. (2023) and Nevin et al. (2023), who used these parameters to
identify merger galaxies, as well as their merging process stage.

In this work, we tested these parameters computed for the galaxies in our sample, in comparison with all MaNGA galaxies,
applied to the MaNGA FoV, using the optical wide band maps (r-band) provided by the MaNGA DAP. The correlation between the
parameters is shown n Fig. C.1, while the distribution of the parameters for each merger stage is presented in Fig. C.2.

As complement of the Figs. 16 and 17 presented in Sect. 4.2, for reference, we present here as well a version of the SFR-M,,
diagram where each data point for each galaxy is replaced by its SDSS three-colour image (see Fig. C.3).

10 The code is available at https://github.com/PauloVB72/WHAN_MaNGA-map.
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Fig. C.1. Comparison between non-parametric image morphological parameters for galaxies in our sample, with different markers and colour-
coded as a function of their merger stage according to the legend. Additionally, galaxies presenting lenticular morphology according to DS18 are
surrounded by black square. From up-to-down and left-to right: Clumpiness (S), Gini index (G), Moment of light (M20), inverse concentration
index (ICI), and asymmetry (A). Background points correspond to the 2D distribution of the same parameters for all MaNGA galaxies, coloured
by density of objects.
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Fig. C.2. Distribution of the non-parametric image morphological parameters for galaxies in our sample, with different colour as a function of their
merger stage, according to the legend. From left-to right: Clumpiness (S), Gini index (G), Moment of light (M20), inverse concentration index
(ICI), and asymmetry (A). The distribution of the same parameters for all MaNGA galaxies is shown (in grey) for reference.

A206, page 24 of 25



Viasquez-Bustos, P., et al.: A&A, 696, A206 (2025)

—-
|L
>
o
=
[0’
L
n
o
o

Fig. C.3. Integrated S FR — M, diagram for the 137 galaxies in the sample as in Fig. 13, with the point values as the respective SDSS colour image
of each galaxy.

Appendix D: Data catalogue

For the sake of transparency and reproducibility, in Table D.1 we compile the information related to the sample that we have used
for the analysis presented in this work.

Table D.1. Physical properties and derived quantities of the galaxies used in this work.

(1) (2) 3) “) ®) (6) (7 ®) )
Plate-IFU  Catalogue Member Morphology Merger stage log(SFR) 1og(SFR).,,  log(My) log(My)err
log [Moyr'] log[Moyr™'] log[M,]  log[M,]

11962-1901 SIT c LTG CP -1.14 0.46 11.06 0.06
10221-1902 SIT S ETG CP -0.29 0.18 9.68 0.08
8720-1902 SIT c ETG CP -0.32 0.19 9.59 0.08
10493-6102 SIT c ETG CP -1.13 0.37 11.01 0.08
7968-9102 SIT c ETG CP -1.38 0.43 10.75 0.05
8140-3702 SIP c ETG CP -1.62 0.70 10.88 0.05
8721-3703 SIP c ETG CP -2.35 0.61 10.45 0.06
7972-3703 SIP c ETG CP -1.12 0.48 10.89 0.08
8611-12703 SIP c LTG CP 0.24 0.17 10.89 0.09
8548-3704 SIP c LTG CP -0.24 0.22 9.77 0.06

Notes. The list of galaxies for each sample is sorted by merger stage and catalogue. The full table is available in electronic format at the CDS. The
columns correspond to: (1) MaNGA Plate-IFU identifier; (2) Isolated system where the galaxy belons (SIG, SIP, SIT, or SIM); (3) Member galaxy
in the SIP and SIT, c: central galaxy, s: satellite; (4) Galaxy morphology according to DS18, ETG: early-type galaxy, LTG: late-type galaxy; (5)
Merger stage, CP: close pairs, PrM: pre-mergers, M: mergers, PsM: post-mergers, PSB: post-mergers with post-starburst spectral features; (6) and
(7) integrated SFR and corresponding error, in log[M, yr™']; (8) and (9) integrated stellar-mass, in log[M,].
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